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Members of the antigen I/II family of cell surface proteins are highly conserved, multifunctional adhesins
that mediate interactions of oral streptococci with other oral bacteria, with cell matrix proteins (e.g., type I
collagen), and with salivary glycoproteins, e.g., gp340. The interaction of gp340 (formerly designated salivary
agglutinin) with Streptococcus mutans requires an alanine-rich repetitive domain (A region) of antigen I/II that
is highly conserved in all members of this family of proteins. In this report, we show that the A regions from
the two Streptococcus gordonii M5 antigen I/II proteins (SspA and SspB) interact differently with the salivary
gp340 glycoprotein and appear to be structurally distinct. Recombinant polypeptides encompassing the A
region of SspA or from a highly related S. mutans antigen I/II protein (SpaP) competitively inhibited the
interaction of gp340 with intact S. gordonii and S. mutans cells, respectively. In contrast, an A region polypep-
tide from SspB was inactive, and furthermore, it did not bind to purified gp340 in vitro. Circular dichroism
spectra suggested that all three polypeptides were highly a-helical and may form coiled-coil structures.
However, the A region of SspB underwent a conformational change and exhibited reduced a-helical structure
at pH 8.5, whereas the A region polypeptides from SspA and SpaP were relatively stable under these conditions.
Melt curves also indicated that at physiological pH, the A region of SspB lost «-helical structure more rapidly
than that of SspA or SpaP when the temperature was increased from 10 to 40°C. Furthermore, the SspB A
region polypeptide denatured completely at a temperature that was 7 to 9°C lower than that required for the
A region polypeptide of SspA or SpaP. The full-length SspB protein and the three A region peptides migrated
in native gel electrophoresis and column chromatography with apparent molecular masses that were approx-
imately 2- to 2.5-fold greater than their predicted molecular masses. However, sedimentation equilibrium
ultracentrifugation data showed that the A region peptides sedimented as monomers, suggesting that the
peptides may form nonglobular intramolecular coiled-coil structures under the experimental conditions used.
Taken together, our results suggest that the A region of SspB is less stable than the corresponding A regions
of SspA and SpaP and that this structural difference may explain, at least in part, the functional variation

observed in their interactions with salivary gp340.

The antigen I/II proteins are a family of related major sur-
face polypeptides that are expressed by virtually all species of
oral streptococci (37), but they have been most extensively
characterized from several strains of Streptococcus mutans and
Streptococcus gordonii (12, 14, 19, 25, 26, 32, 42, 44, 53). These
studies have shown that the overall structural organization of
individual members of the antigen I/II family of proteins is
highly conserved and that they exhibit approximately 65 to
70% primary sequence identity (24).

Each of the polypeptides possesses seven structural regions,
comprising a signal sequence, a highly charged N-terminal
region, an alanine-rich repetitive domain (A region), a diver-
gent central region, a proline-rich repetitive region, a C-termi-
nal domain, and cell wall-anchoring sequences (24). The A
region of antigen I/II comprises three to five copies of an
82-amino-acid repeat and is predicted to assume a highly a-he-
lical structure (14, 26, 31). This region also exhibits a seven-
residue periodicity of hydrophobic amino acids, suggesting that
it may form a coiled coil. Similarly, structural predictions sug-
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gest that the proline-rich repeats assume a highly extended
structure. A truncated antigen I/II protein that lacks the pro-
line-rich region is not secreted by S. mutans, suggesting that
the recombinant polypeptide does not fold properly in the cell
(4). However, very little experimental data exist to support
these structural predictions, and little is known about the sec-
ondary and tertiary structures of antigen I/II.

Antigen I/II proteins are multifunctional adhesins that con-
tribute to the initiation and development of the oral biofilm by
mediating interactions with salivary constituents, host cell ma-
trix proteins, and other oral bacteria. Several studies have
shown that antigen I/II mediates interbacterial interactions
with other oral organisms, including actinomyces (11, 13, 18,
25), Porphyromonas gingivalis (7, 8,15), and Candida albicans
(23). These interactions suggest that antigen I/II proteins may
play an important role in the maturation of the oral biofilm by
promoting the colonization of an existing streptococcal com-
munity by other bacteria. Antigen I/II proteins also have been
shown to interact with human and rat collagen (35, 46, 48) and
with human fibronectin and laminin (48). These interactions
are thought to contribute to the development of streptococcal
abscesses and infective endocarditis and may also be important
in the invasion of dentinal tubules by streptococci (35, 36).

The best-characterized functional property of antigen I/II



6390 DEMUTH AND IRVINE

polypeptides is their interaction with salivary proteins. Numer-
ous studies have suggested that antigen I/II is important for the
initial streptococcal colonization of human teeth through its
interaction with various proteins that constitute the salivary
pellicle, including a mucin-like salivary glycoprotein that has
been designated salivary agglutinin (6, 12, 25, 30, 39, 43). Re-
cently, the salivary agglutinin has been shown to be identical to
the lung surfactant protein D scavenger protein gp340 (2, 34,
47). The interaction of antigen I/II with gp340 requires carbo-
hydrate constituents of the glycoprotein and is calcium depen-
dent (14, 33). Indeed, Duan et al. (17) showed that the S.
gordonii antigen I/II polypeptide SspB is a high-affinity calci-
um-binding protein that binds a single calcium ion, suggesting
that antigen I/II may require calcium for activity.

Furthermore, specific regions of antigen I/II polypeptides
have been identified as being important for interacting with
gp340. Monoclonal anti-antigen I/II antibodies that react with
epitopes in the C-terminal region of the protein inhibit binding
of intact S. mutans cells to gp340-coated hydroxyapatite (5, 6).
Consistent with this, Munro et al. (40) showed that a recom-
binant peptide comprising residues 816 to 1161 of the S. mu-
tans antigen I/II (SpaP) bound to gp340. Subsequently, two
specific sequences within this region of SpaP, designated Adl
and Ad2, were shown to interact with gp340 (27). However,
antibodies directed against the A region of antigen I/II also
inhibit adhesion of streptococci to gp340-coated hydroxyapa-
tite surfaces, and peptides encompassing the A region of S.
mutans antigen I/II have been shown to bind salivary gp340
(10, 39, 41). The relative contributions of the A region and
C-terminal sequences in the interaction of antigen I/II with
gp340 are not clear, and both of these regions of the S. mutans
antigen I/IT protein have been targeted as potential subunit
anticaries vaccine candidates (28, 49-52).

In spite of the high conservation of antigen I/II structure and
primary sequence, the functional properties of individual
members of this family of proteins differ. For example, Egland
et al. (18) showed that SspA and SspB from S. gordonii DL1
differed in their coaggregation with Actinomyces naeslundii
strains. Holmes et al. (22) also showed that SspA and SspB
differ in their interactions with type 1 collagen and with Can-
dida albicans. Other functions of antigen I/IT are species spe-
cific. S. gordonii SspB interacts with the minor fimbrial protein
of P. gingivalis, but the related SpaP protein of S. mutans does
not (7, 8). Furthermore, specific amino acid residues of SspB
that are not conserved in SpaP are essential for this interaction
and may confer a discrete structural motif in SspB that is
recognized by P. gingivalis (15). The interactions of SspB and
SpaP with gp340 also differ. SspB is sensitive to inhibition by
sialic acid-containing sugars and by neuraminidase treatment
of gp340, whereas SpaP is not (14).

In this report, we show that the structural and functional
properties of the A region of S. gordonii SspB differ from those
of the related SspA and SpaP proteins. Polypeptides repre-
senting the A regions of SspA and SpaP interacted with sali-
vary gp340, whereas the A region peptide from SspB did not.
Structural analyses of each of these polypeptides suggested
that the A region of SspB is less stable than that of SspA and
SpaP. Circular dichroism spectra and sedimentation equilib-
rium ultracentrifugation showed that each peptide contained
approximately 60% o-helix at pH 7.5 and existed in solution as
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TABLE 1. PCR Primers

Pri “ Restriction Target
rimer sequence .

site gene
5'-CCGGATCCCCGTATGAAGCGAAGCTAGC-3! BamHI sspA
5'-TCAGAATTCATAGTCAGTTTTAGC-3' EcoRI sspA
5'-CCGGATCCCCGTATGAGGCTAAGCTAGC-3! BamHI sspB
5'-TCAGAATTCATAATCTGTTTTAGC-3' EcoRI sspB
5'-CCGGATCCCCGTATGAAGCTAAATTGEC-3! BamHI spaP
5'-TCAGAATTCGTAATCAGCTTTAGC-3! EcoRI spaP

“ Restriction sites are indicated in boldface.

nonglobular monomers. However, SspB but not SspA or SpaP
exhibited a loss of w«-helix and a concomitant increase in
B-sheet at pH 8.5. In addition, melt curves at physiological pH
showed that the A region of SspB lost a-helical content more
rapidly as a function of temperature than did the correspond-
ing peptides from SspA and SpaP. Furthermore, SspB dena-
tured at temperatures that were 7 to 9°C lower than that
required to denature SspA and SpaP. Together, these results
suggest that the structure and function of the A region of SspB
differs from that of SspA or SpaP.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Streptococcus gordonii M5 and Strep-
tococcus mutans KPSK2 were grown in Todd-Hewitt broth at 37°C without
aeration. Escherichia coli strains DH5« and BL21 were used for propagation of
pGEX plasmids and expression of glutathione S-transferase—antigen I/II fusion
proteins. These strains were grown at 37°C with aeration in Luria-Bertani broth
(LB) supplemented where necessary with 100 wg of ampicillin per ml. E. coli
pEBS is a recombinant clone that carries pUC19 with a 4.8-kbp streptococcal
insert containing sspB (12) and encodes the full-length S. gordonii M5 SspB
protein. E. coli pPAc7 contains pUC19 and spaP of S. mutans KPSK2 serotype
¢, encoding the full-length SpaP polypeptide. E. coli pPAc7 is a subclone of the
previously described lambda phage strain MSL-1 (16). Strains pEB5 and pPAc7
were cultured in LB supplemented with 100 wg of ampicillin per ml.

Cloning and expression of DNA fragments encoding AR peptides. DNA frag-
ments encoding the N-terminal repetitive domains of SspA, SspB, and SpaP were
amplified by PCR from the following templates: S. gordonii M5 genomic DNA
for SspA, plasmid pEBS5 for SspB, and plasmid pPAc7 for SpaP. Each fragment
encoded a polypeptide of 248 amino acids starting at Tyr?** of SspB (or the
corresponding Tyr residue in SspA or SpaP) and encompassing 3 of the 82
residue A region repeat units. The primers used for amplification reactions are
shown in Table 1 and contained restriction sites to facilitate cloning.

PCR conditions were as follows: 94°C for 1 min; 55°C for 1.5 min; and 72°C for
2 min for 30 cycles. Reaction products were analyzed by agarose gel electro-
phoresis in 0.8% gels, and the desired DNA fragments were excised and purified
with the Concert rapid gel extraction system (Gibco-BRL). Purified fragments
were ligated with pGEM-T Easy (Promega) and transformed into subcloning-
grade competent E. coli DH5a (Gibco-BRL). Plasmid from recombinant clones
was isolated with the Wizard Mini-Prep DNA purification system (Promega) and
analyzed for incorporation of the desired insert by digestion with EcoRI.

Insert fragments from the plasmids selected above were then excised by di-
gestion with EcoRI and BamHI, purified as described above, and cloned into
pGEXG6-2P. Ligation mixtures were transformed into competent E. coli BL21.
Purified plasmid from the recombinant clones was digested with EcoRI and
BamHI to confirm incorporation of the correct insert. Finally, to confirm the
identity of the insert fragments and to show that no errors were introduced by the
amplification reaction, the sequence of the inserts from selected clones was
determined by the DNA Sequencing Facility at the University of Pennsylvania.
Clones containing the desired sequences were designated E. coli AR-A, E. coli
AR-B, and E. coli AR-P and encoded fusion proteins containing the N-terminal
repetitive domains of SspA, SspB, and SpaP, respectively.

Expression of glutathione S-transferase—antigen I/II fusion proteins was car-
ried out by inoculating 2 liters of LB broth with 20 ml of an overnight culture of
each recombinant E. coli clone and incubating with vigorous aeration for 3 h at
37°C (optical density at 600 nm [ODy], ~0.5). Isopropylthiogalactopyranoside
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(IPTG) was added to a final concentration of 0.4 mM, and incubation was
continued for an additional 2 to 3 h (final ODg, ~1.3). Cells were pelleted by
centrifugation at 10,000 X g, washed three times with phosphate-buffered saline
(PBS; 50 mM sodium phosphate, 150 mM NaCl, pH 7.4), and suspended in 20 ml
of B-PERII bacterial protein extraction reagent (Pierce). The cell suspension
was mixed to achieve a homogenous suspension, and then an additional 20 ml of
B-PERII lysis solution was added. The resulting suspension was shaken gently at
25°C for 10 min and centrifuged at 10,000 X g for 15 min to remove cellular
debris.

Affinity purification of the fusion proteins was carried out on glutathione-
Sepharose columns (Promega). Columns were initially washed with 50 ml of PBS
containing 3 M NaCl, followed by 50 ml of 6 M guanidine-HCI, and equilibrated
with 20 ml of PBS. Prior to use, the columns were prepared by the following
series of washes: 50 ml of 70% ethanol, 20 ml of PBS, 20 ml of 0.1 M Tris-HCI
containing 0.5 M NaCl (pH 8.5), and 20 ml of 0.1 M sodium acetate containing
0.5 M NaCl (pH 4.5). The 0.1 M Tris-0.5 M NaCl and 0.1 M sodium acetate—0.5
M NaCl washes were repeated twice, and the columns were then equilibrated
with 50 ml of loading buffer (50 mM Tris-HCI containing 100 mM KCI, pH 7.5).
B-PERII protein extracts were loaded onto the columns, and unbound material
was removed with 50 ml of loading buffer. Elution of the fusion proteins was
carried out with 20 ml of 50 mM Tris-HCI containing 5 mM glutathione (Sigma
Chemical Co.), pH 8.0. The eluate was dialyzed against 5 liters of loading buffer
and lyophilized.

Cleavage of fusion proteins. Prior to cleavage, a small portion of the fusion
protein samples was removed for analysis by gel electrophoresis (see below). The
remaining lyophilized fusion protein was suspended in 1 ml of distilled H,O, and
the solution was adjusted to a final concentration of 1 mM EDTA, 1 mM
dithiothreitol, and 0.01% Triton X-100. Cleavage of the fusion proteins was
carried out overnight at 4°C after the addition of 40 pl of PreScission protease
(2 U per pl; Amersham Pharmacia Biotech). Purification of the AR-A, AR-B,
and AR-P peptides from glutathione S-transferase and the PreScission protease
was accomplished with glutathione-Sepharose. Columns were prepared and
loaded as described above. Since both glutathione S-transferase and PreScission
protease bind to glutathione-Sepharose, the flowthrough from loading the col-
umn and the subsequent wash with loading buffer contained the desired strep-
tococcal peptides and was collected. The collected material was dialyzed against
10 mM Tris and lyophilized. Fusion proteins and the purified AR peptides were
evaluated by electrophoresis in sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-PAGE) gels.

Column chromatography of AR peptides. Purified peptides were chromato-
graphed by fast protein liquid chromatography (FPLC) on a Superdex 75 column
(1.6 by 40 cm) that was equilibrated in 50 mM Tris-HCI containing 100 mM KClI,
pH 7.5. All chromatography experiments were carried out with a flow rate of 0.67
ml/min at 37°C in a water-jacketed column. Proteins were detected at OD,g,.
Prior to chromatography of the purified AR peptides, the column was first
calibrated with a mixture of blue dextran (10 mg/ml) and p-nitrophenol (5 mM)
and subsequently calibrated with commercial protein size standards (Sigma
Chemical Co.) bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa),
cytochrome ¢ (12.4 kDa), and aprotinin (6.4 kDa).

Inhibition of gp340 interaction with streptococci. The interaction of salivary
gp340 with antigen I/IT on the surface of intact oral streptococci leads to the
formation of bacterial aggregates. To monitor the ability of the AR peptides to
interact with gp340, the peptides were used as competitive inhibitors of gp340-
mediated streptococcal aggregation. Bacterial aggregation was followed essen-
tially as described by Demuth et al. (12) with the exception that purified gp340
was used in place of parotid saliva. Briefly, S. gordonii M5 cells (for reactions with
the A region polypeptides from SspA or SspB) and S. mutans KPSK2 cells (for
reactions with the A region peptide from SpaP) were diluted with PBS to an
optical density of 1.0 at 675 nm in a disposable cuvette. For the positive-control
assays, purified gp340 was added to diluted cells to a final concentration of 30 g
per ml, and the mixture was incubated at 37°C for up to 90 min.

For inhibition assays, various amounts of the AR peptides were added to the
assay mixtures prior to the addition of gp340. For some experiments, purified
full-length SspA, SspB, or SpaP protein was used as the inhibitor at a concen-
tration of 30 pg/ml. Full-length protein was purified from recombinant E. coli
strains as previously described (17). The final volume of all assay mixtures was
kept constant at 1 ml. The optical density at 675 nm of the reactions was recorded
at 15-min intervals. A blank assay, containing streptococci in buffer alone (i.e., no
gp340), was run for each experiment and represented a measure of the incidental
settling of bacteria over the time course of the experiment. Incidental settling was
=0.05 ODg;5 unit for all experiments. After subtracting the blank from the
experimental values, percent inhibition was calculated by the following equation:
% inhibition = [(OD at ¢, — OD at t,) determined experimentally divided by
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(OD at t, — OD at t,) in the control] X 100, where ¢, is time zero and ¢, is the
time of determination.

Circular dichroism spectroscopy. Circular dichroism spectroscopy was carried
out on an Aviv 60DS spectrophotometer with operating software version 4.1t. All
scans were carried out with a bandwidth of 1 nm and a protein sample concen-
tration of 3 uM in PBS at the desired pH. Wavelength scans at a constant
temperature (37°C) and temperature scans at a constant wavelength (222 nm)
were carried out for all protein samples. For wavelength scans, samples were
analyzed from 320 nm to 195 nm with a scan step of 1 nm and a data acquisition
time of 1 s. For temperature scans, the temperature of the sample chamber was
varied from 5°C to 80°C in steps of 1°C. An equilibration time of 0.2 min was
used at each temperature point, and the 6,,, was measured with a data collection
time of 1 s for a total of 1 min. Thus, the data at each temperature point are the
averages of 60 individual 6,,, readings.

Sedimentation equilibrium centrifugation. Sedimentation equilibrium exper-
iments were carried out with a Beckman XL-A analytical ultracentrifuge. Sam-
ples were loaded into six-channel Epon charcoal-filled centerpieces with quartz
windows. Protein samples were analyzed at concentrations of 10 uM, 1.0 pM,
and 0.1 pM. Experiments were performed at room temperature with speeds of
20,000, 24,000, 28,000, and 32,000 rpm, with a detection wavelength of 280 nm.
Solvent density was assumed to be 1.003 g/ml, and the partial specific volumes for
each of the AR peptides were calculated from their amino acid compositions
with the SEDNTERP program (http://www.cauma.uthscsa.edu/software). Data
were fit by nonlinear least-squares regression with the NONLIN program sup-
plied with the Optima XL-A data analysis software.

RESULTS

Expression of antigen I/IT AR peptides. To obtain peptides
comprising the alanine-rich repetitive regions of the S. gordonii
(SspA and SspB) and S. mutans (SpaP) antigen I/II proteins,
our initial strategy was to express DNA fragments encoding
both the N-terminal globular region and the alanine-rich re-
peats of each protein in E. coli (39). With this approach, the
purified peptides that were obtained from the recombinant
strains routinely migrated as three to four bands in SDS-PAGE
(not shown), suggesting that they were cleaved by the host E.
coli cells. We therefore amplified DNA fragments encoding
only the alanine-rich repeat sequences (A regions) from each
of the antigen I/II genes and cloned these fragments into
pGEXG6-2P (10). The resulting glutathione S-transferase—anti-
gen I/II fusion proteins each contained 248 amino acids from
antigen I/II, encompassing the three complete 82-residue re-
peats that are present in SspA, SspB, and SpaP. The fusion
proteins were purified and cleaved from glutathione S-trans-
ferase. As shown in Fig. 1, the purified peptides representing
the alanine-rich repetitive domain of SspA (AR-A), SspB
(AR-B), and SpaP (AR-P) migrated as single bands of approx-
imately 29 kDa in SDS-PAGE, in good agreement with the
molecular masses of the polypeptides predicted from their
deduced amino acid sequences.

Functional analysis of antigen I/II AR peptides. The A re-
gion of SpaP was previously shown to interact with salivary
glycoprotein gp340, the salivary isoform of the lung surfactant
protein D scavenger receptor. SspA and SspB also interact
with gp340 but differ from SpaP in the specificity of their
interaction (14). Currently, it is not known what role, if any, the
alanine-rich regions of SspA and SspB play in their interac-
tions with gp340.

To determine if AR-A and AR-B interact with gp340, we
asked if the purified peptides competed for gp340 with intact
SspA and SspB contained on the surface of streptococcal cells.
This was accomplished by monitoring peptide-dependent inhi-
bition of gp340-mediated streptococcal aggregation. As shown
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FIG. 1. Expression and cleavage of glutathione S-transferase—anti-
gen I/IT fusion proteins. DNA fragments encoding the N-terminal
repetitive domains of SspA, SspB, and SpaP were cloned into pGEX-
6P2 and expressed in E. coli. The resulting fusion proteins were puri-
fied on glutathione-Sepharose and cleaved with PreScission protease
as described in Materials and Methods. The resulting antigen I/I1
peptides were purified by FPLC on Sephacryl G-75 and evaluated on
SDS-10% PAGE gels stained with Coomassie blue. Lanes: 1, SspB/
glutathione S-transferase fusion protein; 2, AR-B peptide; 3, AR-P
peptide; 4, SspA/glutathione S-transferase fusion protein; 5, AR-A
peptide. Positions of molecular size markers are indicated on the left.

in Fig. 2, coincubation of 10 to 50 ng of the AR-A peptide (Fig.
2A) per ml with bacteria in the presence of 30 pg of gp340 per
ml resulted in a dose-dependent inhibition of gp340-mediated
aggregation, with 64% inhibition observed with 50 pg of AR-A
per ml. The soluble full-length SspA protein at 30 pg/ml was
also an effective inhibitor of gp340-mediated streptococcal ag-
gregation (>90% inhibition; not shown).

In contrast, AR-B (Fig. 2B) did not function as a competitive
inhibitor of gp340-mediated aggregation even at the highest
peptide concentration that was tested (90 wg/ml). This concen-
tration of AR-B represented an 18-fold molar excess over the
positive control reaction, which contained 30 pg of soluble
full-length SspB per ml. The positive control inhibited the
gp340 interaction with bacteria by >95% (see Fig. 2B). Finally,
the AR-P peptide (10 to 90 wg/ml) inhibited gp340-mediated
aggregation of S. mutans cells in a dose-dependent manner,
consistent with the previous results of Crowley et al. (10).
These results suggest that the A regions of SspA and SpaP
interact with salivary gp340, whereas the corresponding se-
quences of SspB do not.

Structure and stability of antigen I/II AR peptides. The A
region polypeptides from SspA, SspB, and SpaP exhibit greater
than 60% primary sequence identity and exhibit a seven-resi-
due periodicity of hydrophobic amino acids. This suggests that
the overall structure of this region is well conserved in all three
proteins. However, our previous studies suggested that local
structural differences may exist in highly conserved regions of
antigen I/II proteins and that these differences may influence
antigen I/II function (15). Therefore, to determine if structural
differences exist in the conserved alanine-rich repetitive re-
gions of SspA, SspB, and SpaP, a series of studies were carried
out to examine the structure and stability of the three AR
peptides.

AR-A, AR-B, and AR-P were initially analyzed by circular
dichroism spectroscopy. A representative plot of circular di-
chroism data collected for AR-B at 37°C at pH 7.5 is shown in
Fig. 3. Similar profiles were obtained for AR-A and AR-P (not
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FIG. 2. Competitive inhibition of salivary gp340-mediated strepto-
coccal aggregation by antigen I/II peptides AR-A (A), AR-B (B), and
AR-P (C). The AR-A and AR-B peptides were incubated at 37°C with
S. gordonii M5 cells in the presence of 30 pg of gp340 per ml in a 1-ml
volume. The AR-P peptide was similarly incubated with S. mutans
KPSK2 (Fig. 2C). gp340-mediated bacterial aggregation was followed
by monitoring the decrease in ODy;5 as cell aggregates formed and
settled. Incubations were carried out in the presence of 10 (#), 25 (&),
50 (m), or 90 pg (V) of each peptide per ml or in the presence of 30
ng of full-length SspB per ml (@). Positive control reactions (O)
consisted of bacteria and gp340 in the absence of AR peptide. Non-
specific settling of cells was monitored in blank reactions containing
only bacteria and was =0.05 OD 5 units for all reactions. All reactions
were carried out in triplicate.
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FIG. 3. Circular dichroism spectrograph of the antigen I/II peptide
AR-B. Circular dichroism spectra of AR-B (100 pg/ml) were recorded
from 300 nm to 200 nm on an Aviv 60DS circular dichroism spectro-
photometer at 37°C with a scan rate of 1 nm/s. The contents of a-helix,
B-sheet, and random coil were deduced from the spectrograph data
with the K2d program (1).

shown). The spectra for all three of the peptides exhibited
prominent ellipticity minima at 208 nm and 222 nm and a
positive transition at =200 nm, indicating that the peptides
exist in solution with a structure comprising significant a-heli-
cal content. In addition, the ellipticity minima at 208 nm and
222 nm were of similar magnitude, suggesting that the peptides
formed a coiled coil (20).

The distribution of «-helix, B-sheet, and random coil as
determined from the circular dichroism data with the K2d
program (1, 38) is shown in Table 2. At pH 7.5, the deduced
secondary structures of the three peptides were very similar;
each of the peptides comprised approximately 60% «o-helix,
7% B-sheet, and 33% random structure. Relatively little
change in the overall content of a-helix and B-sheet was ob-
served in the SspB and SpaP A region peptides when circular
dichroism spectra were recorded at pH 5.5. The a-helical con-
tent of the SspA peptide increased to 65% at pH 5.5 (Table 2
and Fig. 4). However, under basic conditions (pH 8.5), the
AR-B peptide exhibited a loss of a-helical content and a con-
comitant increase in B-sheet structure (from 9 to 19%). In
contrast, the a-helix content dropped only slightly for AR-A
and AR-P at pH 8.5 but remained at levels that were similar to
those observed for AR-B at pH 7.5. These results suggest that
the structures of AR-A and AR-P are relatively stable from pH
5.5 to pH 8.5, whereas AR-B appears to be less stable at pH 8.5
and undergoes a conformational shift resulting in loss of a-he-
lix.

To further compare the stability of the three A region pep-
tides, a series of circular dichroism spectra were collected at
222 nm to follow a-helical content as a function of tempera-
ture. These experiments were carried out in the three buffers
used above, at pH 5.5, pH 7.5, and pH 8.5. Interestingly, under
all of the conditions that were tested, the AR-B peptide dena-
tured (as indicated by the rapid linear increase in ellipticity at
222 nm) at a temperature that was 7 to 9°C lower than that
required to denature AR-A and AR-P, as shown in Fig. 4A to
C. Furthermore, between 15°C and 37°C at pH 5.5 and pH 7.5,
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AR-B exhibited a more rapid loss of a-helical structure than
did AR-A or AR-P (compare the slopes of the plots within this
range of temperatures for each of the peptides in Fig. 4A and
4B).

However, although AR-B possessed less a-helical structure
than AR-A and AR-P at pH 8.5 (see Fig. 4C and Table 2), the
rate of loss of a-helix was similar for all three of the peptides
as the temperature increased from 15°C to 37°C (compare the
slopes in Fig. 4C). The effect of pH on the individual A region
peptides is more clearly shown in Fig. 4D, 4E, and 4F. Each of
the peptides exhibited the highest a-helix content under acidic
conditions and the least a-helical structure at pH 8.5, the loss
of a-helix being greatest for AR-B (Fig. 4E). Together, these
data suggest that the structure and stability of the A region of
SspB differ from those of the corresponding A regions of SspA
and SpaP.

Higher-order structure of AR peptides. Little is known
about the three-dimensional structure of streptococcal antigen
I/IT proteins. The A region of antigen I/II possesses long seg-
ments of sequence that exhibit a seven-residue periodicity of
hydrophobic and hydrophilic amino acids. As a result, predic-
tive programs (e.g., PAIRCOIL) rank the A region and the
three AR peptides as having a high probability of forming an
intermolecular dimeric a-helical coiled coil. To determine if
the AR peptides exist as coiled-coil multimers in solution, we
first examined the elution of the peptides from Superdex 75
and compared their migration to that of known protein stan-
dards.

As shown in Fig. 5A, AR-B consistently eluted near the
bovine serum albumin standard and exhibited an apparent
molecular mass in solution of approximately 59 kDa. Similar
elution profiles were also observed for AR-A and AR-P (data
not shown). The molecular masses of the AR peptides were
approximately 29 kDa, as calculated from the deduced amino
acid sequence encoded by the cloned DNA fragments in
pGEX-6P2. Furthermore, the full-length SspB, SspA, and
SpaP proteins (predicted sizes of 165 to 170 kDa) eluted from
Sepharose 6B columns prior to a-amylase (200 kDa) and ex-
hibited apparent native molecular masses of between 300 kDa
and 500 kDa (not shown). Consistent with this, purified full-
length SspB protein migrated with an apparent molecular mass
of approximately 370 kDa in native polyacrylamide gel elec-

TABLE 2. Deduced secondary structures of AR peptides®

% of molecule at:

Peptide Structure

pH 5.5 pH 7.5 pH 85
AR-A a-Helix 65 61 58
B-Sheet 5 7 8
Random 30 32 33
AR-B a-Helix 58 57 46
B-Sheet 8 9 19
Random 33 34 35
AR-P a-Helix 61 60 57
B-Sheet 7 7 9
Random 32 33 34

“ Data were deduced with the K2d program (1) and are expressed as the
percentage of the molecule that assumed the indicated structure. Values have
been rounded off to the nearest integer.
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FIG. 4. Effects of temperature (A to C) and pH (D to F) on the stability of AR peptides. To compare the stability of the AR-A (green), AR-B
(black), and AR-P (red) peptides as a function of temperature, the ellipticity at 222 nm was determined from 5°C to 80°C in buffers of pH 5.5 (A),
pH 7.5 (B), and pH 8.5 (C). Data were acquired with a temperature interval of 1°C. The slope for each plot was determined by linear regression
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slope represents an increase in ellipticity at 222 nm, indicating a decrease in the a-helix content. To more clearly represent the influence of pH
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FIG. 5. (A) Elution profile of standard proteins and AR-B peptide
from Superdex 75. Purified AR-B was chromatographed on Superdex
75 (1.6 by 40 cm) as described in Materials and Methods and compared
to the elution of the standard proteins bovine serum albumin (66 kDa),
carbonic anhydrase (29 kDa), cytochrome ¢ (12.4 kDa), and aprotinin
(6.4 kDa). (B) Native gel electrophoresis of S. gordonii SspB protein.
Purified SspB protein (15 pg) was electrophoresed in a 4 to 15%
gradient PhastGel with native gel buffer strips. Native size standards
were thyroglobulin (660 kDa), ferritin (440 kDa), catalase (232 kDa),
lactate dehydrogenase (140 kDa), and bovine serum albumin (66 kDa).

trophoresis, as shown in Fig. 5B. Thus, the apparent molecular
masses of the A region polypeptides and the full-length antigen
I/II proteins are 2- to 2.5-fold higher than the molecular mass
predicted from their deduced amino acid sequences. This sug-
gests that they exist as dimers in solution or, alternatively,
assume a nonglobular monomeric conformation that results in
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TABLE 3. Sedimentation equilibrium ultracentrifugation
of AR peptides

Peptide Mass, kDa (spin speed, krpm) Avg mass (kDa)

30 (20) 34
32 (24)

36 (28)

36.5 (32)

AR-A

AR-B 34.5 (20) 325
35.5 (24)
30.5 (28)
29.5 (32)
AR-P 34 (20) 31
32 (24)
30 (28)
27 (32)

the anomalous migration observed during electrophoresis and
chromatography.

To distinguish between these possibilities, the peptides were
analyzed by sedimentation equilibrium ultracentrifugation.
The results from these analyses are summarized in Table 3. In
all experiments, the average molecular mass calculated for the
A region polypeptides was approximately 31 kDa. Since the
predicted molecular mass of the A region polypeptides is 29
kDa, the equilibrium centrifugation results best fit the sedi-
mentation of a monomeric peptide species exhibiting a molec-
ular mass of approximately 31 kDa. This suggests that under
the experimental conditions used, the A region peptides may
form monomeric intramolecular coiled-coil structures which
may be nonglobular.

DISCUSSION

The antigen I/II family of streptococcal cell surface polypep-
tides comprises highly conserved multifunctional adhesins that
mediate interactions of oral streptococci with salivary glyco-
proteins, e.g., gp340 (10, 12, 39, 40), collagen, and other matrix
proteins (35, 48), and various oral bacteria (7, 15). However,
despite the high degree of sequence and structural conserva-
tion that exists among these proteins, the individual members
of the antigen I/II family of polypeptides are functionally dis-
tinct (14, 45). Furthermore, while many of the functional do-
mains that have been mapped in antigen I/II polypeptides
reside in highly conserved regions of the proteins, several re-
cent studies have suggested that the variable residues within
these conserved regions define antigen I/II function (15, 28).

Our studies illustrate another example of differential func-
tion in the antigen I/II family of proteins and show that the
alanine-rich region (A region) of the two antigen I/II proteins
expressed by S. gordonii (SspA and SspB) differ in their inter-
action with salivary gp340 and exhibit different structural prop-
erties. A recombinant peptide encompassing the A region of
SspB did not interact with purified gp340, nor did it competi-
tively inhibit the interaction of gp340 with intact S. gordonii
cells. In contrast, the corresponding A region peptides from
SspA and from SpaP of S. mutans were effective inhibitors of
gp340-mediated streptococcal aggregation. These results sug-
gest that the interaction of SspB with gp340 does not require
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the A region repeats and may be fundamentally different from
that of SspA/SpaP. Thus, SspB may possess only the C-termi-
nal gp340-interactive sequences that are analogous to the Ad1/
Ad2 region identified in SpaP by Munro et al. (40).

One possible outcome of this is that SspB may not interact
with gp340 as effectively as SspA and SpaP, which contain both
the A region and C-terminal binding domains. Consistent with
this, the inactivation of sspA in S. gordonii DL1 results in a
disproportionately large loss of gp340 binding activity in mu-
tant cells (13). Furthermore, Holmes et al. (22) have shown
that recombinant Lactococcus lactis cells expressing SspA bind
more efficiently to immobilized gp340 than do recombinant
cells expressing equivalent levels of SspB. Studies to directly
compare the kinetics of the SspA and SspB interaction with
gp340 are currently under way.

We cannot exclude the possibility that the inability of the
SspB peptide to interact with gp340 arises from improper fold-
ing of the recombinant A region peptide. However, we believe
that this is unlikely, since each of the three peptides was ex-
pressed and isolated under identical conditions. The SspA and
SpaP peptides obtained by these methods were active. Further-
more, the activity of our SpaP peptide was consistent with the
gp340 binding activity of A region peptides derived from other
S. mutans strains, as reported by Crowley et al. (10) and Ha-
jishengallis et al. (21). Therefore, we conclude that the A
region of SspB does not contribute to the interaction of intact
SspB protein with salivary gp340.

Little is known about the molecular mechanism of the A
region interaction with gp340. Previous studies suggested that
two discrete amino acid sequences in the A region of SpaP
function as binding determinants for the salivary glycoprotein
(39, 51). One sequence, TELARVQKANADAKAAY, com-
petitively inhibited the adherence of S. mutans cells to immo-
bilized gp340 (39) and is present in two of the three A region
repeats of SpaP (24, 39). The second putative gp340 binding
sequence identified in SpaP, TYEAALKQYEADL, is present
only in single copy (51). Monoclonal antibodies that react with
this sequence (designated KH5 and SH2) inhibit the adher-
ence of streptococci to immobilized salivary proteins and block
S. mutans colonization of rat teeth (50).

However, sequences that are identical and/or highly related
to the putative gp340 binding determinants above also exist in
the corresponding A region repeats of SspA and SspB. Where
differences in the primary sequences of SspA and SspB exist,
they are usually conservative amino acid substitutions (24).
Thus, while we cannot rule out the possibility that variation in
the primary sequence of the gp340 binding region may render
the A region of SspB inactive, the structural basis by which this
might occur is not clear. An alternative explanation is that the
interaction of the A region with gp340 is more complex and
may involve higher-order structures in the A region of antigen
I/IL. Indeed, each of the putative gp340 binding sequences
above exhibits the heptad periodicity of hydrophobic residues
that is characteristic of an a-helical coiled-coil structure. Fur-
thermore, the core B-cell epitopes of the neutralizing antibod-
ies KHS and SH2 have been reported to be xYxxxLxxYxxxx
and xXYxxxxxx Yxxxx, respectively (50). These epitopes exhibit
the same seven-residue periodicity, suggesting that the mono-
clonal antibodies react with an a-helical or coiled-coil deter-
minant of antigen I/IL.

INFECT. IMMUN.

In silico analysis of A region sequences from streptococcal
antigen I/II predicts that this region is highly a-helical (14, 26,
31). To our knowledge, the circular dichroism data in this
report provide some of the first experimental evidence that
supports these predictions. Circular dichroism spectra ob-
tained for each of the A region peptides exhibited large molar
ellipticity minima at 222 nm and 208 nm and a positive tran-
sition at <200 nm. These traits are characteristic of a-helical
structures. Furthermore, the close equivalence of the minima
at 208 nm and 222 nm is consistent with circular dichroism
spectra obtained for coiled coils (9, 20, 54) and differs from the
smaller negative ellipticity at 222 nm that is observed for sin-
gle-stranded a-helices in peptides and proteins (9). Together,
these results suggest that the A region of antigen I/II has
significant a-helical coiled-coil structure.

At physiological pH, our data suggest that the A region
peptides from SspA, SspB, and SpaP are approximately 60%
a-helix, 30 to 35% random (or undetermined) structure, and 5
to 10% B-sheet. Relatively little change in these values was
observed when the SpaP and SspA peptides were analyzed
under acidic or slightly basic conditions. In contrast, the SspB
peptide lost significant a-helical structure at pH 8.5 (Table 2
and Fig. 4C and 4E). This change does not correlate with the
isoelectric points of SspA and SspB, since the predicted iso-
electric points for AR-A and AR-B are similar, 5.7 and 6.02,
respectively. Furthermore, the loss of a-helical structure in
SspB was also evident when the peptides were analyzed as a
function of increasing temperature. The A region peptide of
SspB exhibited a more rapid loss of a-helical structure from
10°C to 40°C and underwent gross denaturation at a temper-
ature 7 to 9°C below that for the SspA and SpaP peptides.
These results suggest that the A region a-helical coiled coil of
SspB is less stable than the corresponding regions of SspA and
SpaP and may more readily undergo structural changes in
response to environmental changes.

Very little is known about the structure of antigen I/II pro-
teins in vivo. However, our analysis of the sequences of the A
regions with PAIRCOIL (3) predicts that they may exist as a
coiled-coil dimer. Consistent with this, the intact SspB protein
and all three of the A region polypeptides migrated under
nondenaturing conditions with apparent molecular masses that
were two- to threefold greater than predicted from their amino
acid sequences. In contrast, analytical ultracentrifugation data
indicated that the A region peptides sedimented as monomers,
suggesting that they exist as intracellular coiled coils under the
experimental conditions used.

Their anomalous behavior in gel electrophoresis and column
chromatography can be explained if the peptides form non-
globular structures. Sedimentation velocity centrifugation ex-
periments are currently under way to examine the shape of the
A region peptides. However, these results do not exclude the
possibility that antigen I/II multimers exist in vivo. Indeed, a
nonheptad region of the M57 protein has been shown to be
essential for the formation of coiled-coil dimers in Streptococ-
cus pyogenes (29), and in the absence of this nonheptad region,
the heptad repeat domain of M57 existed as a monomer. It is
possible that the A region repeats of antigen I/II exhibit a
similar requirement. Alternatively, other domains of antigen
I/II may mediate subunit association independently of the A
region. The proline-rich repeats (P region) have been sug-
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gested to mediate aggregation of antigen I/II (41), and deletion
of this domain prevents secretion of the protein (4), suggesting
that the P region may be important for the proper folding and
assembly of antigen I/II. Obtaining the crystal structure of an
antigen I/II polypeptide will begin to address these structural
issues and will be invaluable for correlating antigen I/IT struc-
ture and function.

In summary, we have shown that the functional properties of
the A region of SspB differ from those of the related antigen
I/II proteins SspA and SpaP. Structural analyses of recombi-
nant A region peptides provided experimental evidence to
suggest that these polypeptides are highly a-helical and may
form a coiled coil. Furthermore, the A region of SspB appears
to be structurally less stable than the A region polypeptides of
SspA and SpaP, which may explain the functional differences
observed.
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