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The oral Gram-negative anaerobic bacterium Porphyromonas gingivalis is an important pathogen involved in chronic periodon-
titis. Among its virulence factors, the major extracellular proteinases, Arg-gingipain and Lys-gingipain, are of interest given their
abilities to degrade host proteins and process other virulence factors. Gingipains possess C-terminal domains (CTDs) and are
translocated to the cell surface or into the extracellular milieu by the type IX secretion system (T9SS). Gingipains contribute to
the colonial pigmentation of the bacterium on blood agar. In this study, Omp17, the PGN_0300 gene product, was found in the
outer membrane fraction. A mutant lacking Omp17 did not show pigmentation on blood agar and showed reduced proteolytic
activity of the gingipains. CTD-containing proteins were released from bacterial cells without cleavage of the CTDs in the omp17
mutant. Although synthesis of the anionic polysaccharide (A-LPS) was not affected in the omp17 mutant, the processing of and
A-LPS modification of CTD-containing proteins was defective. PorU, a C-terminal signal peptidase that cleaves the CTDs of
other CTD-containing proteins, was not detected in any membrane fraction of the omp17 mutant, suggesting that the defective
maturation of CTD-containing proteins by impairment of Omp17 is partly due to loss of function of PorU. In the mouse subcu-
taneous infection experiment, the omp17 mutant was less virulent than the wild type. These results suggested that Omp17 is in-

volved in P. gingivalis virulence.

Periodontal disease, a chronic inflammatory disease that causes
the destruction of periodontal tissues and alveolar bone (1), is
one of the most frequently occurring infectious diseases in hu-
mans (2). The anaerobic Gram-negative bacterium Porphyromo-
nas gingivalis, an etiologically important agent of periodontal dis-
ease (3), possesses a number of virulence factors, including
fimbriae, hemagglutinins, lipopolysaccharides, and proteinases.
P. gingivalis has two major types of cysteine proteinases, Arg-spe-
cific gingipain and Lys-specific gingipain, which are the products
of 3 separate genes: rgpA, rgpB, and kgp (4, 5). Gingipains are
highly active extracellular and surface proteinases and are of par-
ticular importance because they can destroy various components
of periodontal tissue, including extracellular matrix proteins, cy-
tokines, complement proteins, antibodies, and proteinase inhibi-
tors (6-9). It was demonstrated that individual gingipain-defi-
cient strains had significantly reduced virulence in comparison to
that of the parental strain in murine models (10-12). The kgp and
rgpA genes encode polyproteins that comprise the signal peptide,
propeptide, proteinase, and adhesion domains and the C-termi-
nal domain (CTD). The rgpB gene encodes a protein that com-
prises the signal peptide, propeptide, and proteinase domains and
the CTD. Kgp and Rgp are synthesized in the cytoplasm as pre-
proenzymes and are translocated across the inner membrane via a
signal peptide targeting the Sec apparatus. Then, they are translo-
cated across the outer membranes via the Por secretion system
(PorSS)/type IX secretion system (T9SS) (13-15). Subsequently,
Kgp and Rgp are either secreted into the extracellular milieu as
mature proteinases or are located on the cell surface as complexes
noncovalently associated with adhesion domain proteins (14).
The T9SS is widely distributed in the Bacteroidetes phylum, but
it is not found in Bacteroides fragilis and Bacteroides thetaiotaomi-
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cron (14, 16, 17). The P. gingivalis T9SS proteins PorK, PorL,
PorM, PorN, PorW, PorT, and Sov share similarity in amino acid
sequence with the Flavobacterium johnsoniae gliding motility pro-
teins GIdK, GIdL, GldM, GIdN, SprE, SprT, and SprA, respectively
(14, 18-20). In F. johnsoniae, disruption of the sprT gene disrupts
translocation of the gliding motility protein SprB and secretion of
chitinase, suggesting that the T9SS is linked to the gliding motility
of bacteria in the Bacteroidetes phylum (14).

The P. gingivalis genome encodes approximately 34 CTD-con-
taining proteins (21). CTD-containing proteins are also found in
predicted proteins of other bacteria in the Bacteroidetes phylum,
including Prevotella intermedia and Tannerella forsythia (22-24).
In P. gingivalis, the CTD-containing proteins, including RgpA,
RgpB, Kgp, TapA, and HBP35 and the proteins encoded by
PGN_0335 (CPG70), and PGN_0898 (peptidyl-arginine deimi-
nase, PAD), are translocated across the outer membrane by the
T9SS (13, 16, 25).

The CTD region functions as a recognition signal for the T9SS;
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italso plays a role in the glycosylation of CTD-containing proteins
after T9SS-dependent translocation and removal of the CTD re-
gion. The cysteine protease PorU (PGN_0022, PG0026) proteo-
lytically removes the CTD from RgpB to produce the mature 48-
kDa, soluble form of RgpB (26). HBP35 and TapA are modified by
anionic lipopolysaccharide (A-LPS) and are anchored to the bac-
terial cell surface (13, 25). In addition, a study using a green fluo-
rescent protein-CTD fusion indicated that the CTDs of CPG70,
PAD, HBP35, and RgpB play roles in T9SS-dependent transloca-
tion and glycosylation (13). A-LPS modification has been pro-
posed to be an anchoring mechanism for linking RgpB to the outer
membrane. The deacylase LptO (PGN_0023, PG0027) also is in-
volved in the A-LPS modification of CTD-containing proteins
(27). However, the structure of the processing and modification
system for CTD-containing proteins has yet to be elucidated.

In general, outer membrane (OM) proteins (OMPs) are syn-
thesized in the cytoplasm with cleavable signal peptides at their N
termini and are translocated across the inner membrane through
Sec translocation (28). After the signal peptides are processed,
OMPs are translocated across the periplasmic space and are in-
serted into the OM by the (-barrel assembly machinery (BAM)
complex (29). Since the OMPs contain amphipathic, antiparallel
B-strands that form a barrel structure, the OMPs are prone to
aggregation in the periplasm, an aqueous cellular compartment,
and need to be conveyed by chaperone proteins, including SurA
(peptidyl-prolyl isomerase), Skp (OmpH), and DegP (HtrA) (30).
P. gingivalis possesses homologs of SurA, Skp (OmpH), and DegP
(HtrA). In the P. gingivalis ATCC 33277 genome, PGN_1550 and
PGN_1552 were annotated as encoding SurA and PGN_0391 and
PGN_0637 as encoding DegP. PGN_0300 and PGN_0301 were
predicted to encode OmpH-like proteins. However, to our knowl-
edge, a relationship between these chaperones and CTD-contain-
ing proteins has not yet been reported. We hypothesized that
OmpH-like proteins might contribute to the maturation or mod-
ification of CTD-containing proteins in P. gingivalis. In this study,
we constructed a APGN_0300 mutant to demonstrate our hy-
pothesis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used are listed in Table S1 in the supplemental material. Escherichia
coli strains were grown aerobically in Luria-Bertani (LB) medium (Naca-
lai Tesque) at 37°C. P. gingivalis cells were grown anaerobically (10% CO,,
10% H,, and 80% N,), using an anaerobic cabinet (Whitley Workstation
DG250; Microbiology International), at 37°C in enriched brain heart in-
fusion (BHI) broth (4), on enriched tryptic soy (TS) agar (4), and on
blood agar prepared by adding hemolyzed defibrinated sheep blood (Nip-
pon Bio-Test Laboratories, Inc.) to enriched TS agar at 5%. Antibiotics
were used at the following concentrations: ampicillin (Ap; 100 wg/ml for
E. coli), erythromycin (Em; 10 wg/ml for P. gingivalis), and tetracycline
(T¢; 0.7 wg/ml for P. gingivalis).

Strain construction. The construction and complementation of P.
gingivalis deletion mutants were performed as previously described (4)
and are detailed in the supplemental material. The construction of an E.
coli strain expressing His,-tagged PorU (Asn®*® to Asn''*") is also de-
scribed in the supplemental material. Primers used in this study are listed
in Table S2 in the supplemental material.

Reverse transcription-PCR (RT-PCR). Total RNA was isolated from
P. gingivalis cells using the TRIzol plus RNA purification kit (Life Tech-
nologies) according to the manufacturer’s instructions. The RNA samples
were then incubated with DNase I (TaKaRa Bio) at 37°C for 1 h. DNA
contamination was checked by PCR. Two micrograms of total RNA was
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reverse transcribed into cDNA with a random hexamer primer using the
SuperScript III first-strand synthesis system (Life Technologies), and the
resulting cDNAs were then used for PCR amplification. The primer sets
used were as follows: PGN_0299PF and PGN_0299PR for PGN_0299;
PGN_0299PF and PGN_0300PR for the intergenic region between
PGN_0299 and PGN_0300; PGN_0300PF and PGN_0300PR for
PGN_0300; PGN_0300PF and PGN_0301PR for the intergenic region
between PGN_0300 and PGN_0301; and PGN_0301PF and PGN_
0301PR for PGN_0301.

Hemagglutination. The hemagglutination assay was performed as
previously described (31). Overnight cultures of P. gingivalis cells grown
in enriched BHI broth were centrifuged, washed 3 times with phosphate-
buffered saline (PBS), and suspended in PBS at an optical density at 620
nm of 1.3. The bacterial suspensions were then diluted in a 2-fold series
with PBS, applied to each well of a round-bottom 96-well microplate,
mixed with an equal volume of 1% sheep erythrocytes suspended in PBS,
and incubated at room temperature for 3 h.

Protease activity assay. Kgp and Rgp activity assays were performed as
previously described (32) and are detailed in the supplemental material.

Subcellular fractionation. Subcellular fractionation of P. gingivalis
cells was performed according to the method of Sato et al. (14) and is
detailed in the supplemental material.

Antibodies. A peptide derived from the amino acid sequence (Ile’® to
Lys'%®) of PGN_0300 with an N-terminal cysteine residue, CIVKKEQQA
SELKRK, and conjugated to keyhole limpet hemocyanin was purchased
from Operon Biotechnologies. To raise antiserum against the PGN_0300
protein, guinea pigs were immunized with the PGN_0300 peptide by
EveBioscience Co., Ltd. PorU-His, protein was mixed with TiterMax gold
(TiterMax), and the mixtures were injected into mice (BALB/c) subcuta-
neously to obtain anti-PorU antiserum. An anti-Kgp rabbit polyclonal
antibody (33), an anti-Rgp mouse polyclonal antibody (33), and an anti-
HBP35 rabbit polyclonal antibody (34) were used to detect Kgp, RgpA
and RgpB, and HBT35, respectively. A monoclonal antibody (MAD), 1B5,
that reacts with A-LPS was kindly provided by M. A. Curtis (35, 36).

Western blotting. SDS-PAGE was performed according to the
method of Laemmli (37). Protease inhibitors (leupeptin and Na-p-tosyl-
L-lysine chloromethyl ketone TLCK) were added to Laemmli solubilizing
buffer to avoid proteolysis by endogenous proteases. Separated proteins
were transferred to polyvinylidene fluoride (PVDF) membranes (Immo-
bilon P; Millipore), blocked with 5% skim milk in TBST buffer (20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) for 1 h at room
temperature, and then incubated with primary antibodies overnight at
4°C. After 2 washes with TBST, the blots were incubated with horseradish
peroxidase-conjugated secondary antibody IgG for 1 h at room tempera-
ture and visualized using ChemiDoc MP (Bio-Rad) after 4 washes with
TBST.

Tiling microarray analysis. Tiling microarray analysis was performed
as previously described (14) and is detailed in the supplemental material.

MS analysis and database search for protein identification. Proteins
were identified by peptide mass fingerprinting (PMF) after in-gel tryptic
digestion as previously described (14). A gel plug containing proteins was
subjected to the following procedures: washing with 50% (vol/vol) aceto-
nitrile, washing with 100% acetonitrile, reduction with 10 mM dithiothre-
itol (DTT), alkylation with 55 mM iodoacetamide, washing/dehydration
with 50% (vol/vol) acetonitrile, and digestion for 10 h with 10 ug/ml
trypsin. The resulting peptides were extracted from the gel plug with 0.1%
(vol/vol) trifluoroacetic acid—50% (vol/vol) acetonitrile. Digests were
spotted onto a matrix-assisted laser desorption ionization (MALDI) tar-
get using a-cyano-4-hydroxycinnamic acid as a matrix. Spectra were ac-
quired on a 4800 MALDI tandem time of flight (TOF/TOF) analyzer
(Applied Biosystems). Data analysis and MS database searching were per-
formed using GPS Explorer and MASCOT software.

Mouse virulence assay. The levels of virulence of the P. gingivalis
strain W83 and its AompI7 mutant were determined by mouse subcuta-
neous infection experiments (25, 38, 39). Bacterial cells were grown at
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FIG 1 Localization of PGN_0300. P. gingivalis ATCC 33277 cells were sub-
jected to fractionation, followed by SDS-PAGE and immunoblot analysis with
anti-PGN_0300 antiserum. M, marker; LY, whole-cell lysate; CP/PP, cyto-
plasm plus periplasm; TM, total membrane; IM, inner membrane; OM, outer
membrane; CBB, Coomassie brilliant blue staining.

37°C until an optical density at 590 nm of 1.0 was reached. The cells were
harvested and then resuspended and adjusted to a concentration of ap-
proximately 1 X 10’2 CFU/ml in the enriched BHI broth. Female BALB/c
mice (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. A total of 15 mice for each group
were used.

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 the W83 parent strain and
those infected with the mutant strain.

All animal care and experimental procedures were performed in ac-
cordance with the Guidelines for Animal Experimentation of Nagasaki
University with approval from the Institutional Animal Care and Use
Committee.

Statistical analysis. Statistical analysis of the data was performed us-
ing Student’s t test, except for the mouse virulence assay.

RESULTS

Localization of PGN_0300 protein. The P. gingivalis genome pos-
sesses two ompH (encoding outer membrane protein H)-like cod-
ing sequences (CDSs), PGN_0300 and PGN_0301. The amino
acid sequence of the PGN_0300 protein exhibited 22.5% identity
with that of PGN_0301 protein (see Fig. S1 in the supplemental
material). We analyzed the amino acid sequences of both proteins
using the TMHMM Server software, version 2.0 (http://www.cbs
.dtu.dk/servicess TMHMM//). The results showed that the
PGN_0300 protein contained one transmembrane helix at the N
terminus (Arg’ to Leu®®) and predicted a membrane protein,

while the PGN_0301 protein did not contain a transmembrane
helix. The SignalP 3.0 Server software (http://www.cbs.dtu.dk
/services/SignalP-3.0/) predicted that both the PGN_0300 and the
PGN_0301 protein have an N-terminal signal peptide region.

To determine whether the PGN_0300 protein is a membrane
protein, cells of the wild-type strain were fractionated into cyto-
plasm-periplasm, inner membrane, and outer membrane frac-
tions and then were subjected to SDS-PAGE and Western blotting
with anti-PGN_0300 protein antiserum (Fig. 1). A 17-kDa immu-
noreactive protein was detected mainly in the outer membrane
fraction and not in the cytoplasm-periplasm fraction. These re-
sults suggested that the PGN_0300 protein predominantly local-
izes to the outer membrane. The mature PGN_0300 protein (148
amino acids) is predicted to be a 17.2-kDa protein, which is in very
close agreement with the observed mass (17 kDa). We designated
the PGN_0300 protein as outer membrane protein 17 (Omp17)
and the PGN_0300 protein-encoding gene as ompl7.

Construction of an Omp17-deficient mutant using gene-di-
rected mutagenesis. To investigate the role of Omp17, we con-
structed an Omp17 mutant in which omp17 was replaced with the
ermF cassette. The Aompl7 strain showed no pigmentation on
blood agar plates (see Fig. S2 in the supplemental material) and no
hemagglutination (Fig. 2). To confirm the relationship between
omp17 and colonial pigmentation and hemagglutination, we con-
structed a complemented strain in which the wild-type ompl17
gene was introduced into the PGN_1045 locus of the Aompl7
strain. The resulting Aomp17/omp17* strain showed the same co-
lonial pigmentation and hemagglutination as the wild-type strain
(Fig. 2; see also Fig. S2).

In the P. gingivalis ATCC 33277 genome, the upstream and
downstream ends of ompl7 are separated from the PGN_0299
CDS by a 57-bp space and the PGN_0301 CDS by a 35-bp space,
respectively. This fact suggests that the CDSs PGN_0299,
PGN_0300 (omp17), and PGN_0301 form an operon. To test this
possibility, we performed RT-PCR using gene-specific primers for
the PGN_0299 CDS, omp17, and the PGN_0301 CDS (Fig. 3). We
were able to amplify fragments using both of the primer sets
PGN_0299PF-PGN_0300PR and PGN_0300PF-PGN_0301PR,
suggesting that the PGN_0299 CDS, ompl17, and the PGN_0301
CDS form an operon. To confirm whether these CDSs comprise
an operon, microarray analysis using a custom tiling DNA array
chip with the genome sequence of P. gingivalis ATCC 33277 was
performed. The tiling DNA array analysis revealed that these three
CDSs formed an operon with the CDSs PGN_0296 to PGN_0298
(see Fig. S3 in the supplemental material). Using the primer set
PGN_0300PF-PGN_0300PR, we were able to amplify a PCR frag-
ment using the ATCC 33277 and Aompl7/ompl7™ strain ge-
nomes but not using the Aomp17 strain genome. When both of

ATCC 33277

Aompl7

Aompl7/ompl7 *

FIG 2 Hemagglutination. P. gingivalis cells were grown in enriched BHI broth, washed with PBS, and resuspended in PBS at an optical density at 620 nm of 1.3.
The suspension and a series of 2-fold dilutions were applied, from left to right, to the wells of a microtiter plate and mixed with sheep erythrocyte suspension.
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FIG 3 Gene organization of the PGN_0300 (ompl7) regions of the P. gingivalis ATCC 33277 chromosome. Black arrows indicate the direction of gene
transcription. PGN_0299 is separated from omp17 by 57 bp, and omp17 is separated from PGN_0301 by 35 bp. PCR primers were designed to detect the presence
of mRNA spanning PGN_0299, omp17, and PGN_0301 (small gray arrows). (B) RT-PCR products indicate that omp17 is cotranscribed with PGN_0299 (d) and
PGN_0301 (e). Individual gene and operon products were amplified with unique primer sets. The primer sets used were PGN_0299PF and PGN_0299PR (a),
PGN_0300PF and PGN_0300PR (b), PGN_0301PF and PGN_0301PR (c), PGN_0299PF and PGN_0300PR (d), and PGN_0300PF and PGN_0301PR (e). The
genomic DNA from P. gingivalis ATCC 33277 was also employed in the experiments whose results are shown in panels d and e.

the primer sets PGN_0301PF-PGN_0301PR and PGN_0299PF-
PGN_0299PR were used, we successfully amplified PCR frag-
ments using the Aompl7 strain genome, as well as the ATCC
33277 genome. These results ruled out the possibility of a polar
effect of ermF. Taken together, we concluded that omp17 was cor-
rectly knocked out and that the expression of the PGN_0299 and
PGN_0301 genes was unaffected at the transcriptional level in the
Aompl7 strain.

Reduction of gingipain activities in the omp17 mutant. Sev-
eral studies have indicated that the cell surface activities of the
proteinases Kgp and Rgp are associated with colonial pigmenta-
tion on blood agar plates (31, 40, 41). We therefore determined
the Kgp and Rgp activities in intact cells and culture supernatants
of the Aomp17 strain. The activities of Kgp and Rgp in the Aomp17
strain decreased significantly both in intact cells and in the vesicle-
containing culture supernatants. The activities of Kgp and Rgp
were moderately restored in the Aompl7/ompl17™ strain (Fig. 4).
We determined the mRNA levels of kgp, rgpA, and rgpB by quan-
titative real-time PCR. The mRNA levels of kgp, rgpA, and rgpB in
the Aompl7 strain were comparable to those in the wild-type
strain, suggesting that a decrease of Rgp and Kgp activities of the
Aomp17 strain cannot be explained by altered expression of rgpA,
rgpB, and kgp at the transcriptional level (data not shown).

Western blotting using anti-Kgp, anti-Rgp, and anti-HBP35
antibodies. kgp and rgpA, comprising 5,193-bp and 5,118-bp
CDSs, respectively, encode polyproteins that consist of four seg-
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ments: signal peptide, propeptide, proteinase, and adhesin do-
mains (42, 43). The C-terminal adhesin domains comprise four
subdomains (Hgp44/A1, Hgpl5 [HbR]/A2, Hgpl7/A3, and
Hgp27/A4) that are involved in hemagglutination and hemoglo-
bin binding (44-46). The rgpB gene comprises a 2,208-bp CDS
and lacks most of the adhesin domain (47). Cultures of the
Aomp17 and the wild-type strain were separated into bacterial
cells and vesicle-free culture supernatants, and were subjected to
Western blotting with anti-Kgp, anti-Rgp, and anti-HBP35 anti-
bodies (Fig. 5). Kgp, RgpAB, and HBP35 belong to CTD-contain-
ing proteins that are secreted by T9SS (14). In the wild-type strain,
the 190-kDa proprotein and the 50-kDa processed protein that are
immunoreactive to anti-Kgp antibody were detected in the whole-
cell lysate of the wild-type strain, as well as in the lysates of the
Aomp17and Aomp17/omp17" strains. However, the 50-kDa pro-
cessed protein was abundant in the wild-type strain and in the
Aomp17/ompl7™ strain, whereas the 190-kDa proprotein was de-
tected in the Aomp17 strain. The quantities and molecular masses
of anti-Rgp antibody-immunoreactive proteins in the whole-cell
lysate were almost the same between the wild-type and the
Aomp17/ompl7* strain. The 43-kDa processed protein was the
most prominent in the wild-type strain and in the Aompl7/
ompl7" strain, whereas the 43-kDa protein was scarcely detected
and the 48-kDa protein band was abundant in the Aomp17 strain.
In addition, diffuse bands of 70 to 90 kDa that were immunore-
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FIG 4 Rgp and Kgp activities in the omp17 mutant. P. gingivalis cells were grown anaerobically in enriched BHI medium at 37°C for 36 h. Kgp (A and C) and Rgp
(B and D) activities of the cell lysates (A and B) and the culture supernatants, including vesicles (C and D), were measured. The statistical significance of the
changes was evaluated using a two-sided ¢ test. Error bars indicate standard deviations calculated from the enzyme activity. *, P < 0.05.

active to anti-Rgp antibody were absent in the whole-cell lysate of
the Aomp17 strain.

In the vesicle-free culture supernatant of the Aomp17 strain,
the 140-kDa and 80-kDa intermediate proteins were mainly im-
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FIG 5 Immunoblot analysis of CTD-containing proteins in P. gingivalis cell
lysate and culture supernatant. The whole-cell lysate (A) and culture superna-
tant (B) of P. gingivalis strains were analyzed by SDS-PAGE, followed by im-
munoblot analyses using anti-Kgp, anti-Rgp, and anti-HBP35 antibodies. M,
marker; CBB, Coomassie brilliant blue staining.
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munoreactive to anti-Kgp antibody. However, the 50-kDa pro-
cessed protein, which was most prominent in the wild-type strain,
did not react with anti-Kgp antibody. Using anti-Rgp antibody,
we detected 3 weak protein bands with molecular masses of 90, 70,
and 50 kDa in the Aomp17 strain, whereas the 43-kDa Rgp protein
was the most prominent one in the wild-type strain and in the
Aomp17/ompl7* strain. No protein was detected in the wild-type
strain with anti-HBP35 antibody, whereas a 40-kDa protein was
detected in the Aomp17 strain.

These results suggested that CTD-containing proteins were
not correctly processed and maturated in the Aomp17 strain.

Identification of proteins in the culture supernatant of the
ompl7 mutant. The results described above suggested that the
immature forms of CTD-containing proteins were released into
the medium in the Aomp17 strain. To test this possibility, proteins
in the vesicle-free supernatants of the wild-type and Aompl7
strains were subjected to MALDI-TOF mass analysis. Ten and 17
proteins in the wild-type strain and the Aompl7 strain, respec-
tively, were successfully analyzed (Fig. 6), and the results are
shown in Table 1. In the Aomp17 strain, several protein bands that
were absent in the wild-type strain were detected. Of these protein
bands, no. 11 was identified as PGN_1728 (Kgp), no. 13 and 22
were identified as PGN_0335, and no. 12 and 17 were identified as
PGN_1094 and PGN_1476, respectively. All of these proteins were
assigned as CTD-containing proteins by sequence analysis. The
size of band no. 11 was 120 kDa, which is different from that of
mature Kgp, suggesting that this protein was an unprocessed form
of Kgp. Indeed, the peptide map showed that this protein con-
tained the propeptide. The peptide map fingerprinting (PMF)
data of the protein bands showed that the proteins in bands no. 13
(PGN_0335), no. 17 (PGN_1476), and no. 22 (PGN_0335) con-
tained the CTD (48) (see Fig. S4 in the supplemental material).
The cleavage site for the CTD in PGN_1094 is unknown. How-
ever, the peptide map showed that the protein in band no. 12
might also contain a CTD, because the sizes of the CTDs were
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FIG 6 Peptide map fingerprinting (PMF) analyses of proteins in the P. gingi-
valis culture supernatant. The vesicle-free supernatants of P. gingivalis strain
ATCC 33277 and the Aompl7 strain were separated by SDS-PAGE, and the
resulting gel was stained with Coomassie brilliant blue. Bands indicated by
numbered arrows to the right are identified in Table 1.

TABLE 1 Identification of protein bands shown in Fig. 6

P. gingivalis Omp17 Involves Gingipain Activity

around 70 amino acids. These results indicate that predicted
CTD-containing proteins in the culture supernatant of the
Aomp17 strain contained CTD and were released from the bacte-
rial cells in the Aomp17 strain.

There is a possibility that the smaller amounts of protein in the
vesicle-free supernatant of the wild type were due to proteolytic
activities of gingipains. To estimate the contribution of gingipains,
the vesicle-free supernatant of the gingipain-deficient (rgpA, rgpB,
and kgp) mutant strain KDP136 (41) was subjected to MALDI-
TOF mass analysis (see Fig. S5 in the supplemental material). Only
five proteins in strain KDP136 were successfully analyzed, sug-
gesting that the smaller amounts of protein in the vesicle-free
supernatant of the wild-type strain were not due to activities of
gingipains or the quantities of proteins released from cells in the
Aompl7 strain. It is notable that two of the five proteins in this
analysis contained CTD, but the reason why these two proteins
contained CTD is unknown at this time.

Subcellular localization of Kgp, Rgp, and HBP-35 in the
ompl7 mutant. The 50-kDa Kgp protein and the 43-kDa Rgp
protein were detected with anti-Kgp antibody and anti-Rgp anti-
body, respectively, in the whole-cell lysates of the wild-type and
Aompl7 strains, and they were detected in the vesicle-free culture
supernatant of wild-type strain but not in that of the Aompl7
strain (Fig. 5). These results suggested that the subcellular local-
ization of Kgp and Rgp in the Aompl17 strain was different from
their localization in the wild-type strain. Thus, we attempted to
determine the subcellular localization of Kgp, Rgp, and HBP35 in

Strain Band Locus tag Score? Protein
Wild type 1 PGN_1349 159 Dipeptidyl aminopeptidase
2 PGN_1800 67 Urocanate hydratase
3 PGN_1349 117 Dipeptidyl aminopeptidase
4 PGN_0914 98 Peptidase M24 family
5 PGN_1434 112 M20_peptidase D-aminoacyl-histidine dipeptidase
6 PGN_0727 127 4-hydroxybutyryl-CoA dehydratase
7 PGN_0294 76 Receptor antigen B (RagB)
8 PGN_1367 144 Glutamate dehydrogenase
9 PGN_0180 70 FimA
10 PGN_0558 111 Outer-membrane hemin utilization (HmuY)
Aompl17 strain 11 PGN_1728° 114 Lysine-specific cysteine proteinase (Kgp)
12 PGN_1094" 129 Glycine dehydrogenase
13 PGN_0335" 95 Conserved hypothetical protein with zinc carboxypeptidase domain (CPG70)
14 PGN_1349 129 Probable dipeptidyl aminopeptidase
15 PGN_1800 79 Urocanate hydratase
16 PGN_1452 141 GroEL
17 PGN_1476“ 116 Hypothetical protein
18 PGN_1315 116 Hypothetical protein
19 PGN_1367 95 Glutamate dehydrogenase
20 PGN_0876 141 TPR® domain protein
21 PGN_0876 62 TPR domain protein
22 PGN_0335" 92 Conserved hypothetical protein with zinc carboxypeptidase domain (CPG70)
23 PGN_1695 184 Fructose-1,6-bisphosphate aldolase
24 PGN_1164 76 Prokaryotic protein of unknown function (DUF849)
25 PGN_1587 89 Elongation factor Ts
26 PGN_2037 84 DNA-binding protein from starved cells (Dps)
27 PGN_1167 75 Hypothetical protein

“ CTD-containing protein.
¥ MASCOT score.
¢ TPR, tetratricopeptide repeat.
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FIG 7 Subcellular localization of CTD-containing proteins. P. gingivalis ATCC 33277 (A) and the Aomp17 strain (B) were subjected to fractionation, followed
by SDS-PAGE and immunoblot analysis with anti-Kgp, anti-Rgp, and anti-HBP35 antibodies. M, marker; CP/PP, cytoplasm plus periplasm; TM, total mem-
brane; IM, inner membrane; OM, outer membrane; CBB, Coomassie brilliant blue staining.

the Aomp17 strain (Fig. 7). The 50-kDa Kgp protein was detected
in the outer membrane fraction of the wild-type strain. In addi-
tion, the protein with a molecular mass of more than 250 kDa and
the 190-kDa proprotein were detected with anti-Kgp antibody in
both the cytoplasm and the periplasm fraction in the wild-type
strain. In the Aomp17 strain, the 50-kDa protein was not detected
with anti-Kgp antibody in any fraction, while the 190-kDa pro-
protein and 120-kDa proprotein were detected with the anti-Kgp
antibody in the cytoplasm and periplasm fractions.

The 43-kDa Rgp protein, along with diffuse bands of 60 to 80
kDa, was detected in the outer membrane fraction in the wild-type
strain. In the Aompl7 strain, no protein reacted with anti-Rgp
antibody in the outer membrane fraction. In the Aomp17 strain,
the 120-kDa proprotein, in addition to the 70-kDa and 50-kDa
proproteins, strongly reacted with anti-Rgp antibody in the cyto-
plasm-plus-periplasm fraction.

Diffuse bands of 60 to 80 kDa were detected with anti-HBP35
antibody in the outer membrane fraction of the wild-type strain.
The Aomp17 strain showed several faint protein bands that were
immunoreactive to anti-HBP35 antibody in the outer membrane
fraction.

Loss of PorU in the membrane fractions of the omp17 mu-
tant. Since MALDI-TOF mass analysis indicated that in the
Aompl7 strain, immature forms of CTD-containing proteins
were released into the medium without cleavage of the CTD, it is
possible that PorU is inactive in the Aomp17 strain. To address this
possibility, whole-cell lysates, proteins in the cytoplasm-and-
periplasm fraction, and proteins in the membrane fraction of
wild-type cells and the Aomp17 strain were subjected to Western
blotting with anti-PorU antibody. As shown by the results in Fig.
8, anti-PorU antibody reacted with the 120-kDa protein from
whole-cell lysates of both the wild-type strain and the Aompl7
strain with equal intensity. Interestingly, anti-PorU antibody re-
acted with the 120-kDa protein in the membrane fraction of the
wild-type strain but not with this fraction of the Aomp17 strain. It
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clearly reacted with the 120-kDa protein in the cytoplasm and the
periplasm fraction of the AompI7 strain. These data suggest that
PorU was not inserted into or translocated across the outer mem-
brane in the omp17 deletion mutant.

Detection of A-LPS in the omp17 mutant. It is thought that
A-LPS glycosylation is required by several CTD-containing pro-
teins in order to anchor to the cell surface after secretion by T9SS.
Using MAb 1B5, which recognizes a glycan epitope of anionic
polysaccharide bound to lipid A (A-LPS), diffuse bands were de-
tected by Western blot analysis in the Aomp17 strain, as well as in
the wild-type and the complemented strain (Fig. 9). However, the
bands from the Aomp17 strain showed a lower molecular mass
range than did the bands from the wild-type strain, suggesting that
A-LPS was synthesized but did not bind to CTD-containing pro-
teins in the Aomp17 strain.

Contribution of omp17 to virulence of P. gingivalis. BALB/c
mice were challenged with subcutaneous injections of bacterial
suspension (2 X 10" CFU per animal), and their survival was
monitored for 14 days. About 93.3% of the mice challenged with
W83 died within 3 days (Fig. 10). In contrast, mice inoculated with
the Aompl17 strain did not die during a 14-day period. The gin-
gipains are major virulence factors of P. gingivalis (10-12), and the
activities of gingipains were significantly reduced in the Aompl7
strain. Taken together, the results suggested that ompl7 was in-
volved in P. gingivalis virulence and that this involvement might
be an indirect effect through the activities of gingipains.

DISCUSSION

In this study, we demonstrated that an omp17 (PGN_0300) dele-
tion mutant (Aompl7 strain) showed no pigmentation on blood
agar plates and no hemagglutination, had reduced Kgp and Rgp
activities, and was clearly less virulent than the wild type in mouse
subcutaneous infection experiments.

Wild-type strains of P. gingivalis display black pigmentation on
blood agar plates. The black pigmentation is caused by the accu-
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mulation of p-oxo heme dimer on the cell surface (49). Numerous
nonpigmented mutants have previously been isolated and charac-
terized (31, 50-57). Colonial pigmentation on blood agar plates
has been shown to be linked with hemagglutination and the activ-
ities of major proteinases. It has been shown that Kgp can degrade
hemoglobin protein, which holds heme molecules, and that this
degradation correlates with the inability to pigment, as a mutant
with the kgp gene was found to display a nonpigmentation phe-
notype on blood agar plates (12, 40).

Previous studies have indicated that porT (32) and porR (53)
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FIG 9 Immunoblot analyses of P. gingivalis cell lysate using MAb 1B5 (anti-
A-LPS antibody).
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are involved in the pigmentation phenotype in P. gingivalis. The
porT mutation eliminates gingipain activities on the cell surface or
in culture supernatants. In the porT mutant, CTD-containing
proteins, including gingipains, are not secreted and accumulate in
the periplasmic space. The PorT mutants are defective in the se-
cretion of proteins targeted to the T9SS (14). Conversely, in the
porR mutant, gingipain activities on the cell surface are signifi-
cantly reduced but are retained in the culture supernatant. CTD-
containing proteins are secreted from the periplasm to the cell
surface, suggesting that the molecules involved in biosynthesis of
A-LPS and/or in anchoring the gingipains on the cell surface are
defective in the PorR-type mutants. Defects in sugar biosynthesis
pathways imposed by inactivation of the vim locus or porR result
in the release of non-A-LPS-modified RgpB into the culture me-
dium (53-55, 58, 59).

In addition to the porT- and porR-type mutations, inactivation
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FIG 10 Survival rates of mice challenged with P. gingivalis strain W83 and the
Aompl7 strain (Aompl7-83). BALB/c mice were subcutaneously inoculated
with P. gingivalis cells injected into the dorsal surface (2 X 10"' CFU), and then
their survival was monitored daily for up to 14 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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of IptO (PGN_0023) results in the accumulation of A-LPS and
unmodified CTD-containing proteins in the periplasm (27). Dur-
ing the process of crossing the outer membrane and attaching to
the cell surface, the CTDs of the CTD-containing proteins are
cleaved by the C-terminal signal peptidase PorU (PGN_0022 in
ATCC 33277 and PG0026 in strain W83) (26). The cleaved CTD-
containing proteins then are attached to A-LPS, resulting in local-
ization of the proteins on the cell surface. P. gingivalis porU dele-
tion mutants and mutants lacking the predicted catalytic Cys
residue secrete and accumulate CTD-containing proteins on the
cell surface with their CTDs intact and without the A-LPS modi-
fication (26). In these cases, the CTD was not released into the
surrounding medium in PG0026 mutant strains; moreover, the
size of A-LPS was shifted to a lower molecular mass (26).

Components of the T9SS, PorK, PorL, PorM, PorN, PorV, and
PorW were localized in the membrane fraction both in the wild-
type strain and in the Aomp17 strain, suggesting that the function
of the T9SS was not affected by the disruption of omp17 (data not
shown). However, PorU was not detected in the membrane frac-
tion but accumulated in the cytoplasm-and-periplasm fraction in
the Aomp17 strain. In this mutant, the CTD-containing proteins
Kgp, Rgp, and HBP35 were not detected in their processed forms
in the outer membrane fraction (Fig. 7B), and their unprocessed
forms, containing the CTD region, were released into the medium
(Fig. 5 and Table 1). Moreover, the antibodies against Rgp and
HBP35 detected diffuse bands, which were A-LPS-modified forms
of these proteins, in the outer membrane fraction from the wild-
type strain but did not detect bands in any subcellular fraction of
the omp17 mutant (Fig. 5 and 7). In addition, A-LPS was present
in lower-molecular-mass forms in the omp17 mutant than in the
wild-type strain (Fig. 9), which is consistent with the phenotype of
the porU mutant. The failure to process and modify CTD-con-
taining proteins in the ompl7 mutant was due, at least partly, to
the loss of function of PorU. Indeed, PorU was synthesized but
was not transported to the outer membrane in the Aomp17 strain.

Gram-negative bacteria possess several chaperone molecules,
including SurA, Skp (OmpH), DegP (HtrA), FkpA, and LolA, in
the periplasmic space. It is thought that the roles of these chaper-
one molecules are to stabilize the nonnative conformations of
OMPs, to prevent their aggregation, and to facilitate their folding
(reviewed in reference 60). As a chaperone, Skp is involved in the
assembly of OMPs and assists the early steps of B-barrel folding of
OMPs (61, 62). In an E. coli skp null mutant, envelope protein
levels are dramatically reduced (63). Mutations in both skp and
surA have a bacteriostatic effect and lead to filamentation (63).

In the P. gingivalis ATCC 33277 genome, the PGN_0300
(omp17) and PGN_0301 CDSs were predicted to encode OmpH-
like domain proteins. The results of the analysis using TMHMM
Server version 2.0 indicated that the PGN_0301 protein did not
possess any transmembrane region, like the Skp protein of E. coli,
which localizes in the periplasmic space. It is notable that we have
not yet been able to construct a strain with a deletion of the
PGN_0301 CDS, suggesting that PGN_0301 generates a protein
that is essential for P. gingivalis cells.

On the other hand, Omp17 was suggested to be an OMP in our
analysis. OmpH-like proteins are exposed on the surface in several
bacteria, such as Flavobacterium psychrophilum (64) and Yersinia
pseudotuberculosis (65); however, the functions of OmpH-like
proteins have not been elucidated. Based on its localization,
Omp17 may function differently from the Skp protein of E. coli,
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but the PGN_0301 protein may possess a function similar to
that of E. coli’s Skp. It is feasible that Omp17 is involved in the
translocation of PorU to the outer membrane, as a molecular
chaperone.

If Omp17 worked as a molecular chaperone, another possibil-
ity would be raised. The CTD functions as a recognition signal for
the T9SS, and glycosylation of CTD-containing proteins occurs
after the removal of the CTD region. Zhou et al. demonstrated
that cleavage of the CTD is not dependent on a specific residue and
that recognition of the cleavage site is independent of the local
amino acid sequence (66). They proposed that the volume and
conformation of the residues surrounding the cleavage site are
required during the outer membrane translocation step to allow
for efficient cleavage by PorU. Furthermore, the length of the
junction between the CTD and the adjacent Ig-like subdomain has
a critical influence on posttranslational glycan modification of the
protein, suggesting that a conformational motif is required for
digesting the CTDs and for further modification of CTD-contain-
ing proteins.

Although we did not determine the conformation of CTD-
containing proteins, there was a possibility that these proteins
had an alternative conformation that impaired efficient pro-
cessing of the CTD. We could not rule out this possibility.
Further work will be required to test this hypothesis and to
reveal the roles of Omp17 and PGN_0301, including whether
they possess chaperone activity.

In conclusion, our findings indicate that Omp17 contributes to
the processing and modification of CTD-containing proteins,
possibly by reducing the levels of PorU in the outer membrane. To
our knowledge, this is the first case of a nonpigmented mutant of
P. gingivalis that was not caused by blocked secretion, loss of func-
tion in the gene encoding the CTD cleavage enzyme, or the ab-
sence of A-LPS on the cell surface.
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