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Studies in our laboratory have identified two fimbria-associated adhesins, FimA and Fapl, of Streptococcus
parasanguis FW213. In this study, we isolated and sequenced DNA fragments linked to fimA to determine if they
contained additional factors associated with adherence, virulence, or survival in the host. An open reading
frame just upstream and divergently transcribed from the fim4 operon was identified and named pepO.
Northern hybridization indicated that pepO is transcribed as a monocistronic message. pepO encodes a
predicted 631-amino-acid protein with a molecular mass of approximately 70.6 kDa. PepO contains the
essential motif HEXXH, typical of many zinc-dependent metalloproteases and metallopeptidases. PepO has
significant sequence identity to mammalian metallopeptidases, including endothelin-converting enzyme, which
converts a potent vasoconstrictor into its active form, and neutral endopeptidase (NEP), which is involved in
terminating the activity of opioid peptides. The opioid peptide metenkephalin is a natural substrate of NEP.
Cell extracts of FW213 cleaved metenkephalin at the same site as does NEP, while an extract from an
insertionally inactivated pepO mutant did not. These results indicate that FW213 pepO encodes an enzyme with
activity similar to that of known mammalian endopeptidases. Phylogenetic analysis of PepO and its homo-

logues suggests lateral genetic exchange between bacteria and eukaryotes.

Members of the sanguis group of streptococci are highly
successful colonizers of both hard and soft surfaces in the
human oral cavity and thus represent a significant portion of
the indigenous microflora (24). Members of this group of bac-
teria are important in the development of oral diseases be-
cause they are the primary colonizers of newly erupted or
freshly cleaned tooth surfaces (7, 35). This colonization ini-
tiates the formation of dental plaque, the biofilm associated
with caries and periodontal disease. In addition, these organ-
isms are major etiological agents of subacute bacterial endo-
carditis (5). The successful establishment of streptococci in the
host appears to be dependent on the ability of these organisms
to adhere to oral as well as to other host surfaces. These
surfaces include epithelia, salivary pellicle, platelets, other bac-
teria in plaque, and extracellular matrix components, particu-
larly fibronectin (22, 28). Adherence is facilitated by multiple
adhesins expressed on the surface of the bacterial cell (27, 28).

Adhesion of the oral bacterium Streptococcus parasanguis
FW213 to an in vitro tooth surface model, saliva-coated hy-
droxyapatite (SHA), is mediated by peritrichous surface fim-
briae (15, 21, 22). The genes encoding two fimbria-associated
adhesins, Fap1 and FimA, in FW213 have been identified. The
fap1 gene encodes a high-molecular-weight glycoprotein that is
important for adhesion to SHA and appears to be involved in
the assembly of fimbriae (56). The fimA gene encodes a 36-
kDa lipoprotein (20, 23) that is an important virulence factor
in S. parasanguis endocarditis and appears to promote adher-
ence to fibrin in cardiac vegetations (6). fimA is part of an
operon that encodes components of an ATP-binding cassette-
type membrane transport system. In addition to fimA, the fim
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locus includes fimB (formerly orfl), which encodes an ATP-
binding protein, and fimC (formerly orf5), which encodes a
hydrophobic transmembrane protein (20). Homologues of
FimA have been identified, and sequence analysis of FimA and
its homologues has suggested that this group of proteins be-
longs to a new subfamily of solute-binding proteins that po-
tentially bind metals (13, 29). Just downstream of the fimA
operon is the gene fpx (formerly orf3), which encodes a 20-kDa
protein (20) with significant homology to a periplasmic thiol
peroxidase (Tpx) of Escherichia coli (8). In E. coli, Tpx is an
enzyme that prevents the formation of reactive oxygen species
toxic for many bacteria. Recently, it has been shown that S.
parasanguis Tpx functions in a similar manner (54). Tpx may
play a role of particular importance in the survival of bacteria,
such as S. parasanguis, that lack catalase.

In this study, we isolated and sequenced DNA fragments
upstream of the fimA operon in order to identify additional
factors that may be associated with adherence to host surfaces,
virulence, or survival in the host environment. We identified an
open reading frame (ORF) that is divergently transcribed from
the fimA operon and that encodes an endopeptidase (PepO)
with high sequence identity to known bacterial and mammalian
endopeptidases.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plasmids
used in this study are listed in Table 1. The wild-type S. parasanguis (formerly S.
sanguis) strain used was FW213 (11). Strain VT1346 pepO::Km" was constructed
by insertional inactivation of pepO as described below. Streptococcal strains were
grown statically in Todd-Hewitt (TH) broth (Difco Laboratories, Detroit, Mich.)
in the presence of 5% CO, at 37°C. Tetracycline (15 pg/ml) or kanamycin (120
ng/ml) was added as required. E. coli IM109 (Promega, Madison, Wis.) served
as the host for cloning experiments and for plasmid propagation. Strain LE392
(Promega) served as the host strain for the propagation of recombinant bacte-
riophage. E. coli was grown in Luria-Bertani medium or NZYM medium (40)
and, when required for plasmid selection, ampicillin (100 wg/ml), tetracycline (15
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
S. parasanguis
Fw213 Wild type 11
VT1346 FW213 pepO::aphA-3 This study
E. coli
JM109 Host strain for cloning and plasmid propagation Promega
LE392 Host strain for propagation of \EMBL3 Promega
Plasmids
pT7Blue 2.9-kb PCR cloning vector; Ap” Novagen
pUC18 2.7-kb cloning vector; Ap" New England Biolabs
pVT573 664-bp Sst1-Bglll internal fragment of fimA ligated into pUC18; Ap* 20
pVT1198 1.9-kb EcoRI fragment containing portions of pepO and fimC ORFs ligated into pUC18; Ap* This study
pVT1378 4.4-kb Sall-Kpnl fragment containing pepO and 3’ flanking sequences ligated into KpnlI-Sall This study
sites of pT7Blue; Ap"
pVA981 Replicates in E. coli but not in streptococci; Tc" 49
pVT1327 3.5-kb PstI-SstI fragment containing sequences from pepO and the fimA operon ligated into This study
PstI-Sstl sites of pT7Blue; Ap"
pVT1299 pVT1327 with 1.5-kb aphA3 gene inserted at Kpnl site of pepO; Ap" Km" This study
pVT1333 5.0-kb insert from pVT1299 containing disrupted pepO gene ligated into pVA981; Km" Tc" This study

png/ml), or kanamycin (25 pg/ml) was included. Agar was added to a final
concentration of 1.5% to prepare solid medium.

The plasmid pT7Blue (Novagen, Madison, Wis.) was used for cloning gel-
purified PCR products and for subcloning DNA fragments. A recombinant
bacteriophage containing fimA and ~4.9 kb of sequence 5’ to the fimA operon
was isolated from an S. parasanguis genomic library as described below, and
fragments from the insert were subcloned for sequencing. pVT1198 was con-
structed by ligating a 1.9-kb EcoRI fragment containing 5’ sequences of the fimA
operon and 5’ sequences of the pepO gene (Fig. 1) into pUCI18. pVT1378,
containing most of the pepO gene as well as sequences downstream of pepO, was
constructed by ligating a 4.4-kb KpnI-Sall restriction fragment into pT7Blue. The
plasmid containing an internal fragment of fimA was pVT573 (20). pVT1327 was
constructed by ligating a 3.5-kb PstI-SstI restriction fragment containing se-
quences from the fimA operon as well as pepO sequences (Fig. 1) into pT7Blue.
The pepO sequences were disrupted in pVT1327 at a unique Kpnl site by
restriction endonuclease digestion followed by cloning of a 1.5-kb fragment

containing aphA3 into the Kpnl site by blunt-end ligation (Fig. 1), generating
pVT1299. The vector used to deliver the mutated pepO sequences into the S.
parasanguis chromosome was plasmid pVA981 (55), a 7.1-kb pBR325 derivative
carrying a Tc" determinant active in both E. coli and streptococci. The mutated
pepO sequences were excised from pVT1299 and cloned into the EcoRI site of
pVA981 by blunt-end ligation, creating pVT1333. Supercoiled pVT1333 was
used in allelic replacement experiments to create a pepO mutant strain of wild-
type FW213.

DNA manipulations. Molecular biology techniques were carried out essen-
tially as described previously (40). Plasmids were isolated from E. coli with Mini
or Midi column plasmid purification kits (Qiagen, Valencia, Calif.). S. parasan-
guis genomic DNA was isolated with a Puregene DNA isolation kit (Gentra
Systems, Inc., Minneapolis, Minn.). Phage DNA was isolated as described pre-
viously (40) or with a Qiagen lambda DNA isolation kit. DNA probes used in
Southern or plaque hybridization analyses were radiolabeled with [a-*?P]dCTP
by nick translation with a commercially available kit (Gibco BRL, Grand Island,
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FIG. 1. Physical map of pepO and the fimA operon region of S. parasanguis. The diagram shows a simplified restriction map of a 5.1-kb DNA fragment containing
pepO, three genes (fimC, fimB, and fimC) of the fimA operon, and fpx. Arrows indicate the locations and orientations of the ORFs. The lines below the map indicate
the sizes and locations of probes and plasmid inserts. The Km" marker, shown by an open arrowhead, was inserted at the Kpnl restriction site of pepO. Restriction sites
were as follows: B, BamHI; E, EcoRI; G, Bgl/ll; K, Kpnl; P, PstI; S, Sall; and T, Sstl.
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TABLE 2. S. parasanguis PepO homologues used to construct phylogenetic trees

Protein Size (amino acids) % ldentity” % Similarity” Organism GenBank accession no.
PepO 631 100 100 S. parasanguis AF029677
Unknown 631 71 82 S. pyogenes Contig236”
Unknown 630 67 78 S. pneumoniae Stp_4114°
PepO 627 45 61 L. lactis L18760
PepO 647 37 55 L. helveticus AF019410
Unknown 663 30 47 Mycobacterium tuberculosis AL021928
Unknown 667 29 48 Mycobacterium leprae 795398
PepO 689 28 47 Porphyromonas gingivalis AB010440
NEP 749 28 43 Homo sapiens X07166
NEP 749 28 43 Oryctolagus cuniculus X05338
NEP 749 28 44 Mus musculus M81591
NEP 749 28 43 Rattus norvegicus M15944
NEP 770 27 44 Perca flavescens AF077612
ECE-1°¢ 770 26 43 H. sapiens 735307
ECE-1 762 26 43 R. norvegicus D29683
ECE-1 754 26 43 Bos taurus 735306
ECE-1 754 26 42 Cavia porcellus 582653
ECE-2¢ 765 24 42 H. sapiens ABO011176
ECE-2 787 23 40 B. taurus U27431
PEX 749 22 40 H. sapiens Y10196
PEX 749 22 40 M. musculus U49908
PEX 749 22 40 Rattus rattus AJ001637

“In comparison with S. parasanguis PepO, determined by use of BLAST with the BLOSUMG62 matrix.

> Sequence data from unfinished genome projects.
¢ ECE-1 and ECE-2, isoforms 1 and 2 of ECE, respectively.

N.Y.). Southern and plaque hybridizations were performed as suggested by the
membrane manufacturer (Amersham Corp., Arlington Heights, Ill.) and in-
cluded high-stringency washes.

An S. parasanguis FW213 genomic DNA library constructed in \EMBL3 has
been described previously (56). The library was transfected into E. coli LE392,
and recombinant phage carrying fimA and sequences 5’ to the fimA operon were
identified by plaque hybridization analysis (40). pVT573 served as an initial
hybridization probe to isolate a recombinant phage carrying fimA and sequences
5" to the fimA operon. Subsequently, pVT1198 was used as a probe to obtain a
recombinant phage carrying the entire pepO gene and sequences downstream
from it.

RNA extraction and Northern hybridization analysis. S. parasanguis cells were
harvested from 10-ml TH broth cultures during mid-logarithmic-phase growth,
and the cell pellet was resuspended in water to 200 pl. RNA was isolated from
cells with the FastRNA BLUE protocol and a FastPrep instrument according to
the manufacturer’s (Bio 101, Inc., Vista, Cal.) directions. Cells were processed in
the FastPrep instrument at a speed rating of 6 two times for 30 s each time, for
a total of 60 s. For Northern analysis, RNA (8 pg) was separated on a 1.2%
agarose—0.44 M formaldehyde gel, blotted, and hybridized to an [a-**P]dCTP-
labeled DNA probe as previously described (25). A New England Biolabs (Bev-
erly, Mass.) 0.46- to 4.06-kb RNA ladder was used as a molecular weight marker.
The probe used was a PCR-amplified 1,062-bp fragment from pepO (Fig. 1).

Electrotransformation of E. coli and S. parasanguis. E. coli cells were prepared
for electroporation as previously described (4). Cells (50 pl) and approximately
7 pg of DNA were electroporated in a 0.2-cm-gap-size cuvette in a Bio-Rad
Gene Pulser set at 2.5 kV, 25 pF, and 200 €). Immediately following electropo-
ration, 360 pl of SOC medium (40) was added to the cuvette. Cells were
transferred to a 1.5-ml microcentrifuge tube and incubated at 37°C for 1 h. Cells
were then spread on Luria-Bertani agar plates supplemented with appropriate
antibiotics and incubated overnight at 37°C.

Electrotransformation of S. parasanguis cells with plasmid DNA was per-
formed as previously described (19). Immediately following electroporation, 350
pl of recovery medium was added to the cuvette. Cells were transferred to a
1.5-ml microcentrifuge tube and incubated at 37°C in 5% CO, for 2 h. Cells were
then spread on TH agar plates supplemented with appropriate antibiotics and
incubated as described above for 24 to 48 h.

PCR. PCR was performed with a model 9600 thermocycler (Perkin-Elmer
Cetus, Norwalk, Conn.) and a GeneAmp PCR reagent kit (Perkin-Elmer Cetus)
according to the manufacturer’s directions. Genomic DNAs of S. parasanguis
FW213 and pepO allelic replacement mutant VI1346 were amplified with up-
stream (P1, 5'-TTCTCCCCACAAGACATTC-3") and downstream (P2A, 5'-G
AGTTTGCTCCTTTAC-3") primers bracketing the pepO Kpnl site. The PCR
conditions were as follows: one cycle at 94°C for 3 min followed by 35 cycles of
1 min at 94°C, 1 min at 50°C, and 1 min at 72°C. The amplification reaction was
completed with an additional cycle of 3 min at 72°C. The PCR amplification
products were analyzed by agarose gel electrophoresis.

DNA sequencing and analysis. DNA sequencing was carried out at the Ver-
mont Cancer Center DNA Analysis Facility at the University of Vermont. Nu-
cleotide and protein similarity searches were done with the BLAST programs (1,
2) via the National Center for Biotechnology Information (NCBI) BLAST server
(2). Protein similarity searches were conducted with both the NCBI nonredun-
dant protein sequence database and the NCBI database of unfinished genomes.
Pairwise and multiple amino acid sequence alignments were obtained with the
BLAST and CLUSTAL W (48) programs, respectively, both with the default
parameters.

Assay for endopeptidase activity. Endopeptidase activity was assayed by a
procedure modified from that of Tan et al. (47). S. parasanguis strains were
harvested from 500-ml TH broth cultures during late logarithmic growth, washed
once with 40 ml of 20 mM potassium phosphate buffer (pH 6.0), and resus-
pended in 5 ml of cold 20 mM potassium phosphate buffer (pH 6.0). Cells were
disrupted with a French press (Aminco, Silver Spring, Md.), with the pressure
being maintained at 15,000 Ib/in®. Extracts were obtained from disrupted cells by
centrifugation at 17,210 X g for 20 min at 4°C. The protein concentration in each
cell extract was determined with the bicinchoninic acid protein assay reagent
(Pierce, Rockford, TIl.). Reaction mixtures contained 1.25 mM metenkephalin
(Tyr-Gly-Gly-Phe-Met; Sigma Chemical Co., St. Louis, Mo.) in 20 mM Tris-HCI
at pH 7.0 and 15 pg of cell extract in a total volume of 50 pl. Reaction mixtures
were incubated at 30°C, and reactions were stopped by adding 10 pl of 30%
acetic acid and cooling the mixtures to 4°C.

Hydrolysis of metenkephalin was detected by thin-layer chromatography
(TLC). Samples were centrifuged in a microcentrifuge at 14,000 X g for 10 min
at 4°C before 10 .l was spotted onto a precoated 0.25-cm-thick silica gel 60 plate
(E. Merck AG, Darmstadt, Germany). TLC was performed with n-butanol-
acetic acid-water (4:1:1 [vol/vol/vol]) as the mobile phase. Ten-microliter sam-
ples of 1.25 mM stock solutions of L-glycine, L-phenylalanine, L-methionine,
L-tyrosine, and the tripeptide Try-Gly-Gly (Sigma) were spotted onto plates as
markers. Silica gels were stained by being sprayed with 0.05% fluorescamine in
99% acetone (Sigma). Amino acids and peptides were visualized in UV light.

dh of S. par to SHA. Preparation of hydroxyapatite beads,
clarification of saliva, preparation of SHA beads, and the adhesion assay used
have been described previously (15). Data were obtained from two independent
one-point adhesion assays (22) performed in triplicate.

Phylogenetic analysis. Numerous S. parasanguis PepO amino acid sequence
homologues were identified from the BLAST search and analyzed. Several hy-
pothetical nematode proteins and the KELL blood group glycoprotein were not
included in the final analysis (see Fig. 6). Inclusion of the nematode and KELL
sequences in the analysis did not change the results, but the topologies of the
resulting trees were otherwise uncertain. The final data set used to construct
phylogenetic trees consisted of the 22 amino acid sequences listed in Table 2.

Multiple amino acid sequence alignments of S. parasanguis PepO homologues
were edited manually, and positions considered to be aligned with low confi-
dence, including all positions containing gaps, were removed with SEQLAB
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(version 9.0; Genetics Computer Group, University of Wisconsin, Madison). The
final alignment included 573 sequence positions. Phylogenetic trees were con-
structed by use of the neighbor-joining algorithm (39) with the programs
PROTDIST and NEIGHBOR, both from the PHYLIP program package (16).
Phylogenetic trees were also constructed by use of protein parsimony with the
PHYLIP and PAUP (Genetics Computer Group) (46) program packages (52).
Bootstrap values were calculated with the PHYLIP programs SEQBOOT and
CONSENSE and 100 replicates.

Nucleotide sequence accession number. The sequence data for pepO have
been submitted to the DDBJ, EMBL, and GenBank databases under accession
no. AF029677.

RESULTS

Isolation and characterization of the S. parasanguis pepO
gene. The operon encoding the S. parasanguis FW213 fimbria-
associated adhesin, fimA, was cloned and sequenced previously
(18, 19). Initially, pVT573, containing an internal fragment of
fimA (Fig. 1), was used to screen a genomic S. parasanguis
phage NEMBL3 library for additional sequences linked to the
fimA operon. A recombinant phage containing fimA and an
incomplete upstream ORF was identified. Subsequently, both
pVT573 and a 1.9-kb EcoRI fragment upstream of fimA (Fig.
1) were used to screen the \EMBLS3 library again. Of approx-
imately 3,000 plaques screened, 8 that hybridized to both
probes were isolated. DNA was prepared from three of the
recombinant phage, and restriction enzyme analysis revealed
that all three harbored identical inserts. One phage, termed
VT1331, was chosen for further investigation. Phage VT1331
contained an insert of approximately 11.0 kb, and Southern
hybridization analysis confirmed that the insert contained fimA
on a 6.0-kb EcoRI restriction fragment. A restriction site map
of the 11.0-kb insert revealed a 1.9-kb EcoRI fragment adja-
cent to the 6.0-kb EcoRI fragment (Fig. 1). Subsequently, this
1.9-kb EcoRI fragment, as well as an overlapping 4.4-kb Sa/l-
Kpnl fragment, was subcloned from phage VT1331, and the
nucleotide sequence of 2.3 kb of DNA was determined.

The product of the ORF upstream of the fim4 operon dis-
plays homology to bacterial and eukaryotic zinc metallopepti-
dases. Nucleotide sequence analysis of the 2.3-kb region re-
vealed the presence of a single ORF 148 bp upstream and
divergently transcribed from the fimA operon (Fig. 1). The
ORF was comprised of 1,893 nucleotides and was predicted to
encode a protein of 631 amino acids and with a molecular mass
of approximately 70.6 kDa. No typical signal sequence or re-
gions of hydrophobicity were found in the predicted protein,
suggesting that it is a soluble cytoplasmically located protein.

A search of current databases revealed that the predicted
protein had significant amino acid sequence homology to a
number of bacterial and eukaryotic proteins (Table 2). The
highest sequence identity was with hypothetical proteins from
Streptococcus pyogenes and Streptococcus pneumoniae and a
partial sequence from Streptococcus gordonii (GenBank acces-
sion no. L11577) (31). High sequence similarity was also seen
with the PepO endopeptidases of Lactococcus lactis (34, 53)
(Fig. 2) and Lactobacillus helveticus (10). The FW213 ORF was
designated pepO because of the high similarity between its
predicted protein product and this latter group of bacterial
endopeptidases.

FW213 PepO also showed amino acid similarity to mamma-
lian neutral endopeptidase (NEP; enkephalinase) (9, 12, 32,
33) and to mammalian endothelin-converting enzyme (ECE)
(41-43) (Fig. 2). The COOH terminus of the predicted PepO
protein contained the sequence HEXXH (Fig. 2), a motif
typical of many zinc-dependent metalloproteases and metal-
lopeptidases (26, 36). When a stretch of 80 amino acids sur-
rounding the HEXXH motif was examined, it was determined
that S. parasanguis PepO had 58% identity and 72% similarity
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to the equivalent region of human NEP. This same region of S.
parasanguis PepO also had 53% identity and 70% similarity to
human ECE and 76% identity and 82% similarity to L. lactis
PepO.

The region upstream of the pepO coding sequence was
found to contain two putative promoter regions with the se-
quences TTGAAT-19 bp-TATTAA and TTGTAA-17 bp-
TATTTT at positions —125 and —39 (with respect to the
translational start site), respectively. Within the putative pro-
moter regions was a 32-bp operator-like region consisting of an
imperfect repeat with a twofold axis of symmetry. A region
with features characteristic of bacterial rho-independent tran-
scriptional terminators was found 42 bp downstream from the
TAA translational termination codon of pepO. This region
consisted of a 38-bp imperfect repeat with dyad symmetry
followed by a run of five A’s. No other ORF of greater than 90
nucleotides was found within 300 bp downstream of the ter-
mination codon.

pepO is transcribed as a monocistronic message. Based on
DNA sequence analysis, it was reasonable to predict that pepO
was transcribed as a monocistronic message. Northern hybrid-
ization analysis was performed to verify this assumption. A
1,062-bp PCR product (Fig. 1) corresponding to an internal
coding region of pepO was hybridized to total RNA from S.
parasanguis FW213 that had been grown in TH broth. Under
high-stringency conditions, the probe hybridized to an abun-
dant RNA transcript with an apparent molecular size of ap-
proximately 2.1 kb (Fig. 3). A transcript of this size is consistent
with the hypothesis that pepO is transcribed as a monocistronic
mRNA. The pepO probe also hybridized to a second, slightly
larger and less abundant transcript that is obscured in repro-
ductions of autoradiographs because of its close proximity to
the major band. At present, the physiological significance of
these two transcripts is unknown.

Construction of an S. parasanguis pepO mutant strain. A
disrupted allele of pepO was constructed by inserting aphA-3
(50), a gene for kanamycin resistance (Km"), into the Kpnl
restriction site of pepO (Fig. 1). The mutated allele was cloned
into a plasmid unable to replicate in streptococcal cells, and
the chromosomal mutation was obtained by the method of
allelic replacement (19). The supercoiled plasmid pVT1333,
carrying the disrupted pepO gene, was transformed into
FW213 by electroporation. Transformants arising by allelic
replacement were expected to be Km" and tetracycline sensi-
tive (Tc®). Therefore, transformants were initially selected for
Km" and then screened for Tc®. Ten transformants with the
expected allelic replacement phenotype were screened by
Southern hybridization analysis. The DNA from 9 of 10 trans-
formants gave hybridization patterns indicative of allelic re-
placement (Fig. 4A). The pepO probe hybridized with both 6.0-
and 1.9-kb EcoRI restriction fragments in the wild-type strain
(Fig. 4A, lane 1). The 1.9-kb fragment was absent in the pu-
tative pepO mutants and replaced by a 3.4-kb fragment (Fig.
4A, lanes 2 and 3). The Southern blot was then stripped and
probed with the Km" determinant aphA-3 (Fig. 4B). The
aphA-3 probe hybridized with the new 3.4-kb fragment in the
pepO mutants (Fig. 4B, lanes 2 and 3) but not with fragments
in the wild-type strain (lane 1). These data confirm that the
shift in size of the fragment from 1.9 to 3.4 kb was due to
insertion of the Km" gene into pepO. Proper replacement of
the wild-type pepO allele with the mutagenized allele was also
confirmed by PCR analysis (data not shown). One pepO mu-
tant, designated VT1346, was chosen for further study.

The pepO mutant adheres to SHA. It is unlikely that PepO
acts directly as an adhesin in S. parasanguis FW213, but be-
cause of the close linkage of pepO to the operon encoding the
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ECE(Hs) 230 HYRT SPFEF S SNSIQVDQ L[GIL FSRDY YILNKTE[NERIVLTGYLNYMV QL 288
NEP(Hs) 193 KYGKK VI D SVNHVIHIDQPRILIGIL AISRDIYYEICTGI YKEACTAYVDEMI S[V 251
PepO(Sp) 168 EJ AK- - - - - EEEKLDIKK/]IA AIKYVL S KS@N YEW@@K 221
PepO(Ll) 168 SEIJLIKT - - - - - -|JElINAEE[I/[AKSALK PSANT S|E E[WA KIY|A E I STDNHV 219
ECE(Hs) 289 GG- - - - - —ERPQM%&LDFE NITIPQE[KRRDEELIYHKVT ELQ 340
NEP(Hs) 252 AR|LITRQEERL PI -NQLALEM MELE AINATAK PEIDRND PML NKMTL{AlQT Q 308
PepOSp) 222 - A[LVPEL|P- - - - - - - - - LFETEEIGQTIE—-[ET WKE APKYY SA ET 268
PepO(Ll) 220 -savl'KNILlD --------- LIKSLTKDL VKT E/P- -[DK ElD YE SHD- SL I NE E SLiI| 265
ECE(Hs) 341 —TLJALjﬁINW ----- LP LIEYP@EINES—-E YDKEYLEQIS-TLINTTDRCLL 39
NEP(Hs) 309 NNFSLIEJI NGKPFSWLNFTNEIMST[VINI SITNEEDVVIVIYAPEYLTKLK-PILTKYSARDL 366
PepO(Sp) 269 @KLKLS LS EIE S@E@STIT»E PY[SOALGI] 326
PepO(Ll) 266 WML TK I|AR G A E NEID LIR| 1{1fG FLSNVQEAR|-S HQLIDILITIE[S Y HS JV TIG 1| 323
ECE(Hs) 391 NNYMIWNLVRKT 9 DQRFQDADEKFMEVMKKTCLER FCVSDTIEINNL G P 449
NEP(Hs) 367 QNLMSWRFIMDL SILISRTYKE SRNAFRKALY|GTIT SET - ATWRRCANY VNGNME R 424
PepO(Sp) 327 \;;IEAGE S HEA v HﬁIFK E@A AFfETREKAI NVIITHHTGY H- 384
PepO(Ll) 324 GKK GE AJA R T A ] Q SIKIN E SQE T[AIEK A 1|E DAlIT PAHI G[HA- 381
ECE(Hs) 450 MEVKAT|HAED ATEITLEIKKAFEE S|L|STL KWMD E|E T RIK S|A[K E|[K[AD Al I[Y NMI GY PN 508
NEP(Hs) 425 L[YIVE A AlHA G[E]S [VEIDL 1[AlIQ1 RIEMF 1 QTILIDDL TIMM D AlE T[K K RIAIE EIKIA L Al1lKERlI GY AD 483
Y
PepO(Sp) 385 —E— T@AIEKIIIEEK—-—T ENQ@LAIEHVWS@WNQDPIVDQSE HM MVN 438
PepO(Ll) 382 - DIKIL]- IIYISR - LKTTIS|G - - - S|LIY|E[DA|LIKIFDKII[L TART FEKIF SEDIVDIK T S]WHM MV N 434
ECE(Hs) 509 FIMD -|PHKELDKIVFNDYTAVPDLY HENAMR FFN WRVTAD LRKAPNRID S MV N 566
NEP(Hs) 484 DI VSNDNKLNNEYLELNYKEDEYHENIIQNLKHSQSKQL LREKVDKDEWI SGAAVIVN 542
v Y YYYVYY
PepO(Sp) 439 [AY QQ VEPAAILOAPF - OSSSIAINYGGIGAVIAHEI SH T[NGA] S E S 497
PepO(Ll) 435 |AYY|S|HD S VEPAAILOAPF SLEIQSSSlQN GGIGAVIAHEI SH NG KE|GIN 493
ECE(Hs) 567 |AYY|SIPT K VEP ILOAPFYITRSSPKAL GGI HE[L T|H D JGR E KDGIN 625
NEP(Hs) 543 SSGRIN VEPA|GI L P SAQOSINSILINY GG I V IIGIHE T]T| N GIR NKDGID 601
PepO(Sp) 498 [L]K[D EDYEA HT AR[T QK EEQDH-SYIZ}I NGKL S ADL A[A A
PepO(Ll) 494 [LINKJWWMLDIEDYEA HEEKOKEMI|AT VE---TEA NGKL 1|A DQ T|A A
ECE(Hs) 626 [L|R P IN'SSVIEA HKR QI]ECMVE[QJY SNY S - vg@ N G[R I|A A A
NEP(Hs) 602 |[L TQQSAS KEQS[QCMVYQQYGNFSWDL A NGlT IlA QA
PepO(Sp) 554 , -KEED- - - - - - - - - - - S SAE E[F TN E WR V
PepO(Ll) 550 d- -DEKD- - --------_ VDLKA|FHS WR L] siM
ECE(Hs) 682 YON LTNNQL|F HL G[F C LIT
NEP(Hs) 661 YQN LNHKQL{EHL[N E C IKT
PepO(Sp) 600 V QL] RAPE VI 631
PepO(Ll) 596 I PPT RAP L 627
ECE(Hs) 741 G s S CE 770
NEP(Hs) 720 G TlL) P CR 749
FIG. 2. Sequence of the deduced S. parasanguis PepO protein and alignment with related enzymes. Amino acid residues, indicated by the standard one-letter code,

are numbered on the left. Highlighted residues were identical to those of the S. parasanguis PepO protein. Gaps are indicated by dashes. Arrowheads indicate the

HEXXH motif and residues in the mammalian enzymes known to be critical for
(GenBank accession no. AF029677); PepO(Ll), L. lactis PepO (53); ECE(Hs),

fimbria-associated adhesin, fimA, we examined whether PepO
plays a role in adhesion. No difference was found between
wild-type and mutant strains in an SHA adhesion assay (data
not shown), indicating that the inactivation of pepO did not
affect the ability of S. parasanguis cells to adhere to SHA. We
also found no obvious differences in growth rate or viability
between wild-type and pepO mutant cells under standard
growth conditions (data not shown).

FW213 PepO has activity similar to that of mammalian
NEP. In the human brain, NEP is a major inactivator of en-

enzyme activity. The sequences shown are as follows: PepO(Sp), S. parasanguis PepO
H. sapiens ECE isoform 1 (41); and NEP(Hs), H. sapiens NEP (32).

dogenous opioid peptides, the enkephalins (38). NEP cleaves
substrates at the amino side of hydrophobic amino acids, such
as phenylalanine; in the case of the enkephalins, it cleaves at
Gly*-Phe®. Based on the similarity between S. parasanguis
PepO and mammalian NEP, we reasoned that S. parasanguis
FW213 would hydrolyze physiological substrates of NEP but
that the pepO mutant strain VT1346 would not. Endopeptidase
activities of wild-type and pepO mutant strains were compared
(Fig. 5) with an in vitro assay that included the substrate
metenkephalin (Tyr-Gly-Gly-Phe-Met). Endopeptidase activ-
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FIG. 3. Northern analysis. RNA (8 pg) was fractionated on a 0.44 M form-
aldehyde~1.2% agarose gel, blotted, and hybridized to an a-*?P-labeled 1,062-bp
internal PCR product from pepO. Molecular size markers (in kilobases) are
shown at the left. The 16S rRNA runs at approximately 1.6 kb.

ity was detected in protein extracts from the wild-type strain
but not from the pepO mutant strain. Wild-type cell extracts
cleaved metenkephalin at the Gly>-Phe* peptide bond, produc-
ing the products Tyr-Gly-Gly and Phe-Met (Fig. 5A). These
products were not detected when extracts of the pepO mutant
strain were incubated with the substrate (Fig. 5B). These data
indicate that S. parasanguis FW213 pepO encodes an enzyme
with activity similar to those of known mammalian endopep-
tidases.

60> R e .

34> .

.-

19> -

FIG. 4. Southern hybridization analysis of the pepO region of wild-type S.
parasanguis FW213 and two putative pepO mutant derivatives. Chromosomal
DNA from each strain was digested with EcoRI and fractionated on a 0.75%
agarose gel. DNA fragments were transferred to Hybond-N* membranes and
hybridized to either pVT1327 (A) or the Km" determinant aphA3 (B) that had
been «->?P labeled. Lane 1, FW213 DNA; lanes 2 and 3, DNAs from two
putative pepO mutant derivatives. Sizes in kilobases are noted at the left.
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FIG. 5. TLC of metenkephalin hydrolysis by extracts from S. parasanguis
FW213 and pepO mutant VT1346. Protein (15 ug) from FW213 (A) or VT1346
(B) was incubated with 1.25 mM metenkephalin for 0 to 10 min (corresponding
to lanes) before termination of the reaction. Endopeptidase activity was detected
by TLC. Abbreviations: F-M, phenylalanylmethionine; F, phenylalanine; M, me-
thionine; Y, tyrosine; Y-G-G, tyrosylglycylglycine; Y-G-G-F-M, metenkephalin.

Phylogenetic analysis of PepO and its homologues. Phylo-
genetic analysis was included in this study because of the strik-
ing similarity between bacterial PepO sequences and their eu-
karyotic homologues. The S. parasanguis PepO sequence and 7
bacterial and 14 eukaryotic sequences (Table 2) were aligned
and then analyzed by distance methods and by maximum par-
simony. A phylogenetic tree (Fig. 6) was constructed from the
multiple sequence alignment. Similar results were obtained
with different methods of tree construction and with a variety
of sequence sets (see Materials and Methods). A clear distinc-
tion between eukaryotic and prokaryotic species was seen in
100% of the bootstrap replicates, suggesting that the PepO
homologues fall into two monophyletic groups. Within the
bacterial branch of the tree, the phylogeny shown was generally
consistent with the taxonomic classification given by the NCBI
taxonomy browser (47a). What was exceptional about the phy-
logeny is that PepO homologues were not detected in com-
pletely sequenced genomes of organisms representing a broad
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FIG. 6. Phylogenetic tree based on bacterial and eukaryotic PepO sequence homologues. The phylogenetic tree was constructed based on CLUSTAL W alignments
of the amino acid sequences listed in Table 2. Numbers on the branches indicate the frequency (percentage) with which the corresponding cluster occurred during
bootstrap analysis. ECE-1 and ECE-2, ECE isoforms 1 and 2, respectively; NEP, NEP 24.11; PEX, zinc metallopeptidase homologue (52).

range of taxa. These included archaea, fungi, early branching
bacteria (Aquificales), proteobacteria, spirochetes, cyanobacte-
ria, chlamydia, mycoplasmas, and Bacillus subtilis. These re-
sults suggested lateral gene transfer of pepO sequences be-
tween bacteria and eukaryotes.

DISCUSSION

The purpose of this study was to determine if any factors
immediately upstream of the fimA operon were associated with
adherence or survival within the host. Just 148 bp upstream
and divergently transcribed from the fimA operon, a 1,893-bp
OREF (pepO) that encodes a protein with many structural fea-
tures in common with the M13 (neprilysin) family of metal-
lopeptidases was identified. This family of metallopeptidases
includes bacterial members as well as mammalian neuropep-
tide-processing, immunoregulatory, and peptide hormone-pro-
cessing zinc metallopeptidases (36). While the role of the bac-
terial enzymes is uncertain, the mammalian enzymes have been
shown to play essential roles in events such as inflammatory
response phenomena and in pain and cardiovascular regula-
tion (45, 51, 52).

FW213 PepO contains the essential HEXXH consensus mo-
tif typical of this family of peptidases as well as numerous
positionally conserved residues known to be critical for the
activity of the mammalian enzymes. Some of the most impor-
tant residues in the active sites of NEP and ECE are included
in the HEXXH consensus motif. In mammalian NEP, the two
histidines (His>®* and His*®’) are zinc-coordinating residues,
and the glutamate (Glu®®*) plays an important role in catalysis
(38, 44). In PepO, each of these important residues as well as

many other residues surrounding the critical HEXXH consen-
sus motif are positionally conserved (Fig. 2). In addition to the
conserved HEXXH motif, FW213 PepO contains other posi-
tionally conserved residues known by site-directed mutagenesis
to be important in zinc binding, substrate binding, or hydrolytic
activity in NEP (Fig. 2). These include (in NEP) an asparagine
(Asn®*?), an alanine (Ala®*®), and a valine (Val®®°) that are
involved in substrate binding; a third Zn-coordinating ligand
(Glu®*®); an aspartic acid that is critical for hydrolytic activity
(Asp®?); and a histidine (His"'") that may be involved in
transition state binding (14, 30, 38, 55).

pepO appears to be transcribed as a monocistronic message.
One major transcript and one minor transcript, differing in size
by about 200 bases, were consistently detected by Northern
hybridization. The 2.1-kb major transcript is within the size
range expected from the ORF that is predicted by the pepO
sequence; the minor transcript is slightly larger. It is possible
that these two transcripts are the result of multiple transcrip-
tion initiation sites or differential RNA processing. The phys-
iological relationship between the two transcripts in S. para-
sanguis is currently unknown. Three distinct NEP mRNAs that
differ only in their 5’ noncoding regions have been identified
for humans and rats, and data suggest that their expression is
regulated developmentally and in a tissue-specific manner (31,
38). The expression of S. parasanguis pepO may also be regu-
lated, and we suggest that this regulation may be related to the
expression of the fimA operon. The tight physical arrangement
of pepO and the fimA operon, as well as the overlapping ar-
rangement of their 5’ regulatory regions, suggests the possible
cotranscription of these genes. Further analysis is necessary to
determine if specific sequences within the 148-bp region sep-
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arating pepO and the fimA operon are involved in their co-
regulation.

An investigation of the physiological role of PepO in S.
parasanguis was initiated by constructing a mutant strain of
FW213. Initially, the adhesion and growth properties of the
mutant were examined. PepO does not appear to play a role in
the adhesion of S. parasanguis cells in an in vitro SHA tooth
surface model. This finding is not surprising, since it is known
that FimA is not required for binding to SHA (17). An impor-
tant, but as-yet-unanswered question, is whether PepO plays a
role in S. parasanguis endocarditis, as does FimA (6). In this
regard, it is of interest that a putative zinc metallopeptidase,
MEP1, which has homology to the M13 family of metallopep-
tidases (including mammalian NEP and now S. parasanguis
PepO), has been identified for the highly pathogenic blood-
feeding nematode Haemonchus contortus (37). H. contortus
infects the fourth division of the stomach of sheep, goats, and
other small ruminants and can induce anemia, weight loss and,
in severe cases, death of the animal. The putative zinc metal-
lopeptidase MEP1 is developmentally regulated, with expres-
sion being limited to the blood-feeding stages of H. contortus.
Whereas we found that the disruption of pepO did not affect
the growth characteristics of FW213 in TH broth under stan-
dard conditions, we observed recently that wild-type S. para-
sanguis FW213 forms larger colonies on blood agar plates than
the pepO mutant. S. parasanguis PepO may also play a role
during growth in the presence of blood, such as when strepto-
coccal cells gain access to the bloodstream.

Within the M13 family of metallopeptidases, NEP is the
prototype and the most thoroughly characterized. The bio-
chemical activity of PepO was examined by testing the ability of
wild-type and mutant strains to hydrolyze metenkephalin, a
physiological substrate of mammalian NEP. Wild-type cell ex-
tracts cleaved metenkephalin at the same site as does NEP,
producing the products Tyr-Gly-Gly and Phe-Met. Cell
extracts from the pepO mutant failed to cleave metenkephalin
at the Gly>-Phe* peptide bond. These data indicate that the
pepO gene in S. parasanguis FW213 encodes an enzyme with
activity similar to that of NEP. Furthermore, these data em-
phasize the close correspondence between the active sites of S.
parasanguis PepO and mammalian NEP. The similarity of
PepO to NEP, in terms of conservation of critical amino acid
residues and substrate specificity, demonstrates that PepO is a
member of the M13 family of metallopeptidases.

Homologues of the PepO endopeptidase occur in many an-
imals but in only a limited group of bacteria, the majority of
which are gram positive and pathogenic for humans. We won-
der about the origin of this endopeptidase in these diverse
organisms. Since the phylogenetic trees constructed in this
study are consistent with species trees, it is possible that the
ultimate ancestor of PepO and its animal homologues was
present in an organism that gave rise to both modern bacteria
and eukaryotes. However, PepO sequence homologues were
not detected by the BLAST search of completely sequenced
genomes representing a broad range of taxa, including those
from groups that diverged early. While this finding could be
explained by postulating the widespread loss of PepO se-
quences from this broad range of taxa, it is highly unlikely. A
more plausible explanation is that PepO sequences were ac-
quired through horizontal genetic exchange between bacteria
and eukaryotes. Given the distribution of PepO homologues
that we found, this event probably took place after the diver-
gence of the eubacterial, archaeal, and eukaryotic lineages.
Rawlings and Barrett (36) have proposed that the genes for a
number of bacterial metallopeptidases were transferred into
eukaryotic cells by endosymbiotic organisms that gave rise to
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organelles. Transfer of PepO probably did not occur by this
mechanism, given that PepO sequences have not been found in
proteobacteria and recent data indicating that the a-pro-
teobacterium Rickettsia prowazekii and mitochondria are spe-
cific evolutionary relatives (3). Whereas the direction of ge-
netic transfer cannot be determined from the information
currently available, it is clear from the comparison of PepO
homologues that the protein, particularly in the region encom-
passing the active site, is under strong evolutionary constraints.

The PepO homologues play critical roles in eukaryotic phys-
iology, and it is likely that PepO plays an important role in the
relatively small group of bacteria that have maintained or ac-
quired similar sequences. Future studies are aimed at elucidat-
ing the physiological role of PepO in S. parasanguis. PepO may
be useful as a model for understanding the regulation of this
family of enzymes.
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