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Streptococcus mutans is considered to be the major etiologic agent of human dental caries. Attachment of S.
mutans to the tooth surface is required for the development of caries and is mediated, in part, by the 185-kDa
surface protein variously known as antigen I/II, PAc, and P1. Such proteins are expressed by nearly all species
of oral streptococci. Characteristics of P1 include an alanine-rich repeat region and a centrally located
proline-rich repeat region. The proline-rich region of P1 has been shown to be important for the translational
stability and translocation of P1 through the bacterial membrane. We show here that (i) several anti-P1
monoclonal antibodies require the simultaneous presence of the alanine-rich and proline-rich regions for
binding, (ii) the proline-rich region of P1 interacts with the alanine-rich region, (iii) like the proline-rich
region, the alanine-rich region is required for the stability and translocation of P1, (iv) both the proline-rich
and alanine-rich regions are required for secretion of P1 in Escherichia coli, and (v) in E. coli, P1 is secreted

in the absence of SecB.

Streptococcus mutans is considered to be the major etiolog-
ical agent of human dental caries. Attachment to the tooth
surface is mediated, in part, by the 185-kDa surface protein
variously known as P1 (15), PAc (51), and antigen I/IT (55),
which is encoded by the spaP (38) or pac (51) gene. Research-
ers have identified P1 as a potential antigen for dental caries
vaccine development (73). Studies have shown that active im-
munization with antigen I/IT (28, 39) or passive immunization
with an anti-P1 monoclonal antibody (43) can protect against
dental caries caused by S. mutans. Major characteristics of P1
include an amino-terminal signal sequence, an alanine-rich
repeat region (A region), a variable region, a proline-rich re-
peat region (P region), carboxy-terminal wall- and membrane-
spanning regions, and an LPXTG wall anchor motif (Fig. 1).

Initially identified in S. mutans (56), antigen I/II-like mole-
cules have been found to be expressed in nearly all of the oral
streptococci (44). Antigen I/II polypeptides are structurally
complex and exhibit diverse binding properties, which mediate
interactions with a variety of substrates including host salivary
agglutinin, fibronectin, fibrinogen, and collagen (5, 58). Several
regions have been implicated in the binding activities of anti-
gen I/IT polypeptides. Brady et al. (9) provided evidence that
the interaction of P1 with salivary agglutinin likely involves
complex conformational determinants and that different re-
gions might be involved in binding to soluble or immobilized
salivary agglutinin. Later, Scatchard analysis of antigen I/II
binding to saliva-coated hydroxyapatite found the binding to
be mediated by two sites (21). Investigators have shown that
recombinant peptide fragments derived from the A region can
bind salivary agglutinin (12) or salivary glycoproteins (47), and
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Senpuku et al. demonstrated that antibodies specific to a pep-
tide fragment derived from PAc amino acid residues (aa) 200
to 481 inhibited the binding of fluid-phase salivary components
to immobilized PAc (60). In addition, an antigen I/II peptide
fragment consisting of aa 816 to 1213 blocked S. mutans cell
adhesion to saliva-coated hydroxyapatite (50), and Kelly et al.
found antigen I/II-derived peptides consisting of residues 1005
to 1044 and 1085 to 1114 to be inhibitory to S. mutans adhesion
to salivary glycoproteins (30). Taken together, these results
suggest that multiple regions within P1 contribute to the bio-
logical activity of the molecule, either as linear determinants or
as components of more complex 3-dimensional, possibly dis-
continuous structures.

Previously, in an attempt to define a role for the P region in
the adhesive function of P1, a deletion mutant, P1AP (A826-
996), was constructed (7). The P region is highly conserved
among the antigen I/II family of oral streptococcal proteins,
and similar highly repetitive proline-rich sequences have been
identified in a wide variety of bacterial proteins (10, 19, 22, 23,
25, 36,53, 54, 62, 65). The deletion mutant P1AP was expressed
both in Escherichia coli and in S. mutans PC3370, an isogenic
spaP-negative mutant (11). Western blotting of PI1AP ex-
pressed in E. coli revealed a loss in reactivity for 5 of 11
P1-specific monoclonal antibodies (MADbs), but these MAbs
did not react to a subclone of the P region (aa 826 to 996),
suggesting that they recognize a complex P1 epitope that is
dependent on the presence of the P region (7). Although P1AP
contains the N-terminal signal and C-terminal wall-anchoring
sequences, it was not localized to the surface of S. mutans
PC3370 (spaP-negative mutant). In comparison to full-length
P1, only low levels of P1AP were detected in the cytoplasm of
PC3370 despite equivalent mRNA levels, suggesting that the P
region may be required for the stability of P1 and its subse-
quent translocation to the cell surface.

Given that the P region has been shown to be required for
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FIG. 1. Schematic representation of the linear structure of P1 showing salient features.

the native structure and surface localization of P1 (7) and that
the P region has been shown to interact with a fragment of P1
containing the A region (70), the present study was undertaken
to determine whether the A region may also play a role in the
structure, stability, and translocation of P1.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The S. mutans serotype ¢
strain NG8 and the spaP-negative mutant PC3370 and its derivatives (Table 1)
were grown for 16 h at 37°C in Todd-Hewitt broth (BBL, Cockeysville, Md.)
supplemented with 0.3% yeast extract. E. coli strains used in these experiments
included DH5«, MC4100, and CK1953 (kindly provided by C. Kumamoto). E.
coli DH5a and MC4100 were grown aerobically at 37°C with vigorous shaking in
Luria-Bertani (LB) broth (1% [wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 1%
[wt/vol] NaCl [pH 7.0]) supplemented with ampicillin (100 pg/ml) or kanamycin
(50 pg/ml) as appropriate. E. coli CK1953 was grown aerobically at 37°C with
vigorous shaking in M9 medium [0.625% (wt/vol) Na,HPO,, 0.075% (wt/vol)
KH,PO,, 0.2% (wt/vol) NaCl, 0.028% (wt/vol) MgSO,, 0.1% (wt/vol)
(NH,4),S0,, 1% glucose] supplemented with kanamycin (50 pg/ml) and ampi-
cillin (100 wg/ml) as appropriate. Plasmids pUC18 and pDL289 (kindly provided
by D. LeBlanc) (7) were used as cloning and expression vectors.

Elimination of spaP DNA encoding the A region. Fragments of spaP both
upstream and downstream of the A region were amplified by PCR and subse-
quently ligated together to create spaPAA. The fidelity of the reactions was
confirmed by restriction and sequence analysis. Primers TS9s (5'-GCGTCGAC
GTTGGATAAAGTGTGGAGTTTG-3") and TS8 (5'-GCCATACTGTTCTTT
AGTTGCCTG-3") were used to amplify spaP DNA upstream of the A region,
including the spaP promoter. Primers TS7 (5'-GCCGACTATCCAGTTAAGT
TAAAGGC-3") and TS10s were used to amplify spaP downstream of the A
region. (Underlining in TS9s and TS10s indicates Sall restriction sites.) Reac-
tions were carried out in a UNO thermoblock thermocycler (Biometra, Tampa,
Fla.) with plasmid-encoded spaP, pDC20 (7) as the template, and VENT poly-
merase (New England Biolabs [NEB], Beverly, Mass.) under the following con-
ditions: (i) 94°C for 2 min; (ii) 30 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C
for 1 min or 3 min, 30 s; and (iii) 72°C for an additional 7 min. The resulting 727-

and 3,568-bp gene fragments were ligated together and cloned into the Smal site
of pUCI18, creating pTS20, which was introduced into E. coli DH5« by electro-
poration. PCR was then used to amplify spaPAA from pTS20 by using primers
TS9% (5'-GCGGTACCGTTGGATAAAGTGTGGAGTTTG-3') and TS10k
(5'-GCGGTACCGCAGTGCGAAGTACCTTATC-3"), which introduced KpnI
restriction sites (underlined). The amplified SpaPAA digested with Kpnl was
cloned into the Kpnl site of the shuttle vector pDL289, creating pTS21, and
introduced into the S. mutans spaP-negative mutant strain PC3370 by natural
transformation. Transformants were selected for their ability to grow on Todd-
Hewitt broth with 0.3% yeast extract containing 500 wg of kanamycin/ml. Se-
quences of all recombinant constructs were confirmed by the DNA sequencing
core facility (University of Florida).

Evaluation of antibody binding to P1AA. E. coli DH5« harboring pTS20 and
pDC20 was grown for 16 h at 37°C, harvested by centrifugation, and lysed by
boiling for 5 min in sodium dodecyl sulfate (SDS) sample buffer (4% [wt/vol]
SDS, 2% [vol/vol] 2-mercaptoethanol, 20% [vol/vol] glycerol, 125 mM Tris-HCl
[pH 6.8], 0.1 mg of bromophenol blue per ml). Proteins were separated by
SDS-polyacrylamide gel electrophoresis on 7.5% acrylamide preparatory gels by
the method of Laemmli (35). Proteins were electroblotted onto a nitrocellulose
membrane (Schleicher & Schuell, Keene, N.H.) for 1 h at 100 V by the method
of Towbin et al. (66). Immunoblots were blocked with phosphate-buffered saline
(PBS) containing 0.03% Tween 20 (PBST) and cut into 0.5-cm strips. Strips were
incubated with anti-P1 MAbs (3, 8) at dilutions of 1:1,000 in individual troughs
of an Incutray (Schleicher & Schuell). After washing, strips were incubated in
peroxidase-labeled goat anti-mouse immunoglobulin G (IgG) (Cappell) and
developed with 4-chloro-1-naphthol solution (7 ml of PBS, 1 ml of 4-chloro-1-
naphthol [3 mg/ml in ice-cold methanol; Sigma], and 8 pl of 30% hydrogen
peroxide).

Purification of A-region-maltose-binding protein (MBP) and P-region-MBP
fusion proteins. Overnight cultures of E. coli harboring pMA3 (7) or pMA41 (12)
(Table 1) were diluted 1:100 into fresh LB broth containing 100 pg of ampicil-
lin/ml and were grown to an optical density at 600 nm (ODy,) of 0.5. The
medium was supplemented with 0.3 mM IPTG (isopropyl-B-p-thiogalactopyr-
anoside), and the culture was incubated for an additional 2 h at 37°C. Periplasmic
contents were extracted by osmotic shock (2). The fusion proteins were affinity
purified by passage of the periplasmic fractions through a column of amylose
resin (Bio-Rad) and elution with 10 mM maltose by a standard protocol (2).

TABLE 1. Strains and plasmids used in this study

Plasmid or strain

Description (source or reference)

Plasmids

PDL289 ..o E. coli-streptococcal shuttle vector (9a)

pDL289-derived plasmid containing PCR-amplified spaP encoding full-length P1 (7)
Vector for expression of MBP fusions (NEB)

pMal-p derived plasmid containing PCR-amplified DNA encoding aa 819 to 1017 of P1 (7)
pMal-p-derived plasmid containing PCR-amplified DNA encoding aa 186 to 469 of P1 (7)
pUC18-derived plasmid containing internal deletions of spaP-encoding aa 1 to 824 and 998 to 1561 (7)
pUC18-derived plasmid containing spaP-encoding aa 1 to 1561 (7)

pUCI8-derived plasmid containing internal deletions of spaP-encoding aa 1 to 178 and 465 to 1561
pDL289-derived plasmid containing internal deletions of spaP-encoding aa 1 to 178 and 465 to 1561

spaP-negative mutant derived from S. mutans NG8 (12a)
PC3370 transformed with pDL289 (7)

PC3370 transformed with pMAD (7)

............. E. coli F~ araD 139A (argF lac)U169 relA rspP thiA (34)
MC4100 secB::Tn5 (34)

............. E. coli DH5a transformed with pTS20
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ELISA to detect interaction between the A region and the P region. Binding of
the A region to the P region was measured by enzyme-linked immunosorbent
assays (ELISA). Sample wells of Costar High Binding plates (Corning Incorpo-
rated, Corning, N.Y.) were coated overnight at 4°C, in triplicate, with 100 pl of
0.1 M carbonate-bicarbonate buffer (pH 9.6) containing 0.02% sodium azide and
100 ng of either purified MBP, A-region-MBP, or P-region-MBP. The coating
buffer and unbound antigens were removed from the ELISA plate wells, and
unreacted sites were blocked with PBST and overnight incubation at 4°C. Plates
were washed four times with PBST. Purified A-region-MBP, P-region-MBP, and
MBP were twofold serially diluted in PBST and added to the wells, beginning at
1,000 ng/well. The plates were incubated overnight at 4°C and washed four times
with PBST. The A-region-specific MAb 3-8D (12) or a rabbit anti-MBP antibody
(NEB) was added to the wells at a 1:1,000 dilution. Plates were washed with
PBST, and peroxidase-labeled goat anti-mouse IgG or goat anti-rabbit Ig (Cap-
pell) was added to the wells at a 1:1,000 dilution. After a wash, 100 pl of 0.01 M
phosphate citrate buffer (pH 5.0) containing 0.1 M o-phenylenediamine dihy-
drochloride and 0.012% hydrogen peroxide was added to each well. Plates were
incubated for 30 min at room temperature, and the absorbance at 490 nm was
recorded by using an MPM Titertek model 550 ELISA plate reader (Bio-Rad).

Dot blot analysis for detection of P1 surface expression by the mutant strain
PC3370 and derivatives. The S. mutans spaP-negative isogenic mutant PC3370
(11) and PC3370 derivatives harboring pDL289, pMAD, or pTS21 (Table 1)
were grown for 16 h at 37°C. Then the cells were harvested by centrifugation and
washed twice with PBS. Cells were resuspended in PBS to 160 Klett units.
Twofold serial dilutions of cell suspensions were made in PBS, and 100 .l of each
dilution was applied in duplicate to two nitrocellulose membranes by using a
96-well dot blot manifold (both from Schleicher & Schuell). Wells were washed
twice with 200 ml of PBS, and the filters were removed from the apparatus and
blocked with PBS containing 0.25% gelatin and 0.25% Tween 20. P1 on the cell
surface was detected with rabbit antiserum 230 (50) or MAb 3-10E (3) as the
primary antibody, peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse
IgG as the secondary antibody, and development with 4-chloro-1-naphthol so-
lution.

Western blot analysis of lysates of PC3370 and derivatives. S. mutans PC3370,
PC3370A, PC3370C (Table 1), and PC3370 harboring pTS21 were grown at 37°C
to an ODyg of 1.0 to 1.1. The cells were harvested and mechanically homoge-
nized in a Mini Beadbeater (Biospec Products, Inc., Bartlesville, Okla.) (33).
Total protein concentrations of the recovered cell lysates were estimated by
measurement of A,g,, and the samples were adjusted so that protein concentra-
tions were equal. The glass beads and cell debris were resuspended in 1 ml of
Tris-EDTA buffer. The glass beads quickly settled, and the cell debris remaining
in suspension was removed by pipetting. The cell debris was centrifuged at 10,000
X g for 5 min and resuspended in 1 ml of SDS sample buffer. Cell lysates were
diluted 1:1 in SDS sample buffer, and both cell lysates and cell debris were heated
for 5 min at 100°C. Proteins were separated on SDS-7.5% polyacrylamide gels
and transferred to nitrocellulose membranes for 1 h at 100 V. Immunoblots were
blocked and developed as described above for the dot blot assay.

RNA isolation and RNA dot blotting. By following the manufacturer’s proto-
col, RNA was isolated from stationary-phase cultures of PC3370 harboring
pDL289, pTS21, or pMAD by using the QIAGEN (Valencia, Calif.) RNeasy kit.
Total RNA concentrations were measured by OD,4,/OD g and standardized to
~92 pg/ml by the addition of RNA dilution buffer (6X SSC [1x SSCis 0.15 M
NaCl plus 0.015 M sodium citrate]-20% formaldehyde). Samples were serially
diluted twofold, and 50 wl of each was applied to a nylon membrane by using a
96-well dot blot manifold (Schleicher & Schuell). The membrane was baked for
30 min at 120°C and incubated in DIG Easy Hyb (Roche, Indianapolis, Ind.) for
2 h at 37°C. The membrane was probed overnight at 37°C with digoxigenin-
labeled, PCR amplified DNA complementary to the 3’ end of spaP, nucleotides
3985 to 4125. The membrane was washed, blocked for 1 h at 25°C in Roche
blocking buffer, and incubated with alkaline phosphatase-labeled anti-digoxige-
nin antibodies. After a wash in detection buffer, the chemiluminescence substrate
disodium  3-(4-methoxyspiro{1,2-dioxetane-3,2-(5-chloro)tricyclo[3.3.1.13,7]de-
can}-4-yl)phenyl phosphate was added and the membrane was exposed to X-ray
film (Fuji, Tokyo, Japan).

Western blot analysis of E. coli periplasm extracts. Periplasm contents of E.
coli DHS5« harboring pUCI18, pDC20, pDC9, or pTS20 and of E. coli MC4100
and CK1953, a secB-negative mutant (34), harboring pUC18 or pDC20 were
extracted by osmotic shock (2). Cells were grown for 16 h at 37°C, 0.3 mM IPTG
was added, and the culture was incubated for an additional 2 h. Cells were
harvested by centrifugation, resuspended in 30 mM Tris-HCI-20% sucrose—0.1
mM EDTA (pH 8.0), and incubated with shaking. Cells were again pelleted by
centrifugation, resuspended in ice-cold 5 mM MgSO,, and incubated in an ice
bath for 10 min. Lastly, cells were removed by centrifugation, and 1 M Tris-HCI
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FIG. 2. Western blot analysis of recombinant P1 lacking the A
region. Lanes 1 through 11, cell lysates of TS20 reacted with anti-P1
MADs 3-8D, 4-10A, 4-9D, 5-5D, 6-11A, 3-10E, 1-6F, 5-3E, 2-8G, 3-3B,
and 6-8C, respectively.

(pH 7.4), to a final concentration of 20 mM, was added to the supernatant. The
proteins in this periplasmic preparation were separated on SDS-7.5% polyacryl-
amide gels and transferred to nitrocellulose membranes. Corresponding cell
pellets were boiled in SDS sample buffer and analyzed as well. Immunoblots
were blocked and developed as described above for the dot blot assay.

RESULTS

Expression of recombinant P1AA and recognition by an-
ti-P1 MAbs. A spaP gene lacking DNA encoding the A region
(nucleotides 537 to 1401) was constructed by PCR and cloned
into pUC18, creating pTS20, as described in Materials and
Methods. P1 lacking the A region (P1AA) was detectable by
Western blotting in cell lysates of recombinant E. coli DH5a by
using anti-P1 polyclonal antibodies (data not shown). P1AA
migrates at its predicted molecular weight of 135,000. The
effect of deleting the A region on the antigenicity of P1 was
examined by Western blotting utilizing a panel of 11 anti-P1
MADs (7). Deletion of the A region from P1 eliminated the
reactivity of 5 of the 11 MAbs (Fig. 2). Three of the nonreac-
tive MAbs, 4-9D, 5-5D, and 6-11A, are also not reactive with
P1AP (7). The reactivity of MAbs 5-3E, 2-8G, 3-3B, and 6-8C,
which are specific to the C-terminal end of P1 (8), confirmed
that the deletion of the DNA encoding the A region did not
disrupt the reading frame. The Western blot also shows that,
like P1AP, P1AA is stably expressed and easily detectable in E.
coli.

Interaction of the A and P regions by ELISA. The depen-
dence of several anti-P1 MAbs on the simultaneous presence
of the A and P regions, and work by van Dolleweerd et al. (70)
characterizing a complex epitope comprising the P region and
a fragment of P1 containing the A region, suggests a specific
interaction between these domains. To determine whether the
isolated A region (aa 186 to 469) and P region (aa 819 to 1017)
are capable of such an interaction, an ELISA was used to
evaluate binding (Fig. 3). To facilitate protein purification, the
A region and P region of P1 were expressed as fusions with
MBP (pMA41 and pMA3, respectively [Table 1]). Purified
P-region-MBP or MBP alone as a negative control was immo-
bilized in ELISA plate wells. After the plates were washed and
blocked, twofold serial dilutions of A-region-MBP were added
to the wells. Binding of A-region-MBP to the immobilized
proteins was detected by the A-region-specific MAb 3-8D. As
shown, A-region-MBP binds to P-region-MBP in a dose-de-
pendent manner, but not to MBP alone. MBP alone does not
bind to MBP or to P-region-MBP (data not shown).

Evaluation of surface expression of P1AA in S. mutans. If an
interaction between the P region and the A region of P1 is
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FIG. 3. Demonstration of A-region and P-region interaction by
ELISA. One hundred nanograms of the P-region-MBP fusion
polypeptide (circles) or of MBP alone (triangles) was used to coat
ELISA plate wells. Twofold serial dilutions of the purified A-region—
MBP fusion polypeptide starting at 1,000 ng/well were added to the
coated wells, and binding of the A region to the P region or to the MBP
negative control was traced with the A-region-specific MAb 3-8D.

required for P1 structure, stability, and translocation, a similar
phenotype should be observed for PIAA as that which was
seen for P1AP (7). The spaP-negative mutant PC3370 was used
as the host for plasmids pMAD and pTS21, encoding full-
length P1 and P1AA, respectively. Whole-cell dot blot analysis
was used to examine whether the A region, like the P region
(7), is necessary for P1 surface expression in PC3370. These
results are shown in Fig. 4. Twofold serial dilutions of the cells
were applied to the nitrocellulose membrane in duplicate. The
positive control PC3370C, expressing full-length P1, demon-
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FIG. 4. Dot blot analysis of P1 expression by the S. mutans spaP-
negative mutant PC3370 and derivatives. Twofold serial dilutions of
bacterial cells were applied in duplicate to the membrane. Rabbit
antiserum 230, raised against purified P1 from S. mutans, was used as
the primary antibody. Rows 1 through 4, the spaP-negative mutant
PC3370, PC3370A (shuttle vector only), PC3370 harboring pTS21
(spaP with the A region deleted), and PC3370C (spaP encoding full-
length P1), respectively.
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FIG. 5. RNA dot blot analysis of spaP-specific mRNA levels in the
spaP-negative mutant PC3370 and derivatives. Twofold serial dilutions
of total cellular RNA, beginning with 5 mg, were probed with DNA
encoding the C-terminal end of spaP. Rows 1 through 4, PC3370,
PC3370A (shuttle vector only), PC3370C (full-length P1), and PC3370
harboring pTS21 (spaP with the A region deleted), respectively.

strated the reactivity of the antiserum with surface-expressed
P1. The negative controls, PC3370 and PC3370A (vector only),
showed the lack of reactivity of the antiserum with cells lacking
P1. PC3370 harboring pTS21, encoding P1AA, was not reactive
with the polyclonal antiserum, indicating a lack of surface
expression of P1. These results indicated that P1IAA is not
translocated to the surfaces of PC3370 cells. No P1AA was
detected in spent culture liquor, although P1 is found in the
spent culture liquor of PC3370C and NGS8 (wild type) (data not
shown). To determine if PIAA was detectable in S. mutans cell
lysates, NG8, PC3370A, PC3370C, PC3370, and PC3370 har-
boring pTS21 were subjected to mechanical lysis in a Mini
Beadbeater apparatus, and samples were analyzed by Western
blotting (data not shown). Full-length P1 was present in both
cell extracts and cell debris of NG8 and PC3370C. P1AA was
not detected in either the cell extract or the cell debris of
PC3370 harboring pTS21, and no P1 was observed in the neg-
ative controls, PC3370A and PC3370.

Evaluation of spaP-specific mRNA in PC3370 harboring the
deletion construct pTS21. To confirm that spaPAA was tran-
scribed from the pDL289 shuttle vector in PC3370, an RNA
dot blot was performed (Fig. 5). Dilutions of total cellular
RNA were probed with a digoxigenin-labeled probe corre-
sponding to the 3’ end of spaP. Rows 1 and 2 correspond to the
negative controls, PC3370 and PC3370A (harboring the vector
only). Row 3 contains RNA from PC3370 harboring pTS21,
and row 4 contains RNA from the positive control, PC3370
harboring pMAD. The dot blot shows that the spaPAA mes-
sage is expressed at levels equivalent to those of the full-length
spaP expressed from pMAD.

Evaluation of secretion of P1, P1AA, and P1AP in E. coli. To
analyze the secretion competency of P1, P1IAA, and P1AP
expressed in E. coli, periplasmic extracts of E. coli DH5« har-
boring pUC18, pDC20, pDC9, or pTS20 were prepared by
osmotic shock, and the presence of P1 and derivatives was
detected by Western blotting. These results are shown in Fig.
6. The leftmost lane contains a positive control for antibody
reactivity, P1 extracted from S. mutans NG8 (8). The lanes
containing cellular extracts from E. coli DHS5a harboring
pDC20 (full-length P1) clearly show that P1 is present in both
the cytoplasm and the periplasm. The following lanes, contain-
ing cellular fractions from DHS5a harboring pDC9 (spaP with
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FIG. 6. Western blot analysis of the cellular locations of P1, P1AA,
and P1AP in E. coli DH5a. Leftmost lane, P1 extracted from S. mutans
NGS, used as a positive control for antibody reactivity. As indicated,
lanes contain cytoplasmic (C) or periplasmic (P) extracts of E. coli
DH5a harboring either pDC20 (full-length P1), pDC9 (P1AP), pTS20
(P1AA), or pUCIS8. The membrane was reacted with a cocktail of
MADbs including 5-3E, 2-8G, 3-3B, and 6-8C. Molecular weight stan-
dards, indicated on the left, correspond to M,s of 250,000, 150,000, and
100,000.

the P region deleted), show that P1AP is present in the cyto-
plasm but absent from the periplasm. Cell fractions from E.
coli harboring pTS20 show that, like P1IAP, P1AA is present in
the cytoplasm but is not translocated to the periplasm. The two
rightmost lanes contain cellular lysates and periplasmic ex-
tracts from E. coli harboring pUCI18 (vector only).

To determine whether P1 secretion is dependent on SecB in
E. coli, periplasmic extracts of an E. coli SecB-negative mutant,
CK1953, and the wild-type strain MC4100 (34) were prepared
by osmotic shock, and the presence of P1 was detected by
Western blotting. These results are shown in Fig. 7. Lane 1
contains a positive control for antibody reactivity, P1 extracted
from S. mutans NGS8 (8). The lanes containing cellular extracts
from E. coli MC4100 harboring pDC20 (full-length P1) clearly
show that P1 is detected in both the cytoplasm and the
periplasm. The lanes containing cellular fractions from the
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FIG. 7. Western blot analysis of P1 cellular location in the E. coli
secB-negative mutant CK1953. Leftmost lane, P1 extracted from S.
mutans NG8, used as a positive control for antibody reactivity. As
indicated, lanes contain cytoplasmic (C) or periplasmic (P) extracts of
E. coli MC4100 (wild type) or CK1953 (secB::Tn5) harboring pDC20
(full-length P1) or of MC4100 harboring pUC18. The membrane was
reacted with a cocktail of MAbs including 5-3E, 2-8G, 3-3B, and 6-8C.
Molecular weight standards, indicated on the left, correspond to M s of
250,000, 150,000, and 100,000.
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SecB mutant CK1953 harboring pDC20 (full-length P1) show
that, as in MC4100, P1 is clearly detected in both the cytoplasm
and the periplasm. The two rightmost lanes correspond to cell
fractions from MC4100 harboring pUCIS8 (vector only). These
cell extracts were analyzed by Western blotting for B-galacto-
sidase to confirm the integrity of the periplasmic extractions
(data not shown). No B-galactosidase was detected in the
periplasmic extracts. These results show that P1 translocation
in E. coli is not dependent on SecB, the chaperone that is
central to the general secretory pathway of E. coli.

DISCUSSION

In this paper, we report that the phenotype of the P1
polypeptide lacking the A region (P1AA) is the same as that of
P1 lacking the P region (P1AP). While equivalent levels of
mRNA are expressed, PIAA appears to be unstable in S.
mutans and is not expressed on the cell surface. Like P1AP,
P1AA is detectable in the cell lysates of recombinant E. coli.
Deletion of the A region from P1 abolishes the reactivities of
several P-region-dependent anti-P1 MAbs, and a direct inter-
action between the A region and the P region was demon-
strated. In E. coli, P1 but not PIAA or P1AP is translocated to
the periplasm, and P1 translocation is SecB independent.

An interaction between the P region and the A region of P1
that is required for P1 structure, stability, and translocation
should impart a similar phenotype to P1AA as that which was
seen for P1AP (7). To address the possibility of such an inter-
action, a spaP gene lacking the A region (nucleotides 537 to
1401) was constructed by PCR and cloned into pUCIS, creat-
ing pTS20. The reactivities of MAbs 5-3E, 2-8G, 3-3B, and
6-8C, which are specific to the C-terminal end of P1, confirmed
that the deletion of the DNA encoding the A region did not
disrupt the reading frame. Western blotting also shows that,
like P1AP, P1AA is stably expressed and easily detectable in E.
coli.

Deletion of the P region of P1 resulted in a loss of reactivity
for 5 of 11 anti-P1 MAbs. Deletion of the A region also results
in a loss of reactivity for 5 of 11 of the anti-P1 MAbs, and 3 of
the MAbs are dependent on both the A and the P region. This
suggests that the epitopes are complex and that they may be
nonlinear and composed of portions of both regions, or that an
interaction between the regions may result in conformational
epitopes being produced within one or both of the regions or
perhaps elsewhere in the molecule. The requirement of both
the A and the P region for MADb reactivity and the recent
evidence presented by van Dolleweerd et al. (70) for the bind-
ing of the P region with an N-terminal fragment of P1 contain-
ing the A region led us to look into a specific interaction
between the A and P regions. Binding of the A region (aa 186
to 469) with the P region (aa 819 to 1017) was analyzed by
ELISA, and binding in a dose-dependent manner was ob-
served.

In addition to the requirement for MAb reactivity, the si-
multaneous presence of both the A and the P region appears
to be required for P1 stability in S. mutans. Analysis of mRNA
encoding P1AA demonstrated that, as with P1AP (7), the in-
ternally deleted spaP gene was transcribed at levels equivalent
to those of the wild-type spaP gene. However, no P1AA was
detected in the cytoplasm, on the cell surface, or in the culture



4704 SEIFERT ET AL.

liquor. While P1AP contains a deletion of 170 residues and
P1AA lacks 287 residues, there are examples of stable antigen
I/II polypeptides that, compared to P1, are lacking large seg-
ments of the molecules. The antigen I/II protein expressed by
Streptococcus intermedius, Pas, lacks ~270 residues from the A
region and ~80 residues from the P region (64); Paa from
Streptococcus cricetus possesses an additional ~139 residues in
the A region and ~39 residues fewer in the P region (64); and
S. mutans GS-5 expresses a PAc molecule lacking the C-ter-
minal ~400 residues (57). The A region of P1 consists of three
82-residue repeats, and the P region consists of three 39-resi-
due repeats; both Paa and Pas retain repeats in both regions.
This suggests that the A and P regions may contain inherent
structural information and possible chaperone binding sites, or
that perhaps they possess chaperone-like activities that are
critical to P1 stability. Proline-rich regions are known to be
involved in a variety of intra- and intermolecular protein-pro-
tein interactions (1, 4, 16, 18, 26, 29, 32, 45, 68, 72), including
chaperone-like activities. Wang et al. identified a centrally lo-
cated proline-rich region in the serine protease Limulus factor
C that is required for the proper folding and secretion of the
molecule (71). These investigators proposed that internal pro-
line-rich domains may serve as intramolecular chaperones. It
has also been proposed that many proteins may contain un-
cleaved intramolecular chaperone-like fragments that interact
with adjoining regions and are essential for achieving native
structure (42). Proline containing motifs similar to those found
repeatedly within the P region of P1 are found in a wide variety
of bacterial proteins (6, 31, 61, 63). These similarities and the
conservation of the P region within oral streptococci suggest
that it may play an important functional role in this regard.
Considering the prevalence of proline-rich regions in protein-
protein interactions, it is likely that the P region is involved in
such an interaction. Recently, van Dolleweerd et al. demon-
strated that the interaction of the P region of P1 with a peptide
fragment of P1 containing the A region restored the reactivity
of an antigen I/II-reactive MAD that was not reactive with
either fragment alone (70). X-ray crystallography has also re-
vealed that the variable region of P1 (aa 464 to 840) forms a
beta-sandwich that would place the P region and A region in
close proximity (67).

To fully understand the roles of the A and P regions in P1
translocation, it is imperative to identify the molecule’s route
of translocation. There are no experimental data that identify
the secretion pathway employed by P1 or antigen I/II-like
proteins. Cell wall anchoring of P1 and PAc is mediated by the
transpeptidase sortase (27, 37), and sortase-anchored proteins
are believed to be translocated via the Sec translocase (46).
The Sec-dependent secretion pathway has been well charac-
terized and studied in E. coli and, to a lesser extent, in Bacillus
subtilis. In E. coli, the Sec translocase consists of SecA, SecY,
SecE, SecG, SecD, SecF, and YajC (13). Two major targeting
pathways converge on the Sec translocase: the signal recogni-
tion particle (SRP) pathway and the SecB pathway. The E. coli
SRP consists of a 45S RNA and the GTPase Fth, both of
which are required for cell viability in this organism (52).
Signal peptides of nascent polypeptides are recognized by the
SRP as they emerge from the ribosome (69). SRP binding stalls
translation and targets the SRP-ribosome complex to the SRP
receptor, FtsY (41, 59). The complex is then targeted to the
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Sec translocon, where the ribosome docks and translation is
restored. The preprotein is cotranslationally translocated
across the membrane via an integral membrane complex con-
sisting of SecY, SecE, and SecG. The ATPase SecA provides
energy for the translocation (13). In the case of posttransla-
tional secretion, the cytoplasmic chaperone SecB targets pre-
proteins to the Sec translocon. SecB binds to nascent and
full-length preproteins as they emerge from the ribosome (17).
SecB interaction prevents premature folding of the preprotein
and delivers it to the Sec translocon in a secretion-competent
state. Binding of the SecB-preprotein complex with SecA re-
sults in the transfer of the preprotein to SecA and the release
of SecB (24). The preprotein is subsequently translocated
across the membrane through the Sec translocon (14). Due to
the faint expression of P1AP and the undetectable expression
of P1AA in S. mutans, E. coli was used to examine P1 secretion.
P1, P1AP, and P1AA are stable and easily detectable in whole-
cell lysates of E. coli by Western blotting. Analysis of periplas-
mic extracts by Western blotting revealed that P1 was secreted
into the periplasm but P1AP and P1AA were not. This suggests
that while the A and P regions apparently are not required for
stability in E. coli, they are required for secretion. If a lack of
chaperone interaction with the recombinant deletion proteins
results in a lack of secretion, perhaps a similar lack of inter-
action favors degradation of the molecules in S. mutans.

The SRP pathway is known to exist in both gram-negative
and gram-positive bacteria. Identified homologs of the general
secretory pathway components in B. subtilis include SecA, Se-
cYEG, SecDF, YrbF, Ffh, and scRNA. As the genome se-
quences of gram-positive bacteria have become available, in-
vestigators have searched for homologs of SecB, to no avail.
However, a B. subtilis complementation study of an E. coli
SecB-null mutant revealed a functional ortholog, CsaA, with
partially overlapping binding characteristics (40, 48, 49). As
previously stated, the SRP is essential for viability in E. coli,
and this was assumed to be the case in all organisms. However,
an Ffh-null mutant of S. rutans is viable (20), and P1 is
translocated and expressed on the cell surface (data not
shown). This would suggest that if P1 secretion is Sec depen-
dent, the targeting pathway should likely be SecB-like and
require a functional SecB ortholog. To examine the possibility
of a role for SecB in P1 secretion, P1 was expressed in a
SecB-negative E. coli mutant, CK1953. P1 was shown to be
stable and to be secreted into the periplasm in CK1953. This
suggests that, in E. coli, if P1 is secreted via the Sec pathway,
it is associating with an alternative chaperone to SecB, or it
may be able to use the SRP pathway. Further research is
currently under way to establish the route of P1 secretion in S.
mutans and the chaperones involved.
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