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Arg-gingipain (Rgp) and Lys-gingipain (Kgp) are Porphyromonas gingivalis cysteine proteinases implicated
as major virulence factors in pathologies of periodontitis. We purified a 660-kDa cell-associated gingipain
complex existing as a homodimer of two catalytically active monomers which comprises their catalytic and
adhesin domains. Electron microscopy revealed that the complex was composed of a globular particle with a
10-nm external diameter possessing one or two electron-dense hole-like structures. Two-dimensional gel
electrophoresis and immunoblot analyses revealed the association of lipopolysaccharide (LPS) with the
catalytic domains and a hemagglutinin domain, Hgp44, of Rgp and Kgp in the complex. The complex
significantly degraded human type I collagen and elastin and strongly disrupted viability of human gingival
fibroblasts and umbilical vein endotherial cells with an efficiency which was higher than that of the monomeric
gingipains. The native complex produced only a small amount of nitrogen dioxide, tumor necrosis factor alpha,
and interleukin-6 by macrophages, whereas the heat-denatured complex resulted in increased production.
Inhibition of the proteolytic activities of the gingipain complex did not up-regulate the cytokine production,
indicating that the functional domains in LPS are structurally masked by the complex proteins. These results
indicate the importance of the complex in evasion of host defense mechanisms as well as in host tissue
breakdown.

Gingipains are cysteine proteinases produced by Porphy-
romonas gingivalis, a gram-negative anaerobic bacterium asso-
ciated with some types of periodontitis including chronic adult
and progressive periodontitis (1, 14, 16, 18–20, 36, 38, 42).
Gingipains are composed of Arg-specific (Arg-gingipains
[Rgps]) and Lys-specific (Lys-gingipain [Kgp]) endopeptidases.
Rgps are encoded by two rgp genes (rgpA and rgpB) (13, 24, 26,
27, 32, 35), whereas Kgp is encoded by a single kgp gene (33,
34). rgpA and rgpB are essentially identical, except that rgpB
lacks most of the C-terminal adhesin domains of rgpA. Inter-
estingly, the C-terminal adhesin domains of rgpA and kgp are
highly homologous, although the propeptide and proteinase
domains have no sequence similarity (21, 33, 36). Using various
Rgp- and/or Kgp-deficient mutants as well as soluble gingi-
pains purified from the culture supernatant of P. gingivalis
strains, the virulence of the bacterium has been shown to be
exclusively attributable to gingipains (1, 20, 26–28). These in-
clude extensive degradation of various host proteins including
collagen, fibronectin, and fibrinogen (1, 20, 34), cytokines such
as interleukin-6 (IL-6), IL-8, and tumor necrosis factor alpha
(TNF-�) (7, 10, 31), complement factors C3 and C5 (47), and
immunoglobulins (1, 20); disruption of the bactericidal activity
of polymorphonuclear leukocytes (1, 20, 26); and strong induc-
tion of human fibroblast (3, 4) and human umbilical vein en-
dothelial cell (HUVEC) (5) death. In addition, gingipains are

also shown to be important for the bacterium to proliferate and
survive in the periodontal pockets (26, 34, 39). The pathophys-
iological importance of gingipains has been further substanti-
ated by newly developed gingipain inhibitors (22).

Gingipains are produced as secreted or membrane-associ-
ated forms on the cell surface (37, 41). The cell-associated
gingipains comprise the majority (�80%) of Rgp and Kgp
activities (unpublished data) and are thus believed to be re-
sponsible for the virulence of the bacterium. Accordingly, the
characterization and subsequent control of the cell-associated
gingipain complex are thought to be the most promising ther-
apeutic approaches for periodontitis and related systemic
disorders including atherosclerosis and premature birth. Re-
cently, Bhogal et al. (8) demonstrated a �300-kDa cell-asso-
ciated gingipain complex composed of both catalytic domains
(PrtR45 and PrtK48) and seven C-terminal hemagglutinin/
adhesin domains (PrtR44, PrtR15, PrtR17, PrtR27, PrtK39,
PrtK15, and PrtK44) encoded by two genes, prtR (rgpA) and
prtK (kgp), in the cell sonicate of P. gingivalis. Whereas the
structures of the gingipain complexes were well defined in the
previous study, the functional significances of the complexes
are incompletely understood.

Lipopolysaccharide (LPS), a component of the outer mem-
brane of gram-negative bacteria, is a potent virulence factor
causing toxic shock in the host (25). It has previously been
shown that several proteins in P. gingivalis, including RgpB,
RgpAA4 (Hgp27), and uncharacterized proteins P59 and P27,
are modified with LPS (45). LPS is known to stimulate host
cells mainly via the Toll-like receptor 4 (TLR4)/MD-2 path-
way. However, previous studies have demonstrated that unlike
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enterobacterial LPS, P. gingivalis LPS uses TLR2 to induce
innate immune responses in both human and mouse macro-
phages (15, 23). It has also previously been reported that P.
gingivalis LPS is able to suppress the biological activity of
TLR4 agonists (11, 48). Furthermore, the production of cyto-
kines induced by P. gingivalis LPS has been shown to be neg-
ligible when compared with that of Escherichia coli LPS (15).

In the present study, we obtained a large cell-associated
gingipain complex by detergent extraction. The purified gingi-
pain complex was found to be modified by LPS. Nevertheless,
LPS in the complex was barely able to stimulate human and
mouse macrophages. Thus, the critical features of the gingi-
pain complex, including high cytotoxicity, marked degradation
of matrix proteins, and evasion of the host immune response,
which are closely related to the virulence of the bacterium,
were demonstrated.

MATERIALS AND METHODS

Chemicals. Synthetic chromogenic substrates and protease inhibitors were
purchased from the Peptide Institute (Osaka, Japan). HUVEC and gingival
fibroblasts (Gin-1) were from Cell Applications Inc. and Dainippon Pharmaceu-
tical Co. (Osaka, Japan). Human monocytic leukemia THP-1 cells were a kind
gift from Hideaki Sakai, Nagasaki University, Nagasaki, Japan. Sucrose mono-
laurate and Detergent Starter Kit II were from DOJINDO (Kumamoto, Japan).
A monoclonal antibody that recognizes lipid A of LPS was from HyCult Bio-
technology B.V. (Uden, The Netherlands). Rgp- and Kgp-specific inhibitors,
designated KYT-1 and KYT-36, respectively, were synthesized by procedures
described previously elsewhere (22). All other chemicals were reagent grade or
better.

Bacteria and culture conditions. P. gingivalis ATCC 33277 was used as a
wild-type strain. The Rgp-deficient (rgpA rgpB-deficient) mutant and the Kgp-
deficient (kgp-deficient) mutant were described previously (26, 35, 39). The
wild-type strain and these mutants were grown under anaerobic conditions (10%
CO2, 10% H2, 80% N2) in enriched brain heart infusion broth at 37°C. Eryth-
romycin (10 �g/ml) and tetracycline (1 �g/ml) were added to the medium if
necessary.

Determinations. Proteolytic activities of Rgp and Kgp were determined with
benzyloxycarbonyl (Z)-Phe-Arg-4-methyl-7-coumarylamide (MCA) and Z-His-
Glu-Lys-MCA as the respective substrates, as described previously (2, 20). One
unit of each enzyme activity was defined as the amount of enzyme required for
the release of 1 nmol of 7-amino-4-methylcoumarin/ml per min under the con-
ditions used.

The collagenolytic activity assay was performed as previously described (6),
with some modifications. Samples were added to a 96-well plate which was
precoated with 500 �g of fluorescein isothiocyanate (FITC)-labeled type I col-
lagen/ml and incubated for 6 h at 37°C. The inhibitor cocktail containing leu-
peptin (10 mM), EDTA (10 mM), and tosyl-L-phenylalanine chloromethyl ke-
tone (1 mM) was then added to terminate the reaction, and the solubilized
gelatin fragments were measured by using a Wallac 1420 ARVOsx (excitation
and emission maxima at 490 and 535 nm, respectively; PerkinElmer). Collage-
nase from Clostridium histolyticum (type I; Sigma) was used as a positive control.

Elastolytic activity was assessed by an elastin-fluorescein (200/400 mesh) deg-
radation assay as previously described (30), with some modifications. The sam-
ples were incubated with 10 �l of elastin-fluorescein (5 mg/ml) in 10 mM phos-
phate buffer, pH 7.5, containing 0.5 mM CaCl2, 0.2 mg of bovine serum albumin/
ml, 5 mM cysteine, and 0.025% sucrose monolaurate at 37°C for 2 h with rapid
shaking. Ten microliters of 0.2 M EDTA and 10 mM tosyl-L-phenylalanine
chloromethyl ketone was then added to the reaction mixtures and centrifuged at
8,000 � g rpm for 10 min. The fluorescence intensity in the supernatant was
measured at an excitation wavelength of 490 nm and an emission wavelength of
535 nm.

Quantities of cytokines and nitrogen dioxide (NO2) were measured as follows.
The cells were exposed to the freshly prepared or heat-denatured cell-associated
gingipain complex (4 ng/well) in the medium at 37°C for 24 h. At the end of the
incubation period, the supernatants were collected and analyzed. IL-6 and
TNF-� were measured by enzyme-linked immunosorbent assay with specific
reagent for each cytokine (BIOSOURCE, Camarillo, Calif.) according to the

manufacturer’s instructions. NO2, the end product of NO, was quantified using
an NO2/NO3 Assay Kit-F II (DOJINDO).

Purification of the cell-associated gingipain complexes. The purification steps
are shown in Table 1. P. gingivalis cells were harvested by centrifugation at 10,000
� g for 20 min at 4°C and washed twice with phosphate-buffered saline (PBS). All
steps were carried out at 4°C unless stated otherwise. The washed cells were
resuspended in 0.5% sucrose monolaurate–PBS and allowed to stand for 3 h.
After centrifugation at 105,000 � g for 30 min, the supernatant was filtered (0.22
�m) prior to gel filtration fast-performance liquid chromatography. The filtrate
was applied to a column (1.8 by 70 cm) containing Sephacryl S-300 (Amersham
Biosciences) that had been equilibrated with 20 mM sodium phosphate buffer
containing 0.15 M NaCl and 0.5% sucrose monolaurate. The column was washed
at a flow rate of 0.3 ml/min. The active enzyme fractions for Rgp and Kgp were
pooled and concentrated. The enzyme solution containing both activities was
passed through a column (2 by 6 cm) containing DEAE-Sepharose (Amersham
Biosciences) equilibrated with the same buffer. After washing the column with
the buffer, the adsorbed proteins were eluted by a stepwise gradient of NaCl (0,
0.1, 0.2, 0.3, and 0.5 M) in the buffer. The active enzyme fractions eluted at 0.2
M NaCl, which contained both Rgp and Kgp activities, were collected and
concentrated by ultrafiltration (Centriprep YM30; Amicon). The enzyme solu-
tion was applied to a gel filtration column (2.6 by 60 cm) containing Superdex 200
(Amersham Pharmacia) equilibrated with 20 mM sodium phosphate buffer con-
taining 0.15 M NaCl and 0.5% sucrose monolaurate. The column was washed at
a flow rate of 1.1 ml/min. The active enzyme fractions were pooled and concen-
trated.

Purification of monomeric Rgp and Kgp. Monomeric Rgp and Kgp were
purified from the supernatants of P. gingivalis KDP129 and KDP133, respec-
tively, according to methods previously reported (1, 20, 26, 35).

Antibodies. His6-tagged recombinant proteins of the proteinase domain,
Hgp44, Hgp15, Hgp17, and Hgp27 of RgpA were overexpressed in E. coli BL21
carrying expression plasmids. The expression plasmids were constructed as fol-
lows: DNA for each domain of RgpA was amplified by PCR with various primers
using P. gingivalis ATCC 33277 chromosomal DNA as a template (Fig. 1). The
nucleotide sequences of the primers were as follows: 5�-ATCCATATGAAAA
ACTTGAACAAGTTTGTTTCG-3� and 5�-AATGGATCCCGAAGAAGTTC
GGGGGCATCGCTG-3� for the proteinase domain of RgpA, 5�-GAATTCAG
CGGTCAGGCCGAGATTGTTC-3� and 5�-AAGCTTGCGCTTGCCGTTGG
CCTTGATC-3� for Hgp44, 5�-GAATTCGCAGACTTCACGGAAACGTTC
G-3� and 5�-AAGCTTTTTGGCGCCATTGGCTTCCGT-3� for Hgp15, 5�-GA
ATTCCCTCAAAGTGTATGGATCGAGC-3� and 5�-AAGCTTACGTACAT
CGTTTGCAGGTTCG-3� for Hgp17, and 5�-GAATTCGCCAACGAAGCCA
AGGTTGTGC-3� and 5�-AAGCTTCTTTACAGCGAGTTTCTCTACG-3� for
Hgp27. The PCR products shown by arrows in Fig. 1 were inserted into the
pGemT vector (Promega) and confirmed the sequences. The plasmids carrying
hgp44, hgp15, hgp17, and hgp27 genes were digested with EcoRI and HindIII, and
the plasmid of the proteinase domain gene was digested with NdeI and BamHI.
The resulting DNA fragments were inserted into plasmid pET28a digested with
the same restriction enzymes. His-tagged recombinant proteins were purified by
using a HiTrap Chelating Sepharose column (5 ml; Amersham Pharmacia Bio-
tech) loaded Ni2� ions. Polyclonal antibodies to these recombinant proteins and
the synthetic peptide NH2-DVYTDHGDLYNTPVRMC-COOH corresponding
to the N-terminal 16-amino-acid sequence of the proteinase domain of Kgp were
raised in rabbits. The immunoglobulin G fraction from each of these antisera was
prepared by ammonium sulfate fractionation followed by protein A-Sepharose
affinity chromatography.

Binding to lipids in liposomes. Various synthetic phospholipids were solubi-
lized in chloroform (10 mg/ml) and dried under nitrogen atmosphere and then
suspended in 20 mM sodium phosphate buffer, pH 7.0, containing 0.15 M NaCl
and 0.5% sucrose monolaurate. The suspension was dispersed by use of a bath

TABLE 1. Purification of the gingipain complexes
from P. gingivalisa

Purification step Rgp spec act (U/mg) Kgp spec act (U/mg)

Soluble extract 3,003 576
Sephacryl S-300 8,688 1,747
DEAE-sepharose 5,893 3,488
Superdex 200 9,976 7,880

a One unit (U) is defined as the amount of each enzyme required to release 1
nmol of MCA/min from respective substrates (2, 20).
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sonicator and incubated for 30 min at room temperature. For preparation of lipid
vesicles, the sonicated sample was diluted rapidly 100 times with 20 mM sodium
phosphate buffer, pH 7.0, containing 0.15 M NaCl. Both the cell-associated
gingipain complex and the monomeric enzymes were added to lipid vesicles with
or without 1 mM Ca2� and incubated for 1 h on ice. Lipid vesicles were then
collected by centrifugation at 105,000 � g for 30 min at 4°C, and the amounts of
the bound enzymes were determined.

Culture conditions of HUVEC, Gin-1, and THP-1. HUVEC were grown in
MCDB 151 medium (Sigma, St. Louis, Mo.) supplemented with 0.1% NaHCO3,
15% fetal bovine serum (FBS), 10 ng of recombinant acid fibroblast growth
factor/ml, 10 �g of heparin/ml, and 60 �g of kanamycin/ml in humidified 5% CO2

at 37°C. Gin-1 was grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, 1% penicillin-streptomycin, and 1% L-glutamine in humidified
5% CO2 at 37°C. THP-1 cells were maintained in RPMI 1640 medium (GIBCO,
Auckland, New Zealand) supplemented with 10% heat-inactivated FBS and 100
U of penicillin/ml and 100 �g of streptomycin/ml at 37°C and 5% CO2. THP-1
cells were then differentiated for 72 h in the presence of 10 ng of phorbol
12-myristate 13-acetate/ml, washed three times, and rested overnight.

Assessment of cell viability. HUVEC monolayers and Gin-1 cultured over-
night in each medium containing 15 and 10% FBS in 96-well microtiter plates
were changed with each medium in the absence of FBS with or without the
purified complex or the monomeric form of either Rgp or Kgp and then incu-
bated up to 7 and 24 h, respectively. A total of 2.7 units of Rgp and 2.4 units of
Kgp, based on units required for the release of synthetic substrate described
above, were used for each cell. Viability of the cells was measured with Cell
Counting Kit 8 (DOJINDO) as described previously (3–5).

Preparations of peritoneal macrophages. Peritoneal cells were collected from
inbred 8- to 12-week-old mice (C57BL/6 and LPS-nonresponsive C3H/HeJ) that
had been intraperitoneally injected with 2 ml of 4% thioglycolate before 4 days
by lavage of the peritoneal cavity with 10-ml portions of saline. The cell suspen-
sion was dispensed into plastic petri dishes. After incubation at 37°C for 1 h, the
nonadherent cells were removed, and the remaining macrophage monolayers
were rinsed three times with saline before fresh RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS, 50 U of penicillin/ml, and 50 �g of
streptomycin/ml was added. The macrophages were cultivated overnight at 37°C
to give a uniform monolayer of well-spread cells composed of more than 95%
macrophages.

Electron microscopy. The purified membrane-associated enzyme complex ab-
sorbed to glow-discharged carbon-coated grids was washed twice with distilled
water, blotted with filter paper, and then negatively stained with 0.5% uranyl
formate for 30 to 60 s. The sample was analyzed with a JEM 2000EX electron
microscope (JEOL Co., Ltd., Akishima, Japan) at 100 kV.

Two-dimensional electrophoresis. IPG strips, pH 4 to 7 (Amersham Pharma-
cia Biotech), were rehydrated with gingipain complex for 12 h at room temper-
ature. Isoelectric focusing was performed with a Multiphor II (Amersham Phar-
macia Biotech) for a total of 8 kVh at 20°C. Strips were equilibrated for 15 min
in 50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 1% sodium dodecyl sulfate
(SDS), and 64 mM dithiothreitol and were then equilibrated for 15 min in the
same buffer containing 135 mM iodoacetamide instead of dithiothreitol. Equil-
ibrated IPG strips were transferred onto 10% polyacrylamide gels. SDS gels were
electroblotted onto nitrocellulose membranes. Membranes were incubated with

various primary antibodies (anti-Rgp, -Kgp, -Hgp44, or -Hgp27 or lipid A anti-
body) and visualized.

RESULTS

Characterization of a cell-associated gingipain complex ob-
tained by detergent solubilization. Gingipains exist mainly as
cell-associated forms and partially as secreted forms. Several
reports referred to the cell-associated gingipain complexes that
were isolated by use of French press or sonication to release
them from the bacterial cell surface. We adopted detergent
solubilization to obtain the intact complexes comprising whole
components. Various agents were tested for solubilization of
the cell-associated gingipain activities. Both Rgp and Kgp ac-
tivities were most effectively extracted from the bacterial cell
surface with sucrose monolaurate, a nonionic detergent (Fig.
2). The extracted gingipain complexes were subsequently pu-
rified to homogeneity by conventional column chromatography
(Table 1). The detergent-soluble fractions of P. gingivalis cells
were subjected to gel filtration with Sephacryl S-300. The frac-
tion of the major peak of proteolytic activity that contained 60
and 64% of the total cell-associated Rgp and Kgp, respectively,
was applied to DEAE anion exchange chromatography. The
fractions eluted by 0.2 M NaCl were applied to gel filtration
columns containing Superdex-200. Both Rgp and Kgp activities
were eluted at the same fraction of molecular mass of approx-
imately 600 kDa, the fraction used as the cell-associated gin-
gipain complex. During the purification steps, a major peak of
Kgp activity was eluted, accompanied by Rgp activity. Coim-
munoprecipitation assays using anti-Rgp and anti-Kgp anti-
bodies revealed that both Rgp and Kgp were recovered in the
same fraction (data not shown). As shown in Fig. 3A, the final
preparation of the gingipain complex exhibited a broad but
apparent single protein band with a molecular mass of 660 kDa
with native polyacrylamide gel electrophoresis (PAGE), coin-
cidently 400 to 700 kDa by gel filtration. Bhogal et al. (8)
reported that the Rgp-Kgp complex purified from the soluble
fraction extracted by sonication showed a molecular mass of
300 kDa, which was much smaller than that obtained in this
study. When the gingipain complex was analyzed by SDS-
PAGE, it contained seven apparent protein bands at 51, 44, 43,
39, 19, 17, and 14 kDa and faint diffuse band at 55 to 75 kDa

FIG. 1. Schematic representation of preparation of recombinant proteins of the proteinase and adhesin domains of RgpA. The DNA for each
domain of RgpA was amplified by PCR with primers (arrows) using P. gingivalis ATCC 33277 chromosomal DNA as a template. The PCR products
were inserted into plasmid pET28a. The numbers in the RgpA structure indicate the predicted amino acid residues assigned based on its nucleotide
sequence.
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(Fig. 3B). From immunoblot analyses with antibodies against
the recombinant proteins including the catalytic domains of
Rgp and Kgp and C-terminal adhesin domains of RgpA and
Kgp, the eight protein bands were identified as Kgp (51 kDa),
Rgp (43 kDa), Hgp44 (44 and 39 kDa), Hgp15 (19 kDa),
Hgp17 (17 and 14 kDa), and Hgp27 (55- to 75-kDa smear
band). This result indicates that components of the purified
gingipain complex were similar to those of the complex previ-
ously described (8), except for the higher molecular mass of
Hgp27. In spite of similar constituents, the molecular mass of
the complex is twice that found by Bhogal et al. (8). The
discrepancy may be due to differences in the extraction meth-
ods of the complex from the cells. In fact, the 660-kDa complex
extracted by sucrose monolaurate was dissociated into a 200-
to 300-kDa complex by sonication (data not shown). The 660-
kDa complex is thus thought to be a dimer of the 300-kDa
form.

To further investigate the homogeneity and structural char-
acteristics of the purified gingipain complex, the complex was
imaged by electron microscopy after negative staining with
uranyl formate (Fig. 3C). Homogeneous globular-shaped par-
ticles containing one or two electron-dense hole-like parts
were observed. The external diameter of the complex was
estimated to be approximately 10 nm.

Intense degradation of collagen and elastin by the complex.
The gingipain complex contains C-terminal adhesin domains
as well as Rgp and Kgp catalytic domains. Since the adhesin

domain has been implicated as the “hemagglutination” and
“hemoglobin-binding” domain, these domains are presumably
important for a protease-substrate interaction in the complex
(28, 36). When enzymatic properties were compared, no sig-
nificant differences between the purified gingipain complex
and the monomeric forms of Rgp and Kgp were found in
substrate specificity toward synthetic substrates, optimal pH,
thermal stabilities, and inhibitor profiles (data not shown).
However, the complex exhibited several distinctive features.
The rate of activation of Rgp by Ca2� and Mg2� was markedly
greater for the complex form (314% by Ca2� or Mg2�) than
for the monomeric form (133% by Ca2� and 139% by Mg2�).
Although the degradation profiles of human soluble proteins
such as fibronectin, fibrinogen, and gamma globulin were not
different between the complex form and the combination of
monomeric forms, the complex exhitied proteolytic activity
against FITC-labeled human type I collagen which was more
than fivefold more intense than that exhibited by the combined
use of monomeric Rgp and Kgp (Fig. 4A). The degradation of
collagen by the complex was most strongly inhibited by a com-
bined action of Rgp- and Kgp-specific inhibitors (KYT-1 plus
KYT-36), indicating that Rgp and Kgp are responsible for
degradation of collagen. The collagenolytic activity of the gin-
gipain complex exhibited 12.5-fold-higher specific activity than
collagenase from C. histolyticum. The complex also showed a
1.75-fold-greater degradation against elastin-fluorescein than
the combined use of monomeric enzymes (Fig. 4B). The results

FIG. 2. Solubilization of cell-associated gingipain complexes with various detergents. P. gingivalis bacterial cells were incubated with 20 mM
phosphate buffer containing various detergents at 4°C for 3 h. After incubation, the solubilized materials were collected by centrifugation at 100,000
� g for 30 min. The Rgp (open column) and Kgp (closed column) activities in the supernatant fraction were determined. The values are expressed
as the percentages of the maximum activities obtained with 0.5% sucrose monolaurate. CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate; CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate; BIGCHAP, N,N-bis(3-D-gluconamido-
propyl)cholamide.
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strongly suggested the assistance of adhesin domains for the
catalytic domain to exhibit potent proteolytic activity and the
importance of the gingipain complex in periodontal tissue
breakdown.

Enhanced cytotoxicity of gingipains by complex formation.
We previously reported that Rgp is responsible for the loss of
adhesion activity and viability of human gingival fibroblasts
(Gin-1) (3) and HUVEC (4, 5) induced by the culture super-
natant of P. gingivalis. To investigate the effect of the cell-
associated complex on viability of host cells, the purified gin-

gipain complex, monomeric Rgp, monomeric Kgp, or the
combination of monomeric Rgp and Kgp was added to cultures
of Gin-1 and HUVEC. After 24 h of incubation, the complex
induced a loss of viability of approximately 60% for Gin-1 (Fig.
5A), while the monomeric Rgp and Kgp induced only 20 and
10% cell death, respectively. With the combination of Rgp and
Kgp, the extent of the viability loss was halted to 30%, which
corresponded to the sum of effects of the respective enzymes.
Obviously, the complex exhibited greater cytotoxicity than the
monomeric enzymes. Similar results were obtained with

FIG. 3. Nondenatured polyacrylamide gel electrophoresis (A) and SDS-PAGE (B) followed by immunoblot analyses, and electron micrograph
(C) of the final preparation of the cell-associated gingipain complex. (A) The final preparation of the cell-associated complex (27.5 �g) was
examined by nondenatured PAGE containing 0.5% sucrose monolaurate, and the gel was then stained with SYPRO Red. For immunoblot analysis,
the proteins separated by nondenatured PAGE were transferred onto a nitrocellulose membrane and immunostained with polyclonal antibodies
that recognize the catalytic domains of both Rgp and Kgp. (B) The purified complex (3.5 �g) was boiled in an SDS-solubilizing buffer and separated
by SDS-PAGE. Proteins were visualized with SYPRO Red staining (left panel). The proteins separated in the gel were transferred onto
nitrocellulose membranes followed by immunostaining with polyclonal antibodies that recognize the catalytic domains of both Kgp and Rgp or
various adhesin domains of RgpA. Numbers indicate molecular masses of the corresponding protein bands. (C) The purified complex was
negatively stained with 0.5% uranyl formate and observed by electron micrography (magnification, �280,000). The bar corresponds to 25 nm.
Panels 1 to 3 were magnified images (magnification, �4,480,000).
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HUVEC (Fig. 5B). P. gingivalis binds to a variety of host and
bacterial cells through the C-terminal adhesin domains of
RgpA and Kgp, resulting in bacterial coaggregation, coloniza-
tion, and hemagglutination, which are important for invasion
into host cells and bacterial survival. The high cytotoxicity is
likely due to the existence of adhesin domains in the complex,
and they seemed to accelerate the affinity of Rgp and Kgp
catalytic domains for the host cells. To confirm this, we pre-
pared liposomes consisting of various phospholipids and ana-
lyzed their preference for the complex or monomeric gingi-
pains in the presence and absence of Ca2�. The monomeric
Rgp and Kgp had little if any effect on binding to all types of
liposomes regardless of the presence of Ca2� (Fig. 6). In con-
trast, the complex showed significant binding to some phos-
pholipids such as phosphatidylglycerol (PG), phosphatidyleth-
anolamine (PE), sphingomyelin (SM), phosphatidylserine
(PS), and phosphatidylcholine (PC) in the absence of Ca2�, as

revealed by both Rgp and Kgp activities associated with these
liposomes. The binding of the complex to PE-, SM-, and PS-
containing liposomes was significantly increased in the pres-
ence of Ca2�. The Ca2� ion is thought to be responsible for
stabilizing the conformation of the complex. These results in-
dicate that the complex binds to membranous lipids of host
cells and induces cell death.

Association of LPS to the complex. Recent studies using the
monoclonal antibody which recognizes sugar portions of LPS
have suggested that RgpB and Hgp27 are covalently modified
with LPS (12, 45). We thus examined whether the components
in the purified complex are associated with LPS. Immunoblot
analysis with the monoclonal antibody to lipid A after native
PAGE revealed the apparent association of LPS with the com-
plex (Fig. 7A). The band for the complex after native PAGE
was also stained with Sudan III, which selectively reacts with
lipid or lipid-containing molecule, suggesting the existence of
LPS in the complex. To assess which components of the com-
plex are modified with LPS, the components in the complex
were separated by SDS-PAGE and then stained with Sudan III
(Fig. 7B). Two protein bands with apparent molecular masses
of 51 and 43 kDa were detected with Sudan III. Furthermore,
the complex was subjected to two-dimensional PAGE followed
by immunoblot analyses with antibodies to lipid A, Kgp, Rgp,
Hgp44, and Hgp27 (Fig. 7C). Four protein spots were con-

FIG. 4. Degradation of human type I collagen (A) and elastin
(B) by the cell-associated complex and the monomeric forms of Rgp
and Kgp. FITC-labeled collagen and elastin-fluorescein were incu-
bated with the complex or the monomeric Rgp and/or Kgp in the
presence or absence of Rgp and/or Kgp inhibitors as described in
Materials and Methods. The collagenase from C. histolyticum was used
as the positive control with the same protein amount as the complex.
The values are expressed as a ratio to the activity obtained by treat-
ment with the combination of monomeric Rgp and Kgp. RK, a com-
bination of the monomeric forms of Rgp and Kgp; C, the complex; CL,
the complex in the presence of leupeptin; CK1, the complex in the
presence of KYT-1 (Rgp inhibitor); CK36, the complex in the presence
of KYT-36 (Kgp inhibitor); CK1/36, the complex in the presence of
KYT-1 and KYT-36; H, collagenase from C. histolyticum. *P � 0.05
and ***P � 0.005 compared with the value for the combination of
monomeric Rgp and Kgp.

FIG. 5. Cell viability of human gingival fibroblasts (A) and umbil-
ical vein endothelial cells (B) after treatment with the complex or the
monomeric forms of Rgp and Kgp. The cultures of Gin-1 and HUVEC
were incubated with the purified complex (containing 2.7 units of Rgp
activity and 2.4 units of Kgp activity) or the monomeric Rgp and Kgp
equivalent to Rgp and Kgp activities of the complex, respectively.
After incubation for 24 h (Gin-1) or 7 h (HUVEC), the cell viability
was analyzed by using Cell Counting Kit 8. R, Rgp; K, Kgp; RK, the
combined use of Rgp and Kgp; C, the purified complex. *P � 0.05, **P
� 0.01, and ***P � 0.005 compared with the value for the complex.
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firmed to show reactivity with anti-LPS antibody. Two of the
spots clearly reacted with antibodies which recognized catalytic
domains of Rgp (closed arrowhead) and Kgp (open arrow-
head). The other two spots exhibited the reactivity with anti-
Hgp44 and anti-Hgp27 antibodies. Considering the molecular
masses of the bands, they correspond to Hgp44 derived from
RgpA (asterisk) and from Kgp (arrow). In this study, we could
not detect the obvious reactivity between Hgp27 and anti-lipid
A antibody.

Inactivation of LPS by gingipains and/or adhesins in the
complex. LPS stimulates host cells and induces the expression
of cytokines such as TNF-�, IL-1, IL-6, and IL-12 that are
important in the host response to infection. Since the purified
complex included LPS, the effect of the complex on cytokine
production from host cells was investigated. To represent the
in vivo situations, the following experiments were performed in
the presence of 10% fetal bovine serum. Treatment of mouse
peritoneal macrophages with the gingipain complex induced
only a small amount of NO2 production (�2 �M) (Fig. 8A).
Upon treatment with heat-inactivated complex, however, mac-
rophages produced a high amount of NO2 (�11 �M). Protein-
ase K treatment of the complex also up-regulated the produc-
tion of NO2 by macrophages (data not shown). We then
examined whether the proteolytic activities in the native com-
plex participated in the down-regulation of LPS activity. Even
in the presence of protease inhibitor leupeptin, the complex
was confirmed to show little stimulatory activity to macro-
phages. In addition, the mixture of Rgp, Kgp, and LPS ex-
tracted from P. gingivalis by the hot phenol-water method (46)
showed a strong NO2-inducing effect corresponding to LPS
alone. Accordingly, it seemed that gingipains and/or adhesins

in the complex could mask the LPS activity through nonpro-
teolytic actions. To further confirm this, we used human phor-
bol 12-myristate 13-acetate-differentiated THP-1 macrophage
(Fig. 8B). Similarly, TNF-� was markedly released from
THP-1 cells upon treatment with the heat-denatured complex,
whereas this cytokine was barely induced upon treatment with
the native complex.

LPS derived from P. gingivalis is known to antagonize E. coli
LPS-dependent activation of human endotherial cells through
competition at the TLR4 signaling complex (11, 48). In con-
trast, the lipid A molecule of P. gingivalis is shown to activate
cells through TLR4 and the MyD88-dependent signaling path-
way (29). Next, we investigated whether LPS derived from P.
gingivalis, like that from E. coli, was correctly recognized by
TLR4. The peritoneal macrophages isolated from both
C57BL/6 and LPS-hyporesponsive C3H/HeJ mice harboring a
point mutation in the tlr4 gene (17) were incubated with the
native or heat-denatured complex for 24 h. Macrophages from
C57BL/6 mice incubated with the heat-denatured complex
showed 3.5-fold-higher production of NO2 than that of the
native complex (Fig. 8C). Similarly, the heat-denatured com-
plex induced the enhanced production of both TNF-� and IL-6
by macrophages with much higher efficiency than the native
protein. However, the production of NO2, TNF-�, and IL-6 by
macrophages derived from C3H/HeJ mice was low or unde-
tectable even upon treatment with the native or heat-dena-
tured complex. This finding provides clear evidence that P.
gingivalis LPS can be recognized by TLR4 but that the LPS
domain responsible for interaction with TLR4 would be
masked with the protein components of the complex. P. gingi-
valis might escape from recognition by inflammatory cells

FIG. 6. Association of the complex with various phospholipids on liposomes. The purified complex and the monomeric forms of Rgp and Kgp
were incubated with equal amounts of various liposomes at 4°C for 1 h in the presence or absence of 1 mM Ca2�. The liposomes were then
collected by centrifugation at 105,000 � g for 30 min and resuspended in PBS. The Rgp and Kgp activities bound to liposomes were measured.
The values were expressed as percentages of the total activities of both enzymes used. PG, phosphatidylglycerol; PE, phosphatidylethanolamine;
SM, sphingomyelin; PS, phosphatidylserine; PC, phosphatidylcholine; PI, phosphatidylinositol; PA, phosphatidyc acid; Car, cardioliopin; Cer,
cerebrosides.
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through this strategy. Recently, Calkins et al. (10) reported
that TNF-� treated by gingipains was inactivated due to rapid
degradation. Sugawara et al. (43) reported that CD14 on hu-
man monocytes was decreased by incubation with gingipains.
We then examined whether the complex degradation produced
TNF-�. Since the enzymatic activities of gingipains were not
detectable under the experimental conditions in the presence
of 10% serum, the decreased cytokine levels by the complex
are unlikely induced by degradation of CD14 or cytokines. To
exclude the possibility that the masked LPS is observed only in
the purified complex, we examined the cytokine production by
macrophages incubated with whole P. gingivalis cells or cell
sonicate (Fig. 9). Upon stimulation of intact bacterial cells, the
peritoneal macrophages produced a small amount of NO2, up
to 2 �M. Mild heat treatment of the bacterium at 55°C, by
which bacterial proteins were denatured but intracellular pro-
teins were not leaked out, resulted in approximately 4 �M NO2

production. Degradation of bacterial surface proteins by pro-
teinase K increased NO2 production by macrophages to 5 �M.
LPS on the bacterial surface appears to be exposed by these
treatments, thereby resulting in the stimulation of host cells.
The bacterial cell sonicate induced the most potent NO2 pro-
duction by the macrophages, probably due to the dissociation
of protein components and LPS. Thus, the characteristic struc-
ture and features observed in the purified complex seem to
represent the native gingipain complex in the bacterial cells.

DISCUSSION

Previously, Bhogal et al. (8) demonstrated the purification of
a 300-kDa complex comprising eight protein subunits including
catalytic and adhesin domains of RgpA and Kgp. The protein
composition of the complex isolated by those authors appeared
similar to that purified in this study except that the molecular
mass of Hgp27 was much higher in the complex reported here
than in the one reported previously. The predicted molecular
mass of the present complex is estimated to be 294 to 323 kDa
by assuming that the complex contains a single molecule for
each subunit, which is in good agreement with that of the
previous complex. The twofold-higher molecular mass of the
complex reported here suggests dimerization of the 300-kDa
complex. The discrepancy in the molecular mass may be due to
the difference in the extraction methods. The sonication ex-
tract used in the previous study may dissociate a naturally
occurring complex on the bacterial cells into basic units. In-
deed, the 660-kDa complex extracted by sucrose monolaurate
was dissociated into a 200- to 300-kDa complex by sonication.
When the complex was treated with nonspecific phospholipase
C from Bacillus cereus prior to native PAGE, the intensity of
SYPRO Red staining was increased (unpublished data). Upon
phase separation with Triton X-114 according to the method of
Bordier (9), which separates amphiphilic integral membrane
proteins and hydrophobic proteins into aqueous and detergent

FIG. 7. Modification of the cell-associated gingipain complex by attachment of LPS. (A) The purified complex was applied to native
polyacrylamide gels. The proteins separated on the gel were then transferred to nitrocellulose membranes and immunostained with the monoclonal
antibody to lipid A of LPS. (B) The complex was subjected to SDS-PAGE and stained with Sudan III. (C) The complex was subjected to
two-dimensional PAGE followed by immunoblot (IB) analyses. Upper panel, anti-lipid A antibody; middle panel, antibodies recognizing the
catalytic domains of both Kgp and Rgp; bottom panel, a combination of anti-Hgp44 antibodies and anti-Hgp27 antibodies, respectively.
Immunoreacting spots to anti-lipid A antibody are coincident with the catalytic domains of Rgp (43 kDa) (closed arrowheads), Kgp (51 kDa) (open
arrowheads), Hgp44, (asterisks), and Hgp39 (arrow).
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phases, respectively, more than 80% of proteolytic activities of
both Rgp and Kgp in the complex were recovered in the de-
tergent phase (unpublished data). In contrast, the monomeric
forms of Rgp and Kgp were found in the aqueous phase under
the same conditions. Taken together, these results indicate
that the complex undergoes lipophilic modifications. This
modification might contribute to dimerization of the 300-kDa
complex.

We also demonstrated that the complex was modified with
LPS through attachment to the protease and Hgp44 domains
of Rgp and Kgp. Recent studies using the monoclonal antibody

which recognizes sugar portions of LPS have suggested that
membrane-associated forms of RgpA, RgpB, and Hgp27 are
posttranslationally modified by LPS (12, 45). However, we
could not detect the obvious reactivity between the monoclonal
antibody to the backbone of lipid A and Hgp27. This result
may be due to differences in the antibodies or in the samples
used for immunoblot analysis. The crude cell sonicate or outer
membrane fraction was used in the previous studies, whereas
the purified complex was used in this study. Considering mo-
lecular size determined by SDS-PAGE, the protease domain of
Rgp in the complex which reacted with anti-lipid A antibody
was thought to be derived from RgpA; however, we cannot
rule out the possibility that it came from rgpB, which is essen-
tially identical to rgpA except for the lack of a 3� region cor-
responding to C-terminal adhesin domains. Shoji et al. (40)
reported that the porR mutant of P. gingivalis, which is defec-
tive in biosynthesis of sugar portions of cell surface polysac-
charides, shows the preferential presence of Rgp in culture
supernatant. Accordingly, the modification by LPS may con-
tribute to the anchorage of the complex to the cell surface.
RgpA and Kgp are synthesized as nascent precursor proteins
containing an N-terminal prodomain, a protease domain, and
C-terminal domains in the cytosol. They are likely transported
across the inner membrane via an Sec translocon, because both
RgpA and Kgp possess a signal sequence-like domain at their
N termini and because P. gingivalis has homologs of E. coli
secA, secD, secF, and secY. They are then transported through
the outer membrane to the surface by an unidentified pathway.
On the cell surface (or in periplasm), RgpA and Kgp are
proteolytically processed, modified by LPS, and formed to the

FIG. 8. Production of NO2, TNF-�, and IL-6 from macrophages upon treatment with the complex. (A) NO2 production from macrophages
treated with the complex, LPS, or a combination of Rgp and Kgp was measured. N, native complex; 60, the complex incubated at 60°C for 30 min;
B, the boiled complex; L, 1 ng of LPS/ml; LRK, a mixture of LPS, Rgp, and Kgp. The cells were treated with the complex in the absence (black
and gray columns) and presence (open columns) of 1 mM leupeptin. (B) TNF-� from THP-1 cells. THP-1 cells were incubated with the native
(N) or boiled complex (B) for 24 h, and TNF-� in the medium was then measured. (C) The production of NO2, TNF-�, and IL-6 by macrophages
of C57BL/6 mice (a, b) and C3H/HeJ mice (c, d) (n � 5) upon treatment with the native complex (open column) or heat-denatured complex (4
ng/well) (closed column) for 24 h in the presence (for NO2) and absence (for TNF-� and IL-6) of gamma interferon (100 U/ml) was analyzed.

FIG. 9. Production of NO2 by mouse peritoneal macrophages in-
cubated with P. gingivalis. Macrophages were incubated with various P.
gingivalis cells in the presence of gamma interferon (100 U/ml). N,
intact cells; 55, P. gingivalis treated at 55°C for 20 min; PK, P. gingivalis
treated with proteinase K (0.5 mg/ml) at 37°C for 30 min; S, P. gingi-
valis sonicate. After 24 h of incubation, NO2 released into the medium
was measured. *P � 0.05 compared with the value obtained with intact
P. gingivalis (N).
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mature complex. As shown by electron microscopy, the com-
plex is composed of a globular particle with an external diam-
eter of 10 nm which contains one or two hole-like structures on
the bacterial surface.

The proteolytic activities of the purified complex toward
collagen and elastin were very high, whereas those of the mo-
nomeric forms of Rgp and Kgp were relatively low (Fig. 4).
The Km values for synthetic peptide substrates of the complex
were not changed from those of monomeric forms (data not
shown). The results thus suggest that the adhesin components
raise the affinity of the catalytic domains to these proteins. The
complex induced cell death in human gingival fibroblasts and
HUVEC with higher efficiency than the combined use of mo-
nomeric Rgp and Kgp by a similar effect of adhesins (Fig. 5).
We mimicked the adhesion of the complex to cells by using an
in vitro liposome-binding experiment (Fig. 6). The monomeric
Rgp and Kgp showed little or no binding to any types of
liposomes; however, the complex showed significant binding to
liposomes consisting of PG, PE, SM, PS, or PC. Eukaryotic
plasma membranes preferentially include PC and SM on the
outside. Bacterial cytoplasmic membranes are mainly com-
posed of PE and PG. These results indicate that the complex
binds directly to membranous lipids of both host and bacterial
cells. This implies that the cell-associated complex may play a
key role in colonization, coaggregation, hemagglutination, and
infection of host cells by P. gingivalis.

In this study, we revealed the existence of LPS in the gingi-
pain complex; however, the purified complex failed to induce
the production of NO2, TNF-�, and IL-6 by murine and human
macrophages (Fig. 8). The production of these cytokines was
significantly increased when the complex was denatured by
heat or proteinase K treatment. Inhibition of the proteolytic
activities of gingipains in the complex did not stimulate mac-
rophages. These results strongly suggest that LPS is conforma-
tionally concealed by protein subunits in the complex and
thereby prevented from binding to receptors on the host cell
surface. Upon heat treatment, the protein subunits were de-
natured and LPS was subsequently exposed. This hypothesis
was also supported by the facts that TLR4 and TLR2 were not
degraded by incubation with the complex or by P. gingivalis
infection (unpublished data) and that the LPS purified by using
hot phenol methods obviously activated the production of cy-
tokines by the cells. It is generally accepted that TLR4 and its
coreceptor MD-2 are the authentic LPS signaling transducers
in many cell types. However, the cell activation by P. gingivalis
LPS through the TLR4/MD-2–MyD88-dependent pathway is
controversial (44). In the present study, P. gingivalis LPS and
the denatured gingipain complex obviously increased the pro-
duction of cytokines by macrophages from C57BL/6 but not
from LPS-hyposensitive C3H/HeJ mice (17), indicating that P.
gingivalis LPS, as well as classical enterobacterial LPS, has the
ability to activate cells via the TLR4 pathway. It has been
previously reported that gingipains degrade and inactivate cy-
tokines such as IL-6, IL-8, and TNF-� (7, 10, 31); complement
factors C3 and C5 (47); and immunoglobulins (21). We thus
conclude that the cell-associated gingipain complex contrib-
utes to the suppression of the host immune response to recruit
and localize neutrophils and macrophages to gingival inflam-
matory sites by bacterial infection through evasion of host LPS

signaling as well as paralyses of cytokines and facilitates the
progression of periodontitis.
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