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Members of the family of surface adhesins of oral streptococci, including P1 of Streptococcus mutans, contain
two highly conserved repeat domains, one rich in alanine (A region) and the other rich in proline (P region).
To assess the contribution of the P region to the biological properties of P1, an internal deletion in spaP was
engineered. In addition, the P region was subcloned and expressed as a fusion partner with the maltose binding
protein of Escherichia coli and liberated by digestion with factor Xa. Results of Western blot experiments in
which recombinant polypeptides were probed with a panel of 11 monoclonal antibodies indicated that the P
region is a necessary component of conformational epitopes within the central portion of P1. Antibodies
reactive with the P region were detected in a polyclonal rabbit antiserum generated against whole S. mutans
cells but not in two rabbit antisera generated against purified P1 (Mr ; 185,000), suggesting that this domain
is immunogenic on the surface of intact bacteria but not as part of a soluble full-length molecule. Finally,
transformation of a spaP-negative mutant with a shuttle vector containing an internally deleted spaP lacking
P-region DNA resulted in a complete absence of surface-localized P1 and substantially less P1 in sonicated cells
compared to the case for the mutant complemented with the full-length gene. These results suggest that the P
region is an integral component contributing to the conformation of the central region of P1 and indicate that
its presence is necessary for surface expression of the molecule on S. mutans.

Streptococcus mutans is a major etiologic agent of dental
caries (25, 39). The organism possesses a number of virulence
factors that enable it to colonize and eventually dominate its
niche in the oral cavity. The ;185,000-Mr surface molecule
variously referred to as P1 (18), SAI/II (58), PAc (49), antigen
B (59), MSL-1 (15), and SR (1) is believed to participate in the
adherence of the organism to teeth via its interaction with the
salivary pellicle (6, 16, 24, 38, 45, 46, 48, 61). The gene encod-
ing P1 of S. mutans serotype c, called spaP or pac, has been
cloned and sequenced by two groups (31, 37, 49, 50). Notable
features include a 38-residue amino-terminal signal sequence,
a series of three 82-residue alanine-rich repeats within the
amino-terminal third of the molecule, a 150-residue variable
region where 20 of the 36 amino acid sequence substitutions
identified between the spaP- and pac-encoded proteins are
clustered, a series of three 39-residue proline-rich repeats in
the central portion of the molecule, and carboxy-terminal se-
quences characteristic of wall- and membrane-spanning do-
mains of streptococcal surface proteins. The carboxy-terminal
sequences include a second proline-rich segment believed to
span the cell wall, a hydrophobic transmembrane domain, and
a charged tail. Also observed is the carboxy-terminal LPXTG
consensus motif, which represents the substrate for a thiol-
dependent membrane anchor-cleaving enzyme which modifies
proteins posttranslationally, allowing subsequent attachment
to a membrane-wall anchor site (17, 28, 51). A panel of 11
anti-P1 monoclonal antibodies (MAbs) has been evaluated for

reactivity with a number of truncated P1 polypeptides, and
approximate binding sites within the primary amino acid se-
quence have been deduced (5). A linear map of P1 showing the
features described above as well as the putative binding sites of
the anti-P1 MAbs is illustrated in Fig. 1.

Secondary-structure predictions based on the deduced
amino acid sequence for spaP suggest that the alanine-rich
repeat domain would form an a-helical structure typical of
coiled-coil proteins, including the M protein of Streptococcus
pyogenes, and that the central proline-rich repeat domain
would form an extended, pleated b-turn structure (31). There
is, however, scant experimental evidence regarding the actual
physical structure of P1 or immunologically related molecules
expressed by other oral streptococci, such as SpaA of Strepto-
coccus sobrinus (35, 69) or SSP-5 of Streptococcus gordonii (14).

DNA sequences homologous to spaP have been demon-
strated in S. mutans serotypes c, e, and f, S. sobrinus serotype d,
S. cricetus serotype a (37), and S. gordonii (15). In addition, Ma
et al. (41) demonstrated by Southern analysis that chromo-
somal DNAs from viridans and nonviridans streptococci which
did not hybridize with full-length spaP were reactive when the
probe was limited to a much shorter gene fragment consisting
primarily of DNA encoding the central proline-rich repeat
domain. This suggested that similar sequences are present in
other streptococci. Subsequently, open reading frames (ORFs)
of unknown function encoding deduced amino acid sequences
homologous to the P region of P1 have been identified within
plasmid pDB101 of S. pyogenes (ORF iota [9]) and within
plasmid pCF10, containing regulatory and structural genes in-
volved in pheromone-inducible conjugation in Enterococcus
faecalis (prgC, ORF15 [30]). The cell-bound fructosyltrans-
ferase of S. salivarius also includes a homologous carboxy-
terminal proline-rich domain believed to be involved in cell
surface localization in the absence of a conserved LPXTG
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motif (56). In addition, the fibronectin binding proteins of
Staphylococcus aureus and S. pyogenes contain proline-rich tan-
dem repeat segments just carboxy terminal to their fibronectin
binding domains which include the amino-acid sequence motif
PTPPT common to the P region of P1 (29, 62, 64). Repetitive
proline-rich segments are also present in the published se-
quences encoded by genes encoding intermedilysin (a cytolytic
factor of Streptococcus intermedius) (47), pneumococcal sur-
face protein A (PspA) of S. pneumoniae (72), immunogenic
secreted protein of S. pyogenes (44), the immunoglobulin A
(IgA) Fc binding protein of group B streptococci (27), and
numerous proteins expressed by a wide variety of bacterial
species (10, 21, 26, 36, 52, 53, 63, 66). While the function of
most microbial proline-rich repeat domains is not understood,
it has been suggested that such sequences may be involved in
protein-protein interactions (21, 55, 71).

The function of the P region of P1 is not yet known. Nakai
et al. (48) reported that the P region can bind to the PAc (P1)
molecule itself and proposed that this segment may contribute
to spontaneous self-aggregation of the molecule. Munro et al.
(46) demonstrated that a fragment of P1 (amino acid residues
816 to 1213) which includes the P region was inhibitory to
adherence of S. mutans to saliva-coated hydroxyapatite. Kelly
et al. (32) subsequently identified a specific segment (amino
acid residues 1005 to 1044) carboxy terminal to the P region as
being involved in adhesion to salivary components. Other in-
vestigators have implicated amino-terminal sequences includ-
ing the alanine-rich repeats (A region) in the adhesion func-
tion of P1 (11, 24, 48). A second manifestation of the
interaction of P1 and related molecules with salivary compo-
nents is cell-cell aggregation (13, 15). In a previous study,
anti-P1 MAbs were used to inhibit adherence and aggregation
mediated by the high-molecular-weight salivary agglutinin gly-
coprotein. MAbs specific for different epitopes demonstrated
marked differences in their relative abilities to inhibit each of
these processes (6), suggesting that P1 possesses adherence-
specific and aggregation-specific functional domains which are
not confined within discrete contiguous segments of P1.

To understand the relative contribution of the P region to
the biological properties of P1, a dual strategy was undertaken.
A spaP gene devoid of the DNA encoding the P region was
engineered, and the DNA encoding the P region itself was
subcloned. Recombinant polypeptides expressed in Escherichia
coli were evaluated for reactivity with a panel of 11 anti-P1
MAbs and three polyclonal antisera. The results suggest that
the P region is an integral component of conformational
epitopes within the central portion of P1. The internally de-
leted spaP gene was also subcloned into a shuttle vector and
introduced into a spaP-negative mutant of S. mutans. Abso-
lutely no cell surface P1 and substantially decreased levels of
cytoplasmic protein were detectable in the transformed mu-
tant, with no decrease in the production of spaP-specific
mRNA. The P region is postulated to play a critical role in the
three-dimensional conformation (tertiary structure) of P1 and
is apparently essential in S. mutans for expression, intracellular
stability, and/or translocation of the molecule to the cell sur-
face.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Serotype c S. mutans 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 (THBYE). E. coli strains used in these experiments
included MC1061, SURE (Stratagene, La Jolla, Calif.), INVaF9 (Invitrogen),
Top Ten (Invitrogen), and M15(pREP4) (QIAGEN, Santa Clarita, Calif.). E.
coli was grown aerobically at 37°C with vigorous shaking in Luria-Bertani broth
(1% [wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 1% [wt/vol] NaCl, pH 7.0)
supplemented with ampicillin (50 to 100 mg/ml) or kanamycin (25 to 50 mg/ml)
as appropriate. Plasmids pUC18, pCRII (Invitrogen), pMal-p (New England
BioLabs, Inc. [NEB], Beverly, Mass.), pQE30 (QIAGEN), and pDL289 (kindly
provided by D. LeBlanc) (7) were used as cloning and expression vectors.

Preparation of chromosomal and plasmid DNAs. S. mutans NG8 chromo-
somal DNA was prepared as described previously (4). Plasmid DNA was purified
by using a modified alkaline lysis-polyethylene glycol precipitation procedure
(1a) (Applied Biosystems, Inc., Foster City, Calif.).

PCRs and construction of recombinant molecules. PCR amplification of spaP
was undertaken so that desired fragments containing convenient restriction sites
for cloning into appropriate vectors could be engineered. Fidelity of the reactions
was confirmed by restriction and sequence analysis. The locations of spaP se-

FIG. 1. Schematic representation of the linear structure of P1. A linear map showing salient features of P1 is at the top. Approximate binding sites of the anti-P1
MAbs 3-8D2a, 4-10A8c, 4-9D4c, 5-5D6a, 6-11A3a, 3-10E4d, 1-6F6b, 5-3E5e, 2-8G1d, 3-3B5e, and 6-8C1a are shown below the linear map. The order in which these
antibodies are listed within each indicated segment is arbitrary and does not reflect their exact binding locations. The locations of the forward and reverse PCR primers
used to amplify spaP DNA are indicated by forward and reverse arrowheads, while the amplified DNA sequences contained in the indicated plasmids are represented
by solid lines in the bottom half. Additional information regarding these plasmids is given in Table 1. a.a., amino acids.
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quences amplified by PCR and cloned to create plasmids pMAJJ-8, pMAD,
pMA3, pCG2, and pCG14 are illustrated in Fig. 1 (also see Table 1).

Forward and reverse primers 59-GCGTCGACGTTGGATAAAGTGTGGAG
and 59-GCATCGATAGGAAGATTAACGCGACG were designed based on
the published spaP (31) and pac (69) sequences and used to amplify DNA
upstream of the P region, including the spaP promoter. Underlining indicates
engineered SalI and ClaI restriction sites, respectively. Primers 59-GCATCGA
T-AAACTAGCTGTTCAGCCG and 59-GCGTCGACGCAGTGCGAAGTAC
CTTA were used to amplify spaP DNA downstream of the P region. Underlining
indicates engineered ClaI and SalI restriction sites, respectively. Reactions were
carried out with a UNO thermoblock thermocycler (Biometra, Tampa, Fla.) with
S. mutans NG8 chromosomal DNA as the template and Taq polymerase (Pro-
mega, Madison, Wis.), under the following conditions: (i) denaturation at 94°C
for 2 min; (ii) denaturation at 94°C for 45 s, primer annealing at 53°C for 1 min
30 s, and primer extension at 72°C for 3 min for 30 cycles; and (iii) primer
extension at 72°C for an additional 7 min. The resulting 2,663- and 1,982-bp gene
fragments were cloned into the TA cloning vector pCRII (Invitrogen) with E. coli
INVaF9 as the host strain. Two clones with inserts in opposite orientations with
respect to the Plac promoter of pCRII were used. Each purified plasmid was
digested with NcoI (Promega) (one site in pCRII, no site in spaP) and ClaI
(GIBCO BRL, Gaithersburg, Md.) (no site in pCRII, engineered sites in PCR
primers internal to spaP). Appropriate-sized fragments were recovered by gel
purification, religated, and used to transform E. coli MC1061. This strategy
resulted in reconstitution of the vector and in-frame ligation of an internally
deleted gene lacking 519 bp (bp 2571 to 3090 of spaP [31]) encoding amino acids
825 to 997. This plasmid was called pJJ-1. As a positive control, the same 59 and
39 flanking primers were used to amplify full-length spaP with NG8 chromosomal
DNA as the template by using the Gene Amp XL PCR kit (Perkin-Elmer/Roche,
Branchburg, N.J.) according to the manufacturer’s instructions and under the
following conditions: (i) denaturation at 93°C for 1 min and (ii) denaturation at
93°C for 1 min, primer annealing at 60°C for 10 min, and primer extension at
72°C for 10 min for 30 cycles. The amplified product (bp 20 to 5167 of pac [69])
was cloned into pCRII to create pDC-4.

The spaP inserts in pJJ-1 and pDC-4 were excised with SalI (Promega) and
ligated into SalI-digested pUC18 to create pDC-9 and pDC-20, respectively. This
intermediate cloning step was undertaken so that internally deleted and full-
length spaP could be cloned directionally into the streptococcal shuttle vector
pDL289 (7). Inserts were excised by digestion with SphI (Promega) and SmaI
(Promega) and ligated into SphI-SmaI-digested pDL289 with transformation
into the E. coli strain SURE. The resultant plasmids were designated pMAJJ8
and pMAD and contained internally deleted and full-length spaP DNA, respec-
tively (Fig. 1 and Table 1).

DNA (bp 2554 to 3150 of spaP [31]) encoding the P region itself (amino acids
819 to 1017) was amplified by PCR for expression as a fusion product with
maltose binding protein (MBP). Forward and reverse primers were GGGAGT
AC-TCGTGCGGTTAATCTTCCT and GGGAATTCTCAGTCAGTCATGCC
ACCAAAGT-TCTGTC, respectively. Underlining indicates engineered ScaI
and EcoRI restriction sites, respectively. Boldface indicates the reverse and
complement of stop codons engineered in all three reading frames. The reaction
was carried out with pSM2949 containing the original cloned spaP insert (37) as
the template and Taq polymerase (Promega) under the following conditions: (i)
denaturation at 94°C for 2 min; (ii) denaturation at 94°C for 45 s, primer
annealing at 53°C for 1 min 30 s, and primer extension at 72°C for 3 min for 30
cycles; and (iii) primer extension at 72°C for an additional 7 min. The amplified

product was cloned into pCRII (Invitrogen), and the insert was excised by
digestion with ScaI (Promega) and EcoRI (Promega) and ligated into StuI
(Promega)- and EcoRI-linearized pMal-p (NEB). This resulted in an in-frame
fusion of the P-region insert with the vector containing the malE gene. The
recombinant plasmid was designated pMA-3 (Fig. 1 and Table 1).

Finally, internally deleted and full-length spaP were reamplified by PCR for
directional cloning into the His6-tagged expression system (QIAGEN). Forward
and reverse primers were 59-GGCATGCGATGAA-ACGACCACTAC and 59-
GGGTACCGTAATGTCTATGCTGTC, respectively. Underlining indicates en-
gineered SphI and KpnI restriction sites, respectively. This forward primer was
designed to eliminate the 38-residue N-terminal signal sequence of P1 so its
cleavage would not result in removal of the histidine tag. Reactions were carried
out with VENT polymerase (NEB) and pMAJJ8 and pMAD (Fig. 1 and Table
1) as the templates under the following conditions: (i) denaturation at 94°C for
5 min; (ii) denaturation at 94°C for 1 min, primer annealing at 49°C for 2 min,
and primer extension at 72°C for 5 min for 30 cycles; and (iii) primer extension
at 72°C for an additional 10 min. The VENT-amplified blunt-end products were
cloned by using the Zero Blunt (Invitrogen) PCR cloning kit with E. coli Top Ten
(Invitrogen) as the host. Inserts were excised by digestion with SphI (Promega)
and KpnI (NEB) and ligated into SphI-KpnI-restricted pQE30 (QIAGEN), and
the recombinant plasmids were transformed into E. coli M15(pREP4) (QIA-
GEN) according to the manufacturer’s instructions. Plasmids containing inter-
nally deleted and full-length spaP were designated pCG2 and pCG14, and the
recombinant E. coli strains were designated CG2 and CG14, respectively (Fig. 1
and Table 1).

Construction of spaP-negative mutant PC3370. The spaP-negative mutant
strain PC3370 was constructed as described in detail elsewhere (12, 12a). Briefly,
a 480-bp DNA fragment located upstream of the spaP promoter and a 275-bp
DNA fragment located immediately downstream of and including the transla-
tional stop codon for spaP were amplified by PCR with S. mutans NG5 chromo-
somal DNA as the template. The amplified products, into which appropriate
restriction enzyme recognition sequences had been engineered for cloning, were
ligated as a single fragment with the two amplified sequences in opposite orien-
tations into the PstI site of pVA981 (67). The resulting recombinant plasmid was
digested with BamHI to linearize it at a unique site engineered to lie between the
amplified sequences and was used to transform S. mutans NG8. The spaP-
negative mutants of NG8 generated via allelic exchange with the linearized
construct were selected on THBYE agar containing 10% sucrose and 15 mg of
tetracycline per ml. Mutant PC3370 was selected for further evaluation. Southern
analysis demonstrated that the spaP gene had been eliminated, and radioimmu-
noassay demonstrated a complete lack of reactivity of PC3370 with anti-P1 MAbs
and polyclonal antibodies.

Introduction of recombinant spaP plasmids into spaP-negative mutant
PC3370. The pDL289 shuttle vector (7), pMAJJ8, and pMAD (Fig. 1 and Table
1) were introduced into the NG8-derived spaP-negative mutant PC3370 by elec-
trotransformation to create PC3370A, PC3370B, and PC3370C, respectively
(Table 1). Briefly, 1,250 ml of an overnight culture of PC3370 was used to
inoculate 50 ml of THBYE supplemented with 10% heat-inactivated horse
serum (Sigma Chemical Co., St. Louis, Mo.), and the culture was grown at 37°C
to an optical density at 600 nm (OD600) of 0.13 to 0.25. Cells were harvested by
centrifugation at 800 3 g for 10 min, washed three times with cold 10% glycerol,
and resuspended in 0.1 volume of 10% glycerol. One milligram of plasmid DNA
was added to 25 ml of cells in a chilled cuvette (0.1 cm; Bio-Rad, Hercules, Calif.)
and allowed to stand on ice for 1 min. Electroporation was performed with a

TABLE 1. Plasmids and bacterial strains

Plasmid or strain Description

Plasmids
pDL289.........................E. coli-streptococcal shuttle vector (7)
pMAJJ8 ........................pDL289-derived plasmid containing internally deleted spaP encoding amino acids 1 to 825 and 997 to 1561 (31) of P1
pMAD ..........................pDL289-derived plasmid containing PCR-amplified spaP encoding full-length P1
pMal-p ..........................Vector for expression of MBP fusions (NEB)
pMA3............................pMal-p-derived plasmid containing PCR-amplified DNA encoding amino acids 819 to 1017 (31) of P1
pQE30 ..........................Vector for expression of histidine-tagged polypeptides (QIAGEN)
pCG2 ............................pQE30-derived plasmid containing internally deleted spaP encoding amino acids 39 to 825 and 997 to 1561 (31) of P1
pCG14 ..........................pQE30-derived plasmid containing PCR-amplified spaP encoding amino acids 39 to 1561 (31) of P1

Strains
M15(pREP4) ...............Host strain of E. coli for pQE30-derived plasmids (QIAGEN)
CG2 ..............................M15(pREP4) harboring pCG2
CG14 ............................M15(pREP4) harboring pCG14
PC3370 .........................spaP-negative mutant derived from S. mutans NG8 (12)
PC3370A ......................PC3370 transformed with pDL289
PC3370B.......................PC3370 transformed with pMAJJ8
PC3370C ......................PC3370 transformed with pMAD
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Gene Pulsar (Bio-Rad) and settings of 200 V, 25 mF, and 1.25 kV. Pulse times
were between 4.5 and 5.0 ms. One milliliter of THBYE was immediately added
to the cells, which were incubated at 37°C for 90 min. Transformants were
selected on THBYE agar containing 500 mg of kanamycin per ml.

Purification of MBP–P-region fusion polypeptide and cleavage with factor Xa.
An overnight culture of E. coli harboring pMA3 (Fig. 1 and Table 1) was diluted
1:100 into fresh Luria-Bertani broth and grown to an OD600 of ;0.4. The
medium was supplemented with 0.3 mM IPTG (isopropyl-b-D-thiogalactopyr-
anoside), and the culture was incubated for an additional 2 h at 37°C. Periplasmic
contents were extracted by osmotic shock (57). Affinity purification of the MBP–
P-region fusion protein was performed by passage of the periplasmic fraction
through a column of amylose resin (NEB). The fusion protein was eluted with 10
mM maltose by a standard protocol (57). Dissociation of the P region from the
purified fusion protein was accomplished by cleavage with the proteolytic enzyme
factor Xa (NEB), also by standard methods (57).

MAbs and polyclonal antibodies. Previously prepared immunological reagents
available for use in this study included 11 murine MAbs (2) and three rabbit
polyclonal antisera. Murine hybridoma ascites fluids served as the source of the
MAbs. Antiserum 209 was generated by immunizing a female New Zealand
White rabbit with P1 isolated by ion-exchange and gel filtration chromatography
from S. mutans serotype c strain Ingbritt 175 as previously described (6). Anti-
serum 230 was generated against recombinant P1 encoded on plasmid pSMI/II
(46) and isolated in a similar manner. Antiserum 218 was generated by immu-
nizing a female New Zealand White rabbit intravenously with ;109 CFU of S.
mutans NG8 harvested from a stationary-phase culture grown in chemically
defined medium (65) and resuspended in 0.1 ml of phosphate-buffered saline, pH
7.2 (PBS). The rabbit was boosted with 2 3 109 CFU on day 14 and 3 3 109 CFU
on day 21, rested for 5 months, and then immunized subcutaneously with 1 mg
of protein extract harvested from NG8 cells that had been broken with glass
beads in a tissue homogenizer (3). The rabbit was boosted with 2 mg of protein
on day 7 and 3 mg of protein on day 14 and exsanguinated 5 months later.
Antiserum 218 was rendered monospecific for P1 by adsorption with spaP-
negative mutant PC3370 until all reactivity against PC3370 cells was eliminated.
Rabbit polyclonal anti-MBP was purchased from NEB and used at a dilution of
1:104. Mouse anti-b-galactosidase was purchased from Sigma Chemical Co.
Peroxidase-conjugated goat anti-mouse and goat anti-rabbit IgGs were pur-
chased from Cappel, Organon Teknika Corp. (West Chester, Pa.). All primary
and secondary antibodies were used at a dilution of 1:103 unless otherwise noted.

Dot blot analysis for detection of P1 surface expression by mutant PC3370 and
derivatives. S. mutans NG8, PC3370, PC3370A, PC3370B, and PC3370C (Table
1) were grown for 16 h at 37°C, and the cells were harvested by centrifugation
and washed twice with PBS. Cells were resuspended in PBS to a density of 109

CFU/ml. Twofold serial dilutions of cell suspensions were made in PBS, and 50
ml of each dilution was applied in duplicate to a nitrocellulose filter (Bio-Rad)
by using a 96-well dot blot manifold (Schleicher and Schuell, Keene, N.H.). Wells
were washed twice with 200 ml of PBS, and the filter was removed from the
apparatus and blocked with PBS containing 0.25% gelatin and 0.25% Tween 20.
Cell surface P1 was detected with antiserum 209 as the primary antibody, per-
oxidase-conjugated goat anti-rabbit IgG as the secondary antibody, and devel-
opment with 4-chloro-1-naphthol solution (7 ml of PBS, 1 ml of 4-chloro-1-
naphthol [Sigma; 3 mg/ml in ice-cold methanol], and 8 ml of 30% hydrogen
peroxide).

SDS-polyacrylamide gel electrophoresis and Western blotting. E. coli M15
(pREP4) harboring the pQE30 His-tagged vector (QIAGEN), CG2, and CG14
(Fig. 1 and Table 1) were induced with 1 mM IPTG, harvested, and lysed
according to the manufacturer’s suggested protocol. The MBP–P-region fusion
polypeptide and isolated P region were prepared as described above. S. mutans
sonic extracts were prepared by harvesting the cells from 250 ml of an overnight
culture by centrifugation and resuspension in 2 ml of PBS. Approximately 1 g of
glass spheres (P-080; Potters Industries, Inc., Hasbrouk Heights, N.J.) was added
to the suspension, and the mixture was sonicated on ice with a SONIC300
Dismembrator (ARTEK Systems, Farmingdale, N.Y.) for three 30-s bursts at
60% output. Cell debris was removed by centrifugation at 10,000 3 g for 15 min.
Approximate protein concentrations were determined by using the bicinchoninic
acid protein assay (Sigma) or by measurement of A280. Proteins were separated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on 7.5%
acrylamide gels by the method of Laemmli (34), and slab gels were stained with
Coomassie brilliant blue G (Sigma). Approximately 1 mg of protein was loaded
per lane. Prestained high-molecular-weight standards (Sigma) were included on
each gel. Proteins were electroblotted onto nitrocellulose filters for 3 h at 70 V
by the method of Towbin et al. (70). Immunoblots were blocked and developed
as described above for the dot blot assay. In the case of preparatory gels, blots
were cut into ;0.25-cm strips and reactions were performed in individual troughs
of an Incutray (Schleichter and Schuell).

RNA isolation and RNA dot blotting. To isolate S. mutans RNA, 18-h THBYE
cultures were subcultured 1:10 into 50 ml of prewarmed THBYE medium sup-
plemented with 20 mM DL-threonine. Cells were grown to an OD600 of between
0.4 and 0.5. The method of Lunsford (40) was used for isolation of total strep-
tococcal RNA, except that glycine was omitted and 500 U of mutanolysin (Sig-
ma) per ml was used instead of lysozyme. Lysates were subjected to selective
RNA isolation with the TRIZOL (GIBCO BRL) reagent according to the
manufacturer’s instructions. spaP mRNA levels were detected by RNA dot

blotting with the Genius nonradioactive nucleic acid labeling and detection
system (Boehringer Mannheim, Indianapolis, Ind.) according to the manufac-
turer’s instructions. Cloned DNA encoding the alanine-rich A region (11) was gel
purified, labeled with digoxigenin-dUTP, and used as the probe. Twofold serial
dilutions of total cellular RNA, starting with 5 mg, were applied to the filter.

RESULTS

Expression of P1 with the P-region deleted in E. coli. A spaP
gene devoid of DNA encoding the P region and full-length
positive control spaP were engineered by PCR amplification
and a series of cloning steps described in Materials and Meth-
ods. The expression of P1 with the P-region deleted was de-
tectable in cell extracts of recombinant E. coli (INVaF9,
MC1061, and SURE) by Western blotting with three different
anti-P1 polyclonal antisera; however, substantially reduced im-
munoreactivity compared to the full-length gene product was
observed (data not shown). Because there were too many back-
ground bands expressed by negative control E. coli to clearly
identify a P-region deletion P1 band on stained SDS-polyacryl-
amide gels, it was unclear whether the difference in band in-
tensity on Western blots resulted from decreased P1 expres-
sion or stability, altered antigenicity of the internally deleted
recombinant polypeptide, or a combination of multiple factors.
To resolve this difficulty, both internally deleted and full-length
control spaP were cloned into the His6-tagged vector pQE30
(QIAGEN) so that recombinant molecules could be isolated
on nickel resin, and Western blot analysis was repeated with
equivalent amounts of purified protein. An SDS-polyacryl-
amide gel of lysates of E. coli expressing both full-length
(CG14) and internally deleted (CG2) P1 is shown in Fig. 2.
Full-length P1 is clearly visible following IPTG induction (lane
3), as is the product of the internally deleted gene (lane 5). The
identity of the P1 bands indicated in these lanes was confirmed
by Western blotting with the three anti-P1 antisera. Lanes 2
and 4 show lysates of the recombinant E. coli prior to IPTG
induction. Lane 1 is a negative control showing the E. coli host
strain harboring the His-tagged vector only. The predicted
molecular weights of full-length and internally deleted P1 are
166,124 and 146,994, respectively. The full-length gene product
migrates as a ;185,000-Mr band (lane 3), the same as has been
reported for native and recombinant P1 in previous studies.
The larger-than-predicted apparent molecular weight of P1 on
SDS-polyacrylamide gels has been attributed to aberrant mi-
gration caused by the proline-rich repeat region (31). It is not
surprising, therefore, that elimination of the P region would
result in a larger-than-predicted decrease in apparent molec-

FIG. 2. SDS-polyacrylamide gel electrophoresis of E. coli containing plas-
mids with internally deleted and full-length spaP. Lane 1, cell lysate following
IPTG induction of E. coli M15(pREP4) containing the His-tagged pQE30 vector
only. Lanes 2 and 3, lysates of CG14 (full-length spaP) before and after IPTG
induction, respectively. Lanes 4 and 5, lysates of CG2 (spaP with the P region
deleted) before and after IPTG induction, respectively. The IPTG-induced P1
products are indicated by arrowheads to the right of lanes 3 and 5. The migra-
tions of molecular weight standards are indicated to the left of lanes 1, 2, and 3
and correspond to Mrs of 180,000, 116,000, 84,000, 58,000, 48,500, 36,000, and
26,500.
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ular weight. The apparent Mr of ;140,000 of the internally
deleted polypeptide (Fig. 2, lane 5) is closer to the predicted
value than is that of the full-length molecule.

Histidine-tagged full-length P1 was easily isolated on nickel
resin, but purification of the P-region deletion product was
problematic. The internally deleted product bound to the
nickel resin but could not be eluted with imidizole under any of
the manufacturer’s suggested conditions (data not shown).
This result indicated to us that removal of the P region had
substantially altered the properties of the P1 molecule. Since
the P-region deletion polypeptide was clearly identifiable as a
separate band with this particular vector and strain of E. coli,
which had not been the case with other combinations of vectors
and strains used previously, Western blot experiments were
performed with E. coli lysates instead of purified protein.

Reactivity of anti-P1 MAbs with full-length and P-region
deletion P1. To evaluate the effect of the P-region deletion on
the antigenicity of P1, the recombinant proteins described
above were analyzed by Western blotting with a panel of 11
anti-P1 MAbs. These results are shown in Fig. 3. The approx-
imate binding sites of the MAbs are illustrated in Fig. 1. Figure
3A shows a positive control and demonstrates the reactivities
of the MAbs against purified recombinant P1 encoded on
plasmid pSMI/II (46). MAb 3-8D2a (lane 1) reacts specifically
with the alanine-rich repeat domain of P1 (11) and, as seen
previously, is more reactive with P1 breakdown products. This
suggests that at least a portion of the A region is not well
exposed in the context of full-length P1. Figure 3B shows a
negative control and demonstrates the lack of reactivity of the
MAbs with proteins expressed by E. coli harboring the vector
alone. Figure 3C shows a positive control and demonstrates
that each of the 11 MAbs is reactive with the product of
PCR-amplified full-length spaP. Figure 3D shows the reactiv-

ities of the anti-P1 MAbs with P1 lacking the P region. The
reactivities of 5 of 11 MAbs, i.e., 4-10A8c (Fig. 3D, lane 2),
5-5D6a (lane 4), 6-11A3a (lane 5), 3-10E4d (lane 6), and 1-6F6b
(lane 7), were clearly destroyed by this manipulation of the P1
molecule. Binding of the A-region-specific MAb 3-8D2a (Fig.
3D, lane 1) and the four MAbs which map to the carboxy
terminus of P1, 5-3E5e (lane 8), 2-8G1d (lane 9), 3-3B5e (lane
10), and 6-8C1a (lane 11), was unaffected by the deletion. Lane
12 of each panel of Fig. 3 shows an isotype-matched negative
control MAb directed against Actinobacillus actinomycetem-
comitans.

Western blot reactivities of anti-P1 MAbs and polyclonal
antibodies with the isolated P region. To test whether the
anti-P1 MAbs whose reactivities were destroyed by removal of
the P region recognized epitopes contained directly within that
sequence, the P region was expressed as a fusion protein with
MBP, purified by amylose resin chromatography, and analyzed
by Western blotting. These results are shown in Fig. 4A. None
of the MAbs (lanes 1 to 11) or the isotype-matched negative
control MAb (lane 12) was reactive with the fusion protein.
Lane 13 was reacted with polyclonal mouse anti-b-galactosi-
dase. In the absence of insert DNA in pMal-p (Table 1), the
MBP is expressed as a fusion with b-galactosidase. Therefore,
negligible reactivity with this antiserum indicates that transla-
tion into b-galactosidase was interrupted by the stop codons
engineered into the 39 terminus of the PCR-amplified P-region
DNA. Lane 14 of Fig. 4A was probed with polyclonal rabbit
anti-MBP, which was reactive with a number of polypeptide
bands, presumably the fusion protein and breakdown products.
The molecular weight of MBP is approximately 42,000, and the
predicted molecular weight of the subcloned P region is 22,000.
The fusion moiety was not reactive with antiserum 209 or 230,
made against purified streptococcal P1 (Fig. 4A, lane 15) or
purified recombinant P1 (data not shown), respectively. The
fusion moiety was reactive, however, with antiserum 218, made
against NG8 whole and mechanically broken cells (lane 16).

To evaluate whether P1 epitopes were masked within the
MBP–P-region moiety, the P region was liberated from the
MBP by digestion with factor Xa and the cleavage products
were analyzed by Western blotting. These results are shown in
Fig. 4B. None of the anti-P1 MAbs (lanes 1 to 11), the negative
control anti-A. actinomycetemcomitans (lane 12), or anti-b ga-
lactosidase (lane 13) was reactive with MBP or the isolated P
region. Anti-MBP (lane 14) reacted with the predicted

FIG. 3. Western blot analysis of recombinant full-length P1 and P1 lacking
the P region. Lanes 1 through 11, reaction with anti-P1 MAbs 3-8D2a, 4-10A8c,
4-9D4c, 5-5D6a, 6-11A3a, 3-10E4d, 1-6F6b, 5-3E5e, 2-8G1d, 3-3B5e, and 6-8C1a,
respectively (Fig. 1). Lane 12, reaction with the isotype-matched negative control
MAb directed against A. actinomycetemcomitans. (A) Recombinant P1 purified
from clone SMI/II (46). (B) Cell lysate of E. coli M15(pREP4) containing the
His-tagged vector pQE30 only. (C) Cell lysate of CG14 (full-length spaP). (D)
Cell lysate of CG2 (spaP with the P region deleted). The migrations of molecular
weight standards are indicated to the left of lane 1 in each panel and correspond
to Mrs of 180,000, 116,000, 84,000, 58,000, 48,500, 36,000, and 26,500.

FIG. 4. Western blot analysis of the P region of P1. Lanes 1 through 11,
reaction with MAbs 3-8D2a, 4-10A8c, 4-9D4c, 5-5D6a, 6-11A3a, 3-10E4d, 1-6F6b,
5-3E5e, 2-8G1d, 3-3B5e, and 6-8C1a, respectively (Fig. 1). Lane 12, reaction with
the negative control anti-A. actinomycetemcomitans MAb 1-5F2a. Lane 13, reac-
tion with mouse anti-b-galactosidase. Lane 14, reaction with rabbit anti-MBP.
Lane 15, reaction with rabbit antiserum 209 made against purified P1 from S.
mutans. Lane 16, reaction with rabbit antiserum 218 made against NG8 cells. (A)
MBP–P-region fusion polypeptide recovered from recombinant E. coli periplas-
mic fraction by amylose resin chromatography. (B) MBP–P-region fusion
polypeptide digested with factor Xa. The migrations of molecular weight stan-
dards are indicated to the right of lane 16 in each panel and correspond to Mrs
of 180,000, 116,000, 84,000, 58,000, 48,500, 36,000, and 26,500.
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;42,000-Mr MBP product. The anti-P1 antiserum prepared
against NG8 whole cells (antiserum 218) was reactive with the
isolated P region (lane 16), but antisera 209 (lane 15) and 230
(data not shown), made against solubilized P1 protein, were
not. There was a slight cross-reactivity of antiserum 209 with
MBP (Fig. 4B, lane 15). In addition, anti-MBP was found to be
slightly cross-reactive with full-length P1 (data not shown). The
predominant P-region band migrated with an apparent Mr of
;36,000 (Fig. 4B, lane 16), larger than the predicted size.
Because this band was not reactive with antisera 209 and 230,
its identity as the P region was verified by N-terminal sequence
analysis. To exclude the possibility that lack of reactivity of the
isolated P-region with those two polyclonal antisera and the
anti-P1 MAbs was a consequence of destruction of epitopes
during the SDS-polyacrylamide gel electrophoresis and West-
ern blotting procedures, an enzyme-linked immunosorbent as-
say was performed as well (data not shown). Again, the only
immunological reagent which demonstrated reactivity with the
P-region polypeptide was rabbit antiserum 218.

Transformation of mutant PC3370 with full-length and in-
ternally deleted plasmid-encoded spaP. The spaP-negative mu-
tant PC3370 was used as the host into which plasmid-encoded
variants of spaP were introduced (Table 1). Dot blot analysis
with polyclonal anti-P1 antisera was used to evaluate the sur-
face expression of P1 by transformants. The results with anti-
serum 209 are shown in Fig. 5. Row 1 is a positive control and
shows the reactivity of twofold serial dilutions (in duplicate) of
the parent strain NG8 used to create mutant PC3370. Rows 2
and 3 are negative controls and show no reactivity of the
antiserum with the mutant or the mutant harboring the vector
only (PC3370A). Rows 4 and 5 correspond to PC3370B and
PC3370C, respectively. These results clearly demonstrate that
the degree of surface expression of P1 by PC3370C, which
contains the full-length gene (Fig. 5, row 5), is similar to that by
wild-type NG8 (row 1). No P1 is present on the surface of
PC3370B, which contains the internally deleted gene (Fig. 5,
row 4). Identical results were obtained with the other two
anti-P1 polyclonal antisera (data not shown). To determine
whether there was a problem with cell surface attachment of
P1 on PC3370B versus PC3370C, dot blots of culture superna-
tants were also performed. No P1 was detected in the spent
culture medium of PC3370B, although P1 was readily detected
in spent culture medium of NG8 as well as PC3370C (data not
shown).

To determine whether any P1 at all was expressed by
PC3370B, sonicated cell extracts were analyzed by Western
blotting. These results are shown in Fig. 6. Cell sonicates of S.
mutans NG8 (lane 1), PC3370C (lane 2), PC3370B (lane 3),
PC3370A (lane 4), and PC3370 containing no plasmid (lane 5)
were reacted with a cocktail of the six anti-P1 MAbs shown to
be reactive with P-region deletion P1 expressed in E. coli (Fig.
4). Full-length P1 (Mr of ;185,000) and numerous breakdown
products were present in sonicated cell extracts of NG8 (Fig. 6,
lane 1) and PC3370C (lane 2). A low level of P-region deletion
P1 was observed in the sonicated cell extract of PC3370B (lane
3), but the amount of immunoreactive material was substan-
tially decreased compared to that of full-length P1 expressed
by PC3370C (lane 2). No P1 was observed in the sonicated
extracts of PC3370A (lane 4) or PC3370 (lane 5). The visible
bands in lanes 4 and 5 of Fig. 6 represent background binding
by the peroxidase-conjugated goat anti-mouse IgG secondary
antibody. Subtle differences in the banding patterns between
lanes 1 and 2 do not reflect true differences, since these sam-
ples were electrophoresed on separate slab gels. The indicated
positions of the molecular weight standards are therefore ap-
proximate.

Detection of spaP-specific mRNA in PC3370 derivatives. To
test whether spaP-specific mRNA was transcribed in PC3370
transformed with the shuttle vector constructs, an RNA dot
blot was performed. These results are shown in Fig. 7. Dilu-
tions of total cellular RNA were reacted with a dUTP-digoxi-
genin-labeled spaP probe corresponding to the N-terminal ala-
nine-rich repeat gene segment (11). This region was unaffected
during the construction of pMAJJ8 (Fig. 1 and Table 1). Row
1 of Fig. 7 shows the lack of reactivity of the probe with mRNA
prepared from PC3370A. Rows 2 and 3 show nearly identical
levels of spaP mRNA in PC3370B and PC3370C, respectively.

FIG. 5. Dot blot analysis of P1 expression by S. mutans NG8, spaP-negative
mutant PC3370, and derivatives. Twofold serial dilutions of bacterial cells, be-
ginning at 5 3 106 CFU/well, were applied in duplicate to the membrane. Rabbit
antiserum 209 made against purified P1 from S. mutans was used as the primary
antibody. Rows 1 through 5, NG8, spaP-negative mutant PC3370, PC3370A
(shuttle vector only), PC3370B (spaP with the P region deleted), and PC3370C
(full-length spaP), respectively.

FIG. 6. Western blot analysis of P1 expression by S. mutans NG8, spaP-
negative mutant PC3370, and derivatives. Lanes 1 through 5, sonicated cell
extracts prepared from NG8, PC3370C (full-length spaP), PC3370B (spaP with
the P region deleted), PC3370A (shuttle vector only), and PC3370 with no
plasmid, respectively. The filter was reacted with a cocktail of MAbs including
3-8D2a, 4-9D4c, 5-3E5e, 2-8G1d, 3-3B5e, and 6-8C1a (Fig. 1 and 3). The migrations
of molecular weight standards are indicated to the left of lane 1 and correspond
to Mrs of 180,000, 116,000, 84,000, 58,000, and 48,500. Arrowheads (from top to
bottom) indicate full-length and internally deleted P1.

FIG. 7. RNA dot blot analysis of spaP-specific mRNA levels in spaP-negative
mutant PC3370 derivatives. Twofold serial dilutions of total cellular RNA, be-
ginning with 5 mg, were probed with DNA encoding the A region of spaP. Rows
1 through 3, PC3370A (shuttle vector only), PC3370C (full-length spaP), and
PC3370B (spaP with the P region deleted), respectively. Row 4, twofold serial
dilutions of purified pMAD (Table 1), beginning with 100 ng.
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Row 4 was a positive control for the probe and contains puri-
fied pMAD DNA (Table 1). To ensure that the transcript
detected in PC3370B was not degraded from the 39 end, the
dot blot was repeated with a probe corresponding to the 39
terminus of spaP (bp 3703 to 4817). Again, comparable levels
of spaP mRNA were detected in PC3370B and PC3370C (data
not shown). Taken together, these results indicate that there
was no problem with transcription of the internally deleted
spaP gene or stability of the mRNA from PC3370B compared
with PC3370C.

DISCUSSION

The fact that different proteins with dissimilar functions
from a variety of microorganisms have similar internal proline-
rich sequences is curious and is not likely to be coincidental.
Proline is unique among the amino acids in that the end of the
side chain is covalently bound to the preceding peptide bond
nitrogen; therefore, proline residues are recognized as being of
particular importance in their effect on chain conformation
and protein folding (43). Proline-rich sequences are frequently
repetitive and generally form extended structures and flexible
regions (71). cis-trans isomerizations of prolyl peptide bonds
are important in the folding of many proteins (60), and a
number of peptidyl-prolyl isomerases (PPIases) have been
identified as being important components of the intracellular
chaperonin machinery of both prokaryotes and eukaryotes
(20). The importance of the P region of P1 is highlighted by
several studies. As stated above, Munro et al. (46) used a
fragment of P1 (amino acid residues 816 to 1213) including the
central proline-rich repeats to inhibit adherence of S. mutans
to saliva-coated hydroxyapatite. The same fragment was rec-
ognized by two MAbs which were protective against recoloni-
zation with S. mutans in human passive immunization experi-
ments (42, 46). Burnie et al. (8) identified an epitope directly
within the P region of the Streptococcus oralis homolog of P1 as
being protective in a mouse model of lethal infection. The P
region of S. mutans P1 has been reported to contain predom-
inantly B-cell, rather than T-cell, epitopes in studies of natu-
rally sensitized humans (32) and immunized inbred mice (68).
Whether the P region itself represents a functional domain or
whether it plays a supportive structural role has not been
clearly established. The fact that the fibronectin binding pro-
teins of S. aureus and S. pyogenes have very similar proline-rich
sequences adjacent to their fibronectin binding domains (29,
62, 64) suggests the latter. If the P region is a necessary com-
ponent of a functional conformation of P1, protective antibod-
ies may alter that conformation rather than directly block an
adhesin domain.

To evaluate the contribution of the P region to the antige-
nicity and structure of P1, both a P-region subclone and a
P-region deletion construct were generated. None of 11 an-
ti-P1 MAbs prepared against mutanolysin-digested S. mutans
cell walls and boosted with purified P1 (2) or two polyclonal
rabbit antisera prepared against purified streptococcal and re-
combinant P1 were reactive by Western immunoblotting with
an MBP–P-region fusion polypeptide or with the isolated P
region. Only a polyclonal rabbit antiserum made against whole
S. mutans cells was reactive (Fig. 4). This result was somewhat
surprising in light of the results of Todryk et al. (68), who
demonstrated the presence of B-cell epitopes within the P
region. However, those investigators utilized whole S. mutans
cells or an internal P1 fragment containing the proline-rich
repeats as their immunogens. The results presented in this
study suggest that while the P region is exposed and immuno-
genic on the surface of whole S. mutans cells, it does not

appear to be accessible when solubilized full-length P1 is used
as the immunogen. Also of interest was the finding that dele-
tion of the P region obliterated binding of five of the six anti-P1
MAbs which map to the central portion of P1 (Fig. 1 and 3).
None of the five affected MAbs bound to the isolated P region
(compare Fig. 3 and 4), indicating that they recognize confor-
mational epitopes dependent on the presence of the P-region
but not linear epitopes directly within the P-region sequence.
Several of these antibodies were inhibitory to agglutinin-me-
diated adherence or aggregation or both in a previous study
(6). The profound effect of the P-region deletion on the reac-
tivities of most of the MAbs which map to the central portion
of P1 substantiates the conclusion of that report, namely, that
the functional properties of P1 are mediated in a large part by
overall conformation rather than by linear sequence. Binding
of one MAb which mapped to the alanine-rich A region and of
four MAbs which mapped to the carboxy terminus of the
molecule was unaffected by the deletion of the P region. These
results confirmed that the two spaP gene fragments used to
engineer the internal deletion were joined in frame and indi-
cated that these antibodies recognize epitopes which are not
conformationally dependent on the presence of an internal
proline-rich segment.

To evaluate the contribution of the P region to the function
of P1 when it is expressed on the surface of S. mutans, the spaP
construct devoid of P-region DNA was introduced via a shuttle
vector into a spaP-negative mutant. It was reasoned that the
internally deleted polypeptide would be anchored to the cell
wall via normal mechanisms involving carboxy-terminal se-
quences, because this segment of the gene was not affected by
the amplification and cloning strategy. As stated above, all four
anti-P1 MAbs which map to the carboxy terminus of P1 were
unaffected by the deletion. Transformation of mutant PC3370
with a plasmid containing the full-length spaP gene resulted in
complementation of wild-type levels of P1 expressed on the
cell surface. However, as illustrated in Fig. 5, transformation
with the internally deleted gene gave a surprising result: abso-
lutely no cell surface P1 was detectable. Analysis of culture
supernatants demonstrated no internally deleted polypeptide
in spent culture media, indicating that the lack of the molecule
on the cell surface was not reflective of a problem with attach-
ment.

Comparable message levels were detected in PC3370B and
PC3370C by using both 59 and 39 spaP probes, indicating that
both the internally deleted and full-length genes were tran-
scribed and that the transcripts were equally stable (Fig. 7). To
determine whether any P1 polypeptide at all was produced by
PC3370B, Western blotting was performed with sonicated cell
extracts. As shown in Fig. 6, a low level of internally deleted P1
was observed; however, the amount was substantially reduced
compared to that of the ;185,000-Mr P1 expressed by S. mu-
tans NG8 or PC3370C. Taken together, these results suggest
that P1 lacking the proline-rich repeat domain is produced but
that this form of the molecule is unstable and most likely is
degraded intracellularly before it can be translocated to the
cell surface. While lower levels of P1 with the P region deleted
than of full-length P1 were observed in recombinant E. coli, the
relative difference in detectable protein was not nearly as pro-
nounced as in S. mutans. Reactivity of the same anti-P1 MAbs
was affected by deletion of the P region irrespective of whether
the polypeptide was expressed in S. mutans or E. coli.

The substantial effect of the P-region deletion on the overall
conformation of the central region of the molecule as evi-
denced by the abrogation of binding of five distinct MAbs has
led to the hypothesis that the deletion interfered with proper
folding of P1, which presumably is a necessary prerequisite for
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stability and translocation of the protein from the cytosol to
the cell surface. It is now recognized that correct tertiary and
quaternary structures are important determinants of efficient
intracellular protein transport (reviewed in reference 20). En-
zymes and chaperonins involved in folding, assembly, rear-
rangement, and degradation of proteins include protein di-
sulfide isomerases; PPIases, which by virtue of cis-trans
isomerization of proline act as “conformases” catalyzing steps
in the initial folding or rearrangement of protein structures;
and the chaperonins or heat shock proteins, including mem-
bers of the Hsp60 (including GroEL and GroES), Hsp70 (in-
cluding DnaK and DnaJ), and Hsp90 families. The P region
may be a substrate of a putative PPIase, and cis-trans isomer-
ization of prolines within the P region may confer a conforma-
tion enabling interaction with intracellular chaperonins and
appropriate cell surface localization. In eukaryotes two non-
sequence-related families of proteins, cyclophilins and FK506
binding proteins (collectively called immunophilins), possess
PPIase activity (reviewed in references 19 and 23). Cyclophil-
ins appear to be present in all microbial species investigated,
and FK506 binding proteins have been found in yeast and a
number of pathogenic bacteria as well. Recently the existence
of a third type of PPIase in E. coli was reported (54). This
protein was designated parvulin for its small size (92 amino
acids), and homology to the PrtM protein of Lactococcus lactis
(22) and the PrsA lipoprotein of Bacillus subtilis (33), both of
which are known to be involved in protein transport and mat-
uration, was found. Experiments to identify cytoplasmic mol-
ecules which may interact with the P region (or with P1 con-
taining it) and potentially mediate the correct folding or
localization of the adhesin molecule to the cell surface are
planned. This information is expected to be more broadly
applicable to molecules expressed by other gram-positive or-
ganisms which, although functionally distinct, share the prop-
erty of containing internal repetitive proline-rich sequences
similar to the P region of P1.
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M. Höök, and M. Lindberg. 1989. Nucleotide sequence of the gene for a
fibronectin-binding protein from Staphylococcus aureus: use of this peptide
sequence in the synthesis of biologically active peptides. Proc. Natl. Acad.
Sci. USA 86:669–703.

63. Southwick, F. S., and D. L. Purich. 1996. Intracellular pathogenesis of
listeriosis. N. Engl. J. Med. 334:770–776.

64. Talay, S. R., P. Valentin-Weigand, K. N. Timmis, and G. S. Chatwal. 1994.
Domain structure and conserved epitopes of Sfb protein, the fibronectin-
binding adhesin of Streptococcus pyogenes. Gene 126:123–128.

65. Terleckyj, B., N. P. Willet, and G. D. Shockman. 1975. Growth of several
cariogenic strains of oral streptococci in a chemically defined medium. In-
fect. Immun. 11:649–655.

66. Timoney, J. F., J. Walker, M. Zhou, and J. Ding. 1995. Cloning and sequence
analysis of a protective M-like protein gene from Streptococcus equi subsp.
zooepidemicus. Infect. Immun. 63:1440–1455.

67. Tobian, J. A., M. L. Cline, and F. L. Macrina. 1984. Characterization and
expression of a cloned tetracycline resistance determinant from the chromo-
some of Streptococcus mutans. J. Bacteriol. 160:556–563.

68. Todryk, S. M., G. C. Kelly, G. H. Munro, and T. Lehner. 1996. Induction of
immune responses to functional determinants of a cell surface streptococcal
antigen. Immunology 87:55–63.

69. Tokuda, M., N. Okahashi, I. Takahashi, M. Nakai, S. Nagaoka, M. Kawagoe,
and T. Koga. 1991. Complete nucleotide sequence of the gene for a surface
protein antigen of Streptococcus sobrinus. Infect. Immun. 59:3309–3312.

70. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350–4354.

71. Williamson, M. P. 1994. The structure and function of proline-rich regions in
proteins. Biochem. J. 297:249–260.

72. Yother, J., and D. E. Briles. 1992. Structural properties and evolutionary
relationships of PspA, a surface protein of Streptococcus pneumoniae, as
revealed by sequence analysis. J. Bacteriol. 174:601–609.

Editor: J. R. McGhee

4282 BRADY ET AL. INFECT. IMMUN.


