INFECTION AND IMMUNITY, June 2010, p. 2846-2856
0019-9567/10/$12.00  doi:10.1128/IA1.01448-09

Vol. 78, No. 6

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Tetratricopeptide Repeat Protein-Associated Proteins Contribute to
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Porphyromonas gingivalis is one of the most etiologically important microorganisms in periodontal disease.
We found in a previous study that PG1385 (TprA) protein, a tetratricopeptide repeat (TPR) protein, was
upregulated in P. gingivalis wild-type cells placed in a mouse subcutaneous chamber and that a tpr4 mutant was
clearly less virulent in the mouse subcutaneous abscess model (M. Yoshimura et al., Oral Microbiol. Immunol.
23:413-418, 2008). In the present study, we investigated the gene expression profile of zpr4 mutant cells placed
in a mouse subcutaneous chamber and found that 9 genes, including PG2102 (tapA), PG2101 (tapB), and
PG2100 (fapC) genes, were downregulated in the tpr4 mutant compared with those in the wild type. Expression
of a cluster of tapA, tapB, and tapC genes of the mutant was also downregulated in an in vitro culture with
enriched brain heart infusion medium. The TprA protein has three TPR motifs known as a protein-protein
interaction module. Yeast two-hybrid system analysis and ir vifro protein binding assays with immunopre-
cipitation and surface plasmon resonance detection revealed that the TprA protein could bind to TapA and
TapB proteins. TprA and TapB proteins were located in the periplasmic space, whereas TapA, which appeared
to be one of the C-terminal domain family proteins, was located at the outer membrane. We constructed tapA,
tapB, and tapC single mutants and a tapA-tapB-tapC deletion mutant. In the mouse subcutaneous infection
experiment, all of the mutants were less virulent than the wild type. These results suggest that TprA, TapA,

TapB, and TapC are cooperatively involved in P. gingivalis virulence.

Periodontal disease, the major cause of tooth loss in the
general population of industrial nations (21, 37), is a chronic
inflammatory disease of the periodontium that leads to erosion
of the attachment apparatus and supporting bone for the teeth
(1) and is one of the most common infectious diseases of
humans (36). The obligately anaerobic Gram-negative bacte-
rium Porphyromonas gingivalis has become recognized as a
major pathogen for chronic periodontitis (7). P. gingivalis has
been found to express numerous potential virulence factors,
such as fimbriae, hemagglutinins, lipopolysaccharides, and var-
ious proteases that are capable of hydrolyzing collagen, immu-
noglobulins, iron-binding proteins, and complement factors
(16, 17). Expression of these virulence factors is thought to be
tightly regulated in response to environmental cues. In recent
years, the search for virulence factors has been greatly facili-
tated by molecular genetics (27). Although a number of studies
have shown gene expression of P. gingivalis being regulated by
environmental stresses (13, 19, 35, 38, 41, 46, 55), gene expres-
sion of P. gingivalis cells in in vivo lesions is not completely
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understood. Our previous study (54) using a subcutaneous
chamber model showed that 10 P. gingivalis proteins were
upregulated in host tissues whereas four proteins were down-
regulated. Among the upregulated proteins, PG1089 (DNA-
binding response regulator RprY), PG1385 (TPR domain pro-
tein), and PG2102 (immunoreactive 61-kDa PG91 antigen)
were chosen for further analysis. Mouse abscess model exper-
iments revealed that a mutant strain defective in PG1385 was
clearly less virulent and a mutant defective in PG2102 also had
a tendency to be less virulent than the wild-type parent strain.
These results suggest that PG1385 and PG2102 proteins are
involved in the virulence of P. gingivalis.

The PG1385 protein has three tetratricopeptide repeat (TPR)
motifs. The TPR motif is a protein-protein interaction module
found in multiple copies in a number of functionally different
proteins that facilitate specific interactions with a partner pro-
tein(s) (3, 10).

In this study, we found that the PG1385 protein bound to each
of the PG2101 and PG2102 proteins and that these mutant
strains were less virulent, suggesting that PG1385, PG2101,
and PG2102 proteins are cooperatively involved in P. gingivalis
virulence.

MATERIALS AND METHODS

Strains and culture conditions. All P. gingivalis strains and plasmids used in
the study are shown in Table 1. P. gingivalis cells were grown anaerobically (10%
CO,, 10% H,, 80% N,) in enriched brain heart infusion (BHI) medium and on
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description fgfl; 1;?;3;
Strains
P. gingivalis
W83 Wild type
KDP159 tprA::[ermF ermAM]; Em" 54
KDP382 AtapB::ermF; Em* This study
KDP383 AtapA::ermF; Em' This study
KDP384 AltapA-tapB-tapC]::ermF; Em" This study
KDP385 AporT::[ermF-ermAM]; Em" This study
KDP386 AtapC::ermF; Em® This study
E. coli
XL1-Blue General-purpose host strain for cloning Stratagene
BL21(DE3) Host strain for expression vector pET-32a Nippongene
S. cerevisiae
AH109 Host strain for yeast two-hybrid system Clontech
Plasmids
pBluescript II SK(—) Ap"; cloning vector (pBSSK) Stratagene
pET-32a Ap'; expression vector Novagen

pGEX-6P-1 Ap"; expression vector GE Healthcare
pKD357 Ap" Em"; pBSSK containing ermF ermAM cassette located between upstream and 43
downstream sequences of the porT gene

pKD1008 Ap"; pBSSK containing 0.3-kb tapC upstream and 0.5-kb tapC downstream regions This study
pKD1009 Ap" Em"; ermF cassette was inserted into BamHI site of pKD1008 This study
pKD1010 Ap"; pBSSK containing 0.3-kb fapB upstream and 0.5-kb fapB downstream regions This study
pKD1011 Ap" Em"; ermF cassette was inserted into BamHI site of pKD1010 This study
pKD1012 Ap"; pBSSK contains 0.3-kb tapA upstream and 0.5-kb tapA downstream regions This study
pKD1013 Ap" Em"; ermF cassette was inserted into BamHI site of pKD1012 This study
pKD1014 Ap"; pBSSK contains 0.3-kb tapA upstream and 0.5-kb tapC downstream regions This study
pKD1015 Ap" Em"; ermF cassette was inserted into BamHI site of pKD1014 This study
pKD1016 Ap"; pET-32a containing P. gingivalis tapB gene This study
pKD1017 Ap"; pET-32a containing P. gingivalis tapA gene This study
pKD1018 Ap"; pGEX-6P-1 containing P. gingivalis tprA gene This study
pKD1019 pGBKT?7 containing P. gingivalis tprA gene This study

1, resistance; Ap, ampicillin.

enriched tryptic soy (TS) agar. For selection and maintenance of the antibiotic-
resistant strains, the antibiotics erythromycin (Em) and tetracycline (Tc) were
added to the medium at concentrations of 10 wg/ml and 0.5 pg/ml, respectively.

Subcutaneous chamber model experiment. A subcutaneous chamber model
experiment was performed according to the method of Yoshimura et al. (54).
Bacterial cells were grown at 37°C until an optical density at 550 nm (ODss() of
1.0 was reached. Cultures were then concentrated by centrifugation at 10,000 X
g for 10 min, and cells were collected and resuspended in 1/30 of the original
volume in fresh enriched BHI broth. Female BALB/c mice 8 to 10 weeks of age
were used. Coil-shaped subcutaneous chambers were prepared and surgically
implanted as previously described by Genco et al. (15). One week after implan-
tation, the chambers were inoculated with 0.4 ml of a concentrated suspension of
P. gingivalis in enriched BHI broth. Ninety minutes after inoculation, chamber
fluid containing bacterial cells was aseptically removed from each implanted
chamber by the use of a 25-gauge hypodermic needle and a syringe. Chamber
fluid harvested from three mice was mixed and subjected to isolation of RNA for
microarray analysis and real-time quantitative PCR (qPCR).

Microarray and data analyses. Bacterial cells were lysed in TRIzol reagent
(Invitrogen). RNA was isolated by TRIzol extraction followed by RNeasy col-
umn purification with genomic DNA digestion (DNase I) (Qiagen). Subse-
quently, synthesis of cDNA, target hybridization, washing, and scanning were
carried out according to the Affymetrix protocol. Gene chips for P. gingivalis W83
(TI242619 60mer), in which numbers of probes per target gene, replicates, and
total probes per chip were 19, 5, and 192,000, respectively, were purchased from
Roche NimbleGen Inc. The gene chips were scanned, and the resulting image
files were used to calculate and normalize the hybridization intensity data uti-
lizing GeneChip operating software (Affymetrix). Single-microarray analysis
measures a relative level of expression of a transcript (signal) and determines
whether a transcript is present (P) or absent (A). Absolute analysis of each
microarray was followed by comparison analysis using GeneSpringGX7 software
(Silicon Genetics). The comparison estimates the magnitude of the change (i.e.,

the fold change of the normalized data) and the direction of the change (in-
crease, decrease, or no change) of a transcript across the two arrays. Each
experiment was performed twice, and only results for transcripts showing P/P
were included here. Mean data for two sets of replicate samples were used for
the comparison analysis. For most data sets, the results are shown as average
values for severalfold change from the comparisons. A given transcript was
designated “upregulated” when the average severalfold change value determined
in a comparison of two sets of replicate samples represented an increase of at
least 1.5-fold in the expression level. A given transcript was designated “down-
regulated” when the average severalfold change value determined in a compar-
ison of two sets of replicate samples represented a decrease of at least 1.5-fold
in the expression level.

Real-time qPCR. Total RNA was reverse transcribed into cDNA with a
SuperScript III first-strand synthesis system (Invitrogen). cDNA was used in
real-time qPCR experiments performed in triplicate by using Brilliant II Fast
SYBR green QPCR master mix (Stratagene) with an Mx3005P real-time PCR
system (Stratagene) according to the manufacturer’s instructions. The primers
for the real-time analysis (see Table S1 in the supplemental material) were
designed using Primer3 software (http://primer3.sourceforge.net/). Real-time
qPCR conditions were as follows: 1 cycle at 95°C for 2 min and 35 cycles of 95°C
for 5 s and 60°C for 20 s. At each cycle, the accumulation of PCR products was
detected by the reporter dye from the double-stranded DNA (dsDNA)-binding
SYBR green. To confirm that a single PCR product was amplified, a dissociation
curve (melting curve) was constructed in the range of 55°C to 95°C after the
PCR. All data were analyzed using Mx3005P software. The expression level of
each targeted gene was normalized to that of gyr4 (PG1386 encoding a DNA
gyrase A subunit) (31). All PCRs were carried out in triplicate. The efficiency of
primer binding was determined by linear regression by plotting the cycle thresh-
old (Cy) value versus the log of the cDNA dilution. Relative quantification of the
transcript was determined using the comparative C;- method (2724€T) calibrated
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to gyrA. qPCR experiments were independently performed three times with
comparable results.

Subcellular fractionation. Subcellular fractionation of P. gingivalis cells was
essentially performed according to the method of Murakami et al. (26). P.
gingivalis cells were harvested by centrifugation at 10,000 X g for 30 min at 4°C
and resuspended with 20 ml of phosphate-buffered saline (PBS) containing 0.1
mM N-p-tosyl-L-lysine chloromethyl ketone (TLCK), 0.1 mM leupeptin, and 0.5
mM EDTA. The cells were disrupted by two passes in a French pressure cell
at 100 MPa. The remaining intact bacterial cells were removed by centrifu-
gation at 3,000 X g for 10 min, and the supernatant was subjected to ultracen-
trifugation at 100,000 X g for 60 min. The cells were pelleted, and the superna-
tant was retained as the periplasmic-cytoplasmic fraction. The pellets were
treated with 1% Triton X-100-PBS-20 mM MgCl, for 30 min at 20°C. The outer
membrane fraction was recovered as a precipitate by ultracentrifugation at
100,000 X g for 60 min at 4°C. The supernatant was obtained as the inner
membrane fraction.

Spheroplast formation and proteinase treatment. Spheroplast formation and
proteinase treatment of P. gingivalis cells was essentially performed by a method
previously described (12). After being suspended in 50 mM Tris acetate buffer
(pH 7.8) containing 0.75 M sucrose, P. gingivalis cells were treated with lysozyme
(final concentration, 0.1 mg/ml) on ice for 2 min. Conversion to spheroplasts was
performed by slowly diluting the cell suspension over a period of 10 min with 2
volumes of cold 1.5 mM EDTA. After centrifugation at 10,000 X g for 10 min,
the resulting precipitates were gently resuspended in 50 mM Tris acetate buffer
(pH 7.8) containing 0.25 M sucrose and 10 mM MgSO, (spheroplasts). The
supernatants were used as the periplasm fraction, and the proteins in this frac-
tion were precipitated with trichloroacetic acid and then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blot analysis. Spheroplasts were treated on ice with proteinase K (final concen-
tration, 1 mg/ml) in the presence or absence of 2% Triton X-100 for 1 h. After
the proteinase K was quenched using phenylmethylsulfonyl fluoride (final con-
centration, 5 mM) for 5 min, the whole volume of the sample was mixed with 4
volumes of Laemmli sample buffer and subjected to SDS-PAGE and immuno-
blot analysis.

Protein electrophoresis and immunoblot analysis. SDS-PAGE was performed
by using the method of Laemmli (23). The gels were stained with 0.1% Coo-
massie brilliant blue (CBB) R-250. For immunoblot analysis, proteins on SDS-
PAGE gels were electroblotted onto a polyvinylidene difluoride (PVDF) mem-
brane. The blots were blocked with 5% skim milk for 1 h at room temperature,
probed with anti-PG1385, anti-PG2101, anti-PG2102, or 1B5 monoclonal anti-
body (MAD) overnight at 4°C, washed, incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies, and finally detected with enhanced
chemiluminescence (ECL) (GE Healthcare).

Protein purification and preparation of antisera. P. gingivalis W83 genome
sequence data were obtained from the TIGR website (http:/www.tigr.org/). A
genomic region that included the PG1385 gene was amplified by PCR from the
chromosomal DNA of P. gingivalis W83 with the primer pair 5-rPG1385/BamHI
and 3-rPG1385/EcoRI by the use of a PCR kit (Advantage-HF 2 PCR kit;
Clontech). The amplified DNA fragment was cloned into a T-vector (P GEM-T
Easy; Promega) and digested with BamHI and EcoRI. The resulting fragment
was then inserted into the BamHI-EcoRI region of pGEX-6P-1 (GE Health-
care), and the recombinant expression plasmid was then transformed into Esch-
erichia coli BL21(DE3). E. coli BL21(DE3) harboring the recombinant plasmid
was inoculated into LB broth for large-scale culture experiments. Isopropyl-B-
D-thiogalactopyranoside (IPTG) was added to the culture at a concentration of
0.1 mM, and this was followed by incubation for 3 h to overproduce the recom-
binant protein. The recombinant protein was purified with glutathione Sepha-
rose beads (GE Healthcare). For removal of the glutathione S-transferase (GST)
tag, the purified recombinant protein was incubated with PreScission proteases
(GE Healthcare) at 4°C for 24 h. The protein was then further purified and
concentrated by using Amicon Ultra filters (Millipore).

Genomic regions that included the PG2101 and PG2102 genes were amplified
by PCR from the chromosomal DNA of P. gingivalis W83 by using the primer
pair 5-rPG2101/Kpnl and 3-rPG2101/NotlI for the PG2101 gene and with the
primer pair 5-rPG2102/Kpnl and 3-rPG2102/NotI for the PG2102 gene and a
PCR kit. The amplified DNA fragments were cloned into the T-vector and
digested with Kpnl and Notl. The resulting fragments were then inserted into the
KpnI-NotI region of pET32a (Novagen), and the recombinant expression plas-
mids were transformed into E. coli BL21(DE3). E. coli BL21(DE3) harboring the
recombinant plasmids was inoculated into LB broth for large-scale culture ex-
periments. IPTG was added to the culture at a concentration of 0.1 mM, and this
was followed by incubation for 3 h to overproduce the recombinant proteins. The
recombinant proteins were purified with a Talon purification kit (Takara Bio).
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The proteins were then further purified and concentrated by using Amicon Ultra
filtering (Millipore).

Recombinant PG2101-His (rPG2101-His) protein was mixed with TiterMax
Gold (TiterMax), and the mixtures were injected into mice (BALB/c) subcuta-
neously, resulting in anti-2101 antiserum. Anti-PG2101 IgG was purified from
the antiserum obtained from mice by the use of nProtein A Sepharose (GE
Healthcare). Polyclonal rabbit antisera against recombinant PG1385 (rPG1385)
and PG2102-His (rPG2102-His) proteins were from Sigma Genosys. 1B5 mono-
clonal antibody (MAD) (9) was kindly provided by Michael A. Curtis.

Yeast two-hybrid system. A yeast two-hybrid 3 system was purchased from
Clontech. Sau3Al-digested genomic DNA of P. gingivalis W83 was inserted into
the BamHI site of pGADT?7 to yield a genomic plasmid library. A genomic
region that included the PG1385 gene was amplified by PCR from the chromo-
somal DNA of P. gingivalis W83 by the use of the primer pair Y2H-PG1385-Fw
and Y2H-PG1385-Rv and a PCR kit. The amplified DNA fragment was cloned
into the T-vector and digested using Ncol and BamHI. The resulting fragment
was then inserted into the Ncol-BamHI region of pGBKT?7 to yield pKD1019.
Competent yeast cells (strain AH109) containing pKD1019 were transformed
with 15 pg of genomic plasmid library and were plated onto minimal synthetic
dropout (SD) agar lacking tryptophan, leucine, and histidine. The plates were
incubated at 30°C for 7 days, and then transformants were streaked onto fresh
SD agar and tested further for their ability to hydrolyze X-a-Gal (5-bromo-4-
chloro-3-indolyl-p-a-galactoside).

Assays analyzing binding between rPG1385 and rPG2101-His and between
rPG1385 and rPG2102-His. rPG1385 (0 to 1.0 pg) was dissolved in PBS and
added to 500 ng of rPG2101-His or rPG2102-His in a final volume of 200 pl and
then incubated at 4°C for 2 h. Following incubation, Ni>*-chelate resin (Clon-
tech) was added to the reaction mixture and incubated at 4°C for 2 h. Resin
beads were recovered by centrifugation and washed three times with 500 pl of
PBS. Binding between the proteins was also analyzed as follows. rPG1385 (500
ng) was dissolved in PBS and added to 0 to 1.0 g of rPG2101-His or rPG2102-
His in a final volume of 200 wl and then incubated at 4°C for 2 h. The resulting
complexes were immunoprecipitated using anti-PG1385 antibody coupled with
nProtein A Sepharose (GE Healthcare) at 4°C for 2 h. These precipitates were
suspended in SDS-PAGE sample buffer and denatured by heating. Proteins on
SDS-PAGE gels were blotted onto PVDF membranes and then subjected to
immunoblotting using anti-PG1385, anti-PG2101, or anti-PG2102 antibody.

Surface plasmon resonance (BIAcore). The interaction of rPG1385 with
rPG2101-His or rPG2102-His was determined using surface plasmon resonance
detection (BIAcore X100 system; GE Healthcare). rPG1385 (20 pg/ml) in 10
mM sodium acetate (pH 5.5) was immobilized on a CM5 carboxymethyl-dextran
sensor chip using the aminecoupling method. rPG2101-His or rPG2102-His
(0.016 wM to 10 pM) in HBS-EP buffer (10 mM HEPES [pH 7.4], 150 mM NaCl,
3 mM EDTA, 0.005% [vol/vol] surfactant P 20) was passed over the surface of
the sensor chip at a flow rate of 30 wl/min. The interaction was monitored by
determining changes in surface plasmon resonance response at 25°C. After 2 min
of monitoring, the same buffer was introduced onto the sensor chip in place of
the rPG1385 solution to start the dissociation. Both the association rate constant
(K,) and the dissociation rate constant (K,;) were calculated by using BIAevalu-
ation software (GE Healthcare) and1:1 (Langmuir) binding model software. The
dissociation constant (K,;) was determined from K,/K,.

Construction of mutant strains. The P. gingivalis PG2100 gene deletion mu-
tant was constructed as follows. PG2100 upstream and PG2100 downstream
DNA regions were amplified from P. gingivalis W83 chromosomal DNA by PCR
using the primer pair 5-PG2100up/NotI and 3-PG2100up/BamHI for the PG2100
upstream region and the primer pair 5-PG2100dn/BamHI and 3-PG2100dn/KpnI
for the PG2100 downstream region. The primers for the construction of mutant
strains are listed in Table S1 in the supplemental material. The amplified DNAs
were cloned into the T-vector and digested with Notl and BamHI for the PG2100
upstream DNA and with BamHI and Kpnl for the PG2100 downstream DNA.
The resulting fragments were inserted into the NotI-KpnlI region of pBluescript
II SK(—) to yield pKD1008. The 1.5-kb BamHI ermF DNA cartridge was in-
serted into the BamHI site of pKD1008, resulting in pKD1009 (APG2100::ermF).
P. gingivalis W83 was then transformed with BssHII-linearized pKD1009 DNA to
yield strain KDP386.

P. gingivalis PG2101, PG2102, and PG2102-PG2100 gene deletion mutants
were constructed essentially as described for the PG2100 gene deletion mutant.
The primer pair 5-PG2101up/NotI and 3-PG2101up/BamHI and the primer pair
5-PG2101dn/BamHI and 3-PG2101dn/Kpnl were used for the PG2101 upstream
region and the PG2101 downstream region in construction of the PG2101
gene deletion mutant, respectively. The primer pair 5-PG2102up/NotI and
3-PG2102up/BamHI and the primer pair 5-PG2102dn/BamHI and 3-PG2102dn/
KpnI were used for the PG2102 upstream region and the PG2102 downstream
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region in construction of the PG2102 gene deletion mutant, respectively. The
primer pair 5-PG2102up/NotI and 3-PG2102up/BamHI and the primer pair
5-PG2100dn/BamHI and 3-PG2100dn/Kpnl were used for the PG2102 upstream
region and the PG2100 downstream region in construction of the PG2102-
PG2100 gene deletion mutant, respectively.

The P. gingivalis porT deletion mutant was constructed as follows. P. gingivalis
W83 was transformed with the BssHII-linearized pKD357 (43) DNA to yield
strain KDP385.

Immunoprecipitation. P. gingivalis cells were harvested and then dissolved
with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS, and 50 mM Tris-HCI; pH 8.0) and immu-
noprecipitated by the use of nProtein G agarose beads with 5 pg of anti-PG2102
polyclonal antibody. The resulting precipitate was dissolved with the same
volume of the sample buffer and loaded on an SDS (10%) gel. Immunoblot
analysis was performed with anti-P. gingivalis anionic surface polysaccharide
1B5 MADb (9).

Mouse virulence assay and statistical analysis. Levels of virulence of the P.
gingivalis W83 and mutant strains were determined by mouse subcutaneous
infection experiments (28, 49, 53). Bacterial cells were grown at 37°C until an
ODs;5 of 1.0 was reached. The cells were harvested and then resuspended and
adjusted to a concentration of approximately 1 X 10'> CFU/ml in the enriched
BHI broth. Female BALB/c mice (8 to 10 weeks of age) were challenged with
subcutaneous injections of 0.1 ml of bacterial suspension at two sites on the
depilated dorsal surface (0.2 ml per mouse). Injected mice were examined daily
for survival. Three sets of experiments were carried out.

For data analysis, Kaplan-Meier plots were constructed and the log-rank test
was used to evaluate the differences in mean survival rates in three experiments
between mice infected with W83 parent strain and those infected with the mutant
strains.

RESULTS

Gene expression profiling of the PG1385 mutant (fpr4) in-
oculated into a mouse subcutaneous chamber. We previously
found that a strain defective in the PG1385 gene was clearly
less virulent than the wild-type strain, indicating that PG1385
protein is involved in P. gingivalis virulence (54). The PG1385
gene encodes a TPR protein and is designated tprA4. To inves-
tigate whether loss of the pr4 gene product (TprA) influences
in vivo expression of P. gingivalis genes, we determined the in
vivo gene expression profile of the /pr4 mutant that was inoc-
ulated in a mouse subcutaneous chamber by using microarray
analysis. Coil-shaped subcutaneous chambers were surgically
implanted as previously described by Genco et al. (15). One
week after implantation, P. gingivalis cells were inoculated into
mouse subcutaneous chambers. Chamber fluid containing bac-
terial cells was aseptically removed from each implanted cham-
ber 90 min after inoculation and subjected to isolation of total
RNA for microarray analysis.

Genes of the tprA mutant with an average expression level
that differed more than 1.5-fold (up or down) from those of the
wild-type parent were identified, since the threshold was pre-
viously reported to be biologically significant (20, 24, 48). In
the #prA mutant, 11 genes were upregulated, while 12 genes
were downregulated (Table 2). We found that the upregulated
genes were related to protein synthesis and to a hypothetical
protein, as grouped by functional role categories defined by
The Institute for Genomic Research (TIGR). Interestingly,
PG1055 (thiol protease) and PG2102 (immunoreactive 61-kDa
PGO1 antigen), which were previously reported to have been
upregulated in P. gingivalis wild-type cells placed in a mouse
subcutaneous chamber (54), were found to be downregulated
in the tprA mutant. To confirm the results obtained by microar-
ray analysis, the RNA samples were subjected to real-time
qPCR analysis. Expression of gyr4 (a gene encoding a putative
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TABLE 2. P. gingivalis genes differentially expressed in the #pr4
mutant cells placed in a mouse subcutaneous chamber
compared to those expressed in the wild-type cells®

TIGR no. Identification A_vg. fold
difference
Downregulated
genes
PG0100 Hypothetical protein 0.59
PG0162 RNA polymerase sigma-70 factor, ECF  0.57
subfamily
PG0591 ISPgS5, transposase Orf2 0.63
PGO0756 Hypothetical protein 0.47
PG1055 Thiol protease 0.36
PG1972 Hemagglutinin protein HagB 0.63
PG1975 Hemagglutinin protein HagC 0.64
PG2100 (tapC) Immunoreactive 63-kDa PG102 0.34
antigen
PG2101 (tapB) Hypothetical protein 0.25
PG2102 (tapA) Immunoreactive 61-kDa PG91 antigen 0.51
PG2103 Hypothetical protein 0.24
PG2214 Hypothetical protein 0.57
Upregulated
genes
PG0327 Hypothetical protein 1.92
PG0373 Hypothetical protein 1.72
PGO0546 Hypothetical protein 1.83
PG0635 Ribosomal protein L11 1.69
methyltransferase
PG0656 Ribosomal protein L34 2.02
PG0722 Hypothetical protein 2.93
PG0969 S-Adenosylmethionine:tRNA 1.98
ribosyltransferase-isomerase
(putative protein)
PG1532 Hypothetical protein 1.92
PG1866 Hypothetical protein 1.93
PG2006 Hypothetical protein 1.69
PG2225 Hypothetical protein 1.63

“ Mouse subcutaneous chamber experiments were performed as described in
Materials and Methods. Total RNA was extracted from strains W83 (wild type)
and KDP159 (tprA::erm). The extracted total RNA was analyzed by using a
microarray as described in Materials and Methods. Numbers in the “Avg fold
difference” column indicate the levels of gene expression in the tpr4 mutant
versus the wild-type strain. The cutoff ratio for the levels of difference was 1.5.

DNA gyrase A subunit, PG1386) was used for normalization.
The 12 genes that were downregulated in the microarray anal-
ysis were examined using real-time qPCR, which showed that
9 of the 12 genes were downregulated (Fig. 1). Genes PG0162
(RNA polymerase sigma-70 factor, extracytoplasmic function
[ECF] subfamily), PG1055, PG2100 (immunoreactive 63-kDa
PG102 antigen), PG2101 (hypothetical protein), and PG2102
were markedly downregulated. Downregulation of genes for
PG2100, PG2101, and PG2102 in the fpr4A mutant was also
observed in cells incubated in enriched BHI medium (see Fig.
S1 in the supplemental material).

To determine whether the PG2102-, PG2101-, and PG2100-
encoding genes, which are designated tapA (TprA-associated
protein A gene), tapB, and tapC, respectively, are polycistroni-
cally transcribed, total RNA of the wild-type strain was sub-
jected to PCR analysis. Total RNA was isolated from the
wild-type strain; then, cDNA was synthesized and gene-specific
primers were used for amplifying junction DNA among these
genes. The junction DNA between the tapA and tapB genes
and between the tapB and tapC genes was amplified, suggesting
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FIG. 1. Real-time qPCR analysis of gene expression in the fpr4 mutant inoculated into a mouse subcutaneous chamber. Mouse subcutaneous
chamber experiments were performed as described in Materials and Methods. Total RNA was extracted from strains W83 (wild type) and KDP159
(tprA::ermF). The downregulated genes revealed by microarray analysis were selected for analysis by real-time qPCR. All PCRs were carried out

in triplicate.

that these genes make up an operon (see Fig. S2 in the sup-
plemental material).

Yeast two-hybrid analysis. As another approach for clarify-
ing the molecular mechanism responsible for the contribution
of TprA protein to P. gingivalis virulence, we attempted to find
P. gingivalis proteins that interacted with TprA protein, since it
is likely that TprA protein, which is one of the TPR domain-
containing proteins (3, 10), is associated with other proteins.
First, we investigated the localization of TprA protein. The
tprA mutant and its wild-type parent were fractionated into
cytoplasm-periplasm, inner membrane, and outer membrane
fractions and then subjected to SDS-PAGE and immunoblot
analysis with anti-TprA antiserum (Fig. 2A). An anti-TprA-
immunoreactive protein was found at a molecular mass of 43
kDa in the cytoplasm-periplasm fraction. For further analysis,
experiments involving spheroplast formation and proteinase K
treatment were performed (Fig. 2B). The 43-kDa anti-TprA
immunoreactive protein band was observed in the periplasmic
fraction. The 43-kDa protein, which was degraded by treat-
ment with proteinase K, was also detected in the spheroplast
fraction. In addition, the TprA protein possessed a signal se-
quence, as revealed by in silico analysis with SignalP V3.0
software (http://www.cbs.dtu.dk/services/SignalP/) (2). These
results clearly indicate that the TprA protein is located in the
periplasmic space, which is consistent with results of a previous
study (45).

Yeast two-hybrid analysis was then performed using the tprA
gene as bait. A number of P. gingivalis protein candidates inter-
acting with TprA protein were found in the analysis (Table 3).
They included PG0415 (peptidyl-prolyl cis-trans isomerase C
[PPIC] type), PG0497 (5'-methylthioadenosine/S-adenosylho-
mocysteine nucleosidase), PG1334 (band 7/Mec-2 family pro-
tein), PG2101 (TapB), and PG2200 (TPR domain protein) as
a putative periplasmic protein.

Specific binding of TprA protein with TapA and TapB pro-
teins. We examined the interaction of TprA protein with
TapA, TapB, and TapC proteins in vitro using protein binding
assays. We determined the binding activity of TprA protein
with TapA and TapB proteins, since we could not obtain a

TapC-soluble recombinant protein (Fig. 3). Polyhistidine-
tagged recombinant TapA (rTapA-His) or TapB (rTapB-His)
was incubated with Ni beads and recombinant TprA (rTprA).
rTprA itself did not bind to Ni beads, as revealed by immuno-
blot analysis using anti-TprA antibody, whereas rTprA could
bind to Ni beads in the presence of rTapA-His or rTapB-His,
and the reaction was observed to occur in a concentration-
dependent manner (Fig. 3A and C). Next, rTprA was mixed

A w83 KDP159
«pay 1 2 3 41234
55 —
43 — -
36.5—
28 —
anti-TprA
B Peri Sph
- - - 4+ + TX-100
(kDa) - - + + - Pro K
55 —
43— -
36.5—
anti-TprA

FIG. 2. Subcellular localization of TprA protein. (A) Cytoplasm-
periplasm, total membrane, inner membrane, and outer membrane
fractions. Cells of strains W83 (wild type) and KDP159 (tprA::ermF)
were fractionated and subjected to SDS-PAGE and immunoblot anal-
ysis using anti-TprA antiserum. Lanes: 1, cytoplasm-periplasm frac-
tion; 2, total membrane fraction; 3, inner membrane fraction; 4, outer
membrane fraction. (B) Spheroplast and periplasm fractions. Prepa-
ration of spheroplasts of P. gingivalis cells was performed as described
in Materials and Methods, and the spheroplasts were subjected to
proteinase K treatment (Pro K) in the presence or absence of 2%
Triton X-100 (TX-100). Samples were subjected to SDS-PAGE fol-
lowed by immunoblot analysis with anti-TprA antiserum. Sph,
spheroplasts; Peri, periplasm fraction.
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TABLE 3. TprA-associated proteins predicted from yeast two-hybrid system

Protein category and

Gene TIGR functional role category

TIGR 1o. Description®
Putative periplasmic
proteins
PG0415 Peptidyl-prolyl cis-trans isomerase, PPIC type
PG0497 5'-Methylthioadenosine/S-adenosylhomocysteine
nucleosidase
PG1334 Band 7/Mec-2 family protein
PG2101 Hypothetical protein
PG2200 TPR domain protein
Putative inner membrane
proteins
PG0081 Hypothetical protein
PG0093 HlyD family secretion protein
PGO0255 Translation initiation factor IF-2
PGO0512 Guanylate kinase
PG1068 Conserved hypothetical protein
PG1271 Acetylornithine aminotransferase, putative
PG1490 TraG family protein
PG1768 Magnesium chelatase
PG1824 Enolase
PG2055 Dihydroorotate dehydrogenase family protein
PG1592 HDIG domain protein
PG1773 PAP2 superfamily protein
Putative outer membrane
proteins
PG0026 Hypothetical protein
PG0421 Hypothetical protein
PG0809 Hypothetical protein
Putative cytoplasmic
proteins
PG0065 Efflux transporter, RND family, MFP subunit
PG0137 Aminoacyl-histidine dipeptidase
PGO0153 Aspartyl-tRNA synthetase
PGO0384 MutS2 family protein
PG039%4 DNA-directed RNA polymerase, beta subunit
PG0395 DNA-directed RNA polymerase, beta’ subunit
PG0445 Peptidase T
PG0504 Lipoate synthase
PG0520 Chaperonin, 60 kDa
PGO0553 Extracellular protease, putative
PG0629 ATP-NAD kinase
PGO0728 Conserved hypothetical protein
PG1195 8-Amino-7-oxononanoate synthase
PG1242 Replicative DNA helicase
PG1622 DNA topoisomerase IV, A subunit, putative
PG1849 DNA repair protein RecN
PG1875 Hemolysin
PG1926 Ribosomal protein L5

Not determined
PG0232
PG1084

Zinc carboxypeptidase, putative
Thioredoxin family protein

Protein fate: protein folding and stabilization
mitn Central intermediary metabolism: Other

Unknown function: general

tapB
Unknown function: general
Transport and binding proteins: other
infB Protein synthesis: translation factors
gmk Purines, pyrimidines, nucleosides, and nucleotides: nucleotide
and nucleoside interconversions
Hypothetical proteins: conserved
Amino acid biosynthesis: glutamate family
Mobile and extrachromosomal element functions: plasmid
functions
Transport and binding proteins: cations and iron-carrying
compounds
eno Energy metabolism: glycolysis-gluconeogenesis
Purines, pyrimidines, nucleosides, and nucleotides: pyrimidine
ribonucleotide biosynthesis
Unknown function: general
Unknown function: general
Transport and binding proteins: unknown substrate
pepD-1 Protein fate: degradation of proteins, peptides, and glycopeptides
aspS Protein synthesis: tRNA aminoacylation
DNA metabolism: other
rpoB Transcription: DNA-dependent RNA polymerase
rpoC Transcription: DNA-dependent RNA polymerase
pepT Protein fate: degradation of proteins, peptides, and glycopeptides
lipA Biosynthesis of cofactors, prosthetic groups, and carriers: lipoate
groEL Protein fate: protein folding and stabilization
Protein fate: degradation of proteins, peptides, and glycopeptides
ppnK Biosynthesis of cofactors, prosthetic groups, and carriers:
pyridine nucleotides
Hypothetical proteins: conserved
bioF-2 Biosynthesis of cofactors, prosthetic groups, and carriers: biotin
dnaB DNA metabolism: DNA replication, recombination, and repair
DNA metabolism: DNA replication, recombination, and repair
recN DNA metabolism: DNA replication, recombination, and repair
Cellular processes: pathogenesis
lE Protein synthesis: ribosomal proteins (synthesis and modification)

Protein fate: degradation of proteins, peptides, and glycopeptides
Energy metabolism: electron transport

“ RND, resistance nodulation cell division; MFP, membrane fusion protein; HDIG, His-Asp-Ile-Gly.

with rTapA-His or rTapB-His, immunoprecipitated with anti-
TprA antibody, and subjected to immunoblot analysis with
anti-TapA or anti-TapB antibody. The results were consistent
with the results described above (Fig. 3B and D).

These specific interactions were further confirmed by sur-
face plasmon resonance detection using the BIAcore system.
The K, values determined for interactions of rTprA with
rTapA-His and rTapB-His were 1.89 X 107* M and 1.42 X
107° M, respectively (Fig. 4).

Localization of TapA and TapB proteins. Cells of the wild-
type and tapB mutant strains were fractionated into cytoplasm-
periplasm, inner membrane, and outer membrane fractions

and then subjected to SDS-PAGE and immunoblot analysis
with anti-TapB antiserum (Fig. 5A). A 33-kDa anti-TapB-
immunoreactive protein was found in the cytoplasm-periplasm
fraction. To determine whether the 33-kDa anti-TapB-immu-
noreactive protein was located in the cytoplasm or periplasm,
cells of the wild-type strain were subjected to spheroplast for-
mation and proteinase K treatment followed by immunoblot
analysis with anti-TapB (Fig. 5B). The 33-kDa anti-TapB-im-
munoreactive protein was found in the periplasm fraction. The
33-kDa protein was also found in the spheroplast fraction and
disappeared after the proteinase K treatment. TapB protein
possessed a signal sequence, as revealed by in silico analysis
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FIG. 3. Binding of TprA protein to TapA and TapB proteins. (A
and B) Binding of TprA and TapB. (A) rTprA (0 to 1.0 pg) was mixed
with rTapB-His (0.5 pg) and was subjected to affinity purification (AP)
by the use of Ni beads. The resulting samples were subjected to SDS-
PAGE and immunoblot analysis with anti-TprA. (B) rTapB-His (0 to
1.0 pg) was mixed with rTprA (0.5 pg) and was immunopurified (IP)
using protein G agarose with anti-TprA. The resulting samples were
subjected to SDS-PAGE and immunoblot analysis with anti-TapB. (C
and D) Binding of TprA and TapA. (C) rTprA (0 to 1.0 ng) was mixed
with rTapA-His (0.5 pg) and was subjected to affinity purification using
Ni beads. The resulting samples were subjected to SDS-PAGE and
immunoblot analysis with anti-TprA. (D) rTapA-His (0 to 1.0 pg) was
mixed with rTprA (0.5 pg) and was immunopurified using protein G
agarose with anti-TprA. The resulting samples were subjected to SDS-
PAGE and immunoblot analysis with anti-TapA.

with SignalP V3.0 software. These results indicated periplas-
mic localization of TapB.

To investigate the localization of TapA protein, the wild-
type and tapA mutant cells were fractionated into cytoplasm-
periplasm, inner membrane, and outer membrane fractions
and then subjected to SDS-PAGE and immunoblot analysis
with anti-TapA (Fig. 5C). A discrete protein band with a mo-
lecular mass of 60 kDa and diffuse protein bands with molec-
ular masses of 65 to 95 kDa were detected in the outer mem-
brane fraction of the wild-type strain but not in that of the tapA
mutant. These protein bands were also observed in the cyto-
plasm-periplasm fraction, although with a much weaker reac-
tion. These results indicated that TapA protein was located at
the outer membrane.

INFECT. IMMUN.

TapA is one of the CTD proteins. P. gingivalis has been
shown to possess a novel family of outer membrane proteins
that have a conserved RgpB C-terminal domain (CTD) (45,
51). The CTD has been proposed to play roles in the secretion
of the proteins across the outer membrane and their attach-
ment to the cell surface, probably via glycosylation (30, 43, 45).
Very recently, we found a novel secretion system, the Por
secretion system (PorSS), by which the CTD proteins may be
secreted (42).

TapA (PG2102) was reported to belong to the CTD family
of proteins and seemed to be secreted across the outer mem-
brane and attach to the cell surface via glycosylation. TapA
protein was immunoprecipitated from the wild-type and porT
and tapA mutant strains by the use of anti-TapA. The immu-
noprecipitates were subjected to SDS-PAGE and immunoblot
analysis using MAb 1B5, a monoclonal antibody that recog-
nizes P. gingivalis anionic surface polysaccharides. MAb 1B5-
immunoreactive diffuse protein bands with molecular masses
of 65 to 95 kDa were found in the wild-type strain but not in
the porT or tapA mutant strain (Fig. 6). The results suggested
that the MAb 1B5-immunoreactive diffuse protein bands with
molecular masses of 65 to 95 kDa were glycosylated forms of
the TapA protein. In the porT mutant, the anti-TapA-immu-
noreactive protein with a molecular mass of 60 kDa was mainly
found in the cytoplasm-periplasm fraction, suggesting that the
TapA protein is one of the outer membrane proteins secreted
via PorSS.

Contribution of the tapA-tapB-tapC operon to virulence of P.
gingivalis. BALB/c mice were challenged with subcutaneous
injections of bacterial suspension (2 X 10** CFU per animal)
(28, 49, 53), and their survival was monitored for 9 days. About
66.7% of the mice challenged with W83 died at the end of the
experiment (9 days). In contrast, the survival rates of mice
inoculated with the #prA, tapA, tapB, and tapC single mutants
and the tapA-tapB-tapC deletion mutant were significantly
higher (P < 0.05 [log-rank test]) than those of mice inoculated
with the wild-type strain (Fig. 7). These results suggested that
the tprA, tapA, tapB, and tapC genes were involved in P. gin-
givalis virulence.

DISCUSSION

The TPR motif was originally reported for cell division cycle
proteins of Saccharomyces cerevisiae (18, 47). This motif is now
known to be ubiquitous in nature, as it is found within func-
tionally unrelated proteins from all genera. A TPR is defined
as a degenerate 34-residue motif with a consensus amino acid
arrangement of alternate large and small residues and highly
conserved amino acids observed specifically at positions 8, 20,
and 27 (47). These conserved residues allow the TPR to create
a pair of antiparallel alpha helices. Multiple motifs, ranging in
number from 3 to 16 among TPR proteins, lead to the forma-
tion of an alpha superhelical structure (11). This complex and
unique structure gives rise to distinct substrate grooves that
facilitate specific protein-protein interactions. The ability of
TPR-containing proteins to interact with other proteins en-
ables them to play a vital role in eukaryotic cell processes, such
as mitosis, transcription repression, and protein import (14, 22,
50). Bacteria also utilize TPR proteins for a range of functions,
including gene regulation, flagellar motor function, chaperone
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FIG. 4. Surface plasmon resonance detection. Parameters of association and dissociation for rTapA-His and rTapB-His with rTprA were
determined by surface plasmon resonance analysis (Biacore). Sensorgrams for the binding of rTapA-His or rTapB-His to rTprA immobilized on
a CMS5 sensor chip were overlaid at various concentrations of rTapA-His or rTapB-His. rTapA-His, rTapB-His, or bovine serum albumin (BSA)
was injected at concentrations of 0.016, 0.08, 0.4, 2, and 10 mM. The K, values of binding of rTprA to rTapA-His and rTapB-His were 1.89 X 10~*

M and 1.42 X 107¢ M, respectively. RU, resonance units.

activity, gliding motility, and virulence (4, 5, 8, 29, 34, 44, 52).
For example, FrzF from Myxococcus xanthus is a methyltrans-
ferase containing three TPR domains and it regulates the Frz
chemosensory system, which controls cell reversals and gliding
motility. In particular, TPRs in FrzF are involved in site-spe-
cific methylation of FrzCD, a metlyl-accepting chemotaxis pro-
tein (44). In addition, several chaperones required for the type
III secretion system, including PcrH from Pseudomonas aerugi-
nosa, LerH from Yersinia species, and CesD from enteropatho-
genic E. coli, contain a TPR domain (4, 5, 52).

P. gingivalis W83 has at least 10 TPR proteins. However,
none of them have been investigated so far. Structures of the
TPR proteins are depicted with their putative subcellular location
in Fig. S4 in the supplemental material. TprA protein contains
three TPR domains. Okano et al. (35) reported that 19 proteins
of P. gingivalis W83 are upregulated by aeration and that the 19
proteins include PG1385 (TprA), PG0045 (HtpG), PG0520 (60-
kDa chaperonin), PG1208 (DnaK), PG0762 (trigger factor),
PGO0185 (RagA), and PG0618 (AhpC). Masuda et al. (25) re-
ported that 14 proteins that include TprA were upregulated in
P. gingivalis ATCC 33277 cells cultivated in a nutrient-poor
medium. We have previously reported that TprA protein was
upregulated in P. gingivalis W83 cells placed in a mouse sub-
cutaneous chamber (54). Mouse subcutaneous infection exper-
iments revealed that the tprA mutant was clearly less virulent.

These findings suggest that expression of fprA is influenced by
various environmental stresses and that TprA is involved in
virulence of P. gingivalis.

TprA protein is located at the periplasm (45), which implies
that TprA binds to other proteins at the periplasm or protrud-
ing from the inner or outer membrane. We performed a yeast
two-hybrid assay and found TapB (a hypothetical protein) as a
TprA-associated protein. Taking this result together with the
finding that expression of TapA (as well as TprA) was induced
in P. gingivalis cells placed in a mouse chamber, we assumed
that TprA was related to products of a cluster of tapA, tapB,
and tapC genes. Protein binding assays with immunoprecipita-
tion and plasmon resonance detection revealed the interaction
of TprA protein with TapA and TapB proteins. We could not
examine the interaction between TprA protein and TapC pro-
tein in this study; however, TapC protein may interact with
TprA protein, since TapC protein has 45% identity in amino
acid sequence with TapA protein. Mouse subcutaneous infec-
tion experiments in this study revealed that the survival rate of
mice with the tprA mutant was equivalent to that of mice with
the tapA-tapB-tapC deletion mutant, suggesting that TprA pro-
tein plays a role in virulence of P. gingivalis in cooperation with
TapA, TapB, and TapC proteins.

We also used a microarray to investigate the gene expression
profile of the pr4 mutant by inoculation of the mutant strain
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FIG. 5. Localization of TapA and TapB proteins. (A and B) Sub-
cellular localization of TapB protein. (A) Fractions of cytoplasm-
periplasm (lanes 1) and total membrane (lanes 2) of W83 (wild type)
and KDP382 (AtapB::ermF) were subjected to SDS-PAGE and immu-
noblot analysis using anti-TapB. (B) Spheroplast and periplasm frac-
tions of P. gingivalis cells were separated as described in Materials and
Methods. Spheroplasts were subjected to the proteinase K treatment
(Pro K) in the presence or absence of 2% Triton X-100 (TX-100).
Samples were subjected to SDS-PAGE followed by immunoblot analysis
with anti-TapB. Sph, spheroplasts; Peri, periplasm fraction. (C) Subcel-
lular localization of the TapA protein. Cytoplasm-periplasm, inner
membrane, and outer membrane fractions of W83 (wild type),
KDP385 (AporT::erm), and KDP383 (AtapA::ermF) were subjected to
SDS-PAGE and immunoblot analysis using anti-TapA. Lanes: 1, cy-
toplasm-periplasm fraction; 2, inner membrane fraction; 3, outer mem-
brane fraction.

into a mouse subcutaneous chamber and comparison of the
results to those obtained after inoculation with the wild-type
strain. The results of microarray analysis revealed that 12 genes
were upregulated and 11 genes were downregulated in the tpr4
mutant. Interestingly, a cluster of tapA, tapB, and tapC genes
was found to be downregulated in the #prA mutant strain.
Downregulation of the tapA, tapB, and tapC genes was con-
firmed by real-time qPCR analysis. At present, the mechanism
of downregulation remains to be clarified.

TapA and TapC proteins belong to the C-terminal domain
(CTD) family of proteins (45). The CTD has been proposed to
play roles in the secretion of proteins across the outer mem-
brane and their attachment to the surface of the cell, probably
via glycosylation (30, 43, 45). Nguyen et al. reported that CTD
is specifically conserved in proteins of distinct members of the
phylum Bacteroidetes and suggested that CTD proteins are
secreted by a novel secretion system (30). Very recently, we
have found a novel secretion system by which CTD proteins
are secreted and named it the Por secretion system (PorSS)
(42). We found in the present study that TapA protein, which
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FIG. 6. Glycosylation of TapA protein. TapA protein was immuno-
precipitated from lysates of W83, KDP385 (AporT::erm) and KDP383
(AtapA::ermF) cells by the use of anti-TapA. The resulting immu-
noprecipitates were subjected to SDS-PAGE and immunoblot anal-
ysis with 1B5 MAb.

is an outer membrane protein, was modified by polysaccha-
rides immunoreactive to the 1B5 MADb, resulting in production
of diffuse protein bands with molecular masses of 65 to 95 kDa
that were lacking in the porT mutant experiments. These re-
sults suggest that TapA protein is secreted by PorSS.
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FIG. 7. Survival rates of mice challenged with the wild-type and
mutant strains of P. gingivalis. Construction of the tapA, tapB, tapC,
and tapA-tapB-tapC mutants is described in Materials and Methods.
Genetic manipulation did not affect the expression of the downstream
or upstream gene (see Fig. S3 in the supplemental material). Female
BALB/c mice were intradermally inoculated with P. gingivalis cells into
the back (approximately 2 X 10'' CFU), and then their survival was
monitored daily for up to 9 days. The animal experiment, in which five
mice were used for each bacterial strain, was performed three times. *,
P < 0.05 versus the corresponding values for the wild-type littermates,
as determined with the log-rank test.
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As revealed by the mouse subcutaneous infection experi-
ments, the tapA and tapC mutants were less virulent than the
wild-type parent strain, suggesting that the TapA and TapC
CTD proteins are related to the virulence of P. gingivalis.
Besides TapA and TapC proteins, P. gingivalis has a number of
CTD proteins: gingipain proteinases (RgpA, RgpB, and Kgp),
CPG70 carboxypeptidase (6), PrtT thiol proteinase, HagA
hemagglutinin, Streptococcus gordonii binding protein (55),
putative hemagglutinin, putative thiol reductase, putative
fibronectin binding protein, putative Lys-specific proteinase,
and putative von Willebrand factor domain protein. RgpA and
Kgp contain C-terminal adhesins that are secreted and pro-
cessed to form noncovalent complexes on the cell surface and
are considered to be the major virulence factors of this bacte-
rium (32, 33, 40). Gingipains have been linked directly to
disease pathogenesis due to their ability to degrade host struc-
tural and defense proteins and the inability of mutants lacking
functional Kgp or RgpA/B to cause alveolar bone loss in mu-
rine periodontitis models (39). The majority of these proteins
are likely to play important roles in virulence of the bacterium,
since they are involved in extracellular proteolytic activity, ag-
gregation, heme and iron capture and storage, biofilm forma-
tion, and resistance to oxidative stress.
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