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We have shown previously that gingipains from Porphyromonas gingivalis W83 can induce cell detachment,
cell adhesion molecule (CAM) cleavage, and apoptosis in endothelial cells; however, the specific roles of the
individual gingipains are unclear. Using purified gingipains, we determined that each of the gingipains can
cleave CAMs to varying degrees with differing kinetics. Kgp and HRgpA work together to quickly detach
endothelial cells. Interestingly, in the absence of active caspases, both gingipain-active W83 extracts and
purified HRgpA and RgpB induce apoptotic morphology, suggesting that the gingipains can induce both
caspase-dependent and caspase-independent apoptosis. Using z-VAD-FMK to inhibit Kgp activity and leu-
peptin to inhibit Rgp activity in gingipain-active W83 extracts, we investigated the relative significance of the
synergistic role of the gingipains. z-VAD-FMK or leupeptin delayed, but did not inhibit, cell detachment
induced by gingipain-active W83 extracts or purified gingipains. There was partial cleavage of N-cadherin and
cleavage of VE-cadherin was not inhibited. Degradation of integrin 1 was inhibited only in the presence of
z-VAD-FMK. These results further clarify the role P. gingivalis plays in tissue destruction occurring in the

periodontal pocket.

Porphyromonas gingivalis has been implicated as a causative
agent in chronic periodontitis (10, 25, 41; reviewed in reference
23), with strain W83 being very strongly associated with disease
progression (22). Furthermore, there is growing evidence that
P. gingivalis may be associated with other systemic illnesses,
and there may be a direct relationship between P. gingivalis
infection and cardiovascular disease (14; reviewed in refer-
ences 20 and 38). The most notable and well-studied virulence
factors of this black-pigmented anaerobe are its cysteine pro-
teases, referred to as gingipains. The rgp4 gene encodes the
isoforms of the arginine-specific proteases HRgpA and
RgpA .., and the membrane type mt-RgpA ..., while rgpB
encodes RgpB and the membrane type mt-RgpB. The lysine-
specific protease Kgp is encoded by the kgp gene (11, 48). Not
only do the gingipains provide a source of nutrition and heme
for this asaccharolytic, gram-negative bacterium, but they also
aid the bacterium in establishing and maintaining its ecological
niche in the gingival pocket (35). They provide a means of
attachment to other bacteria and host cells of the gingival
crevice and aid in virulence by inducing degradation of extra-
cellular matrix proteins, activation of matrix metalloprotein-
ases, cleavage of cellular receptors, increasing vascular perme-
ability, activation of coagulation factors, degradation of
fibrinogen, and inactivation of members of the complement
system (reviewed in references 27, 29, 36, 46, and 48). In the
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diseased periodontal pocket, there is a close proximity between
the bacterial biofilm and endothelial cells, which can lead to
endothelial cell damage (59). Furthermore, there is evidence
for the presence of apoptotic cells in periodontitis (19, 34, 51,
57). Therefore, understanding the mechanisms of endothelial
apoptosis induction in the periodontal pocket by P. gingivalis
could provide new therapeutic targets of periodontitis and
insights into the relationship between P. gingivalis and cardio-
vascular disease.

Apoptosis is a genetically programmed form of cell death
that is typically driven by either an extrinsic pathway or
an intrinsic pathway, ultimately activating the executioner
caspases, such as caspase-3 (reviewed in reference 53). The
cleavage of numerous intracellular substrates by executioner
caspases produces the apoptotic morphology, characterized
by cellular shrinkage, membrane blebbing, chromatin conden-
sation and DNA fragmentation, mitochondrial membrane per-
meabilization, and plasma membrane changes signaling phago-
cytic uptake (37, 40). Apoptotic cell death can occur in the
absence of active caspases (37, 39, 40). Further, inhibition of
caspase activity may even reveal or enhance secondary caspase-
independent cell death (37). It has been proposed that caspase-
independent pathways of cell death exist to ensure that cell
death will occur in cases where there may be nonfunctional
members of the caspase-dependent pathway (37, 39). Caspase-
independent apoptosis can be triggered by proteases, such as
calpains, cathepsins, and granzymes, that cleave some of the
same substrates cleaved by caspases (reviewed in references 39
and 43). While we have previously established a role for gin-
gipains in endothelial cell caspase-dependent apoptosis (55), it
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is unclear whether these proteases also participate in caspase-
independent processes.

Bioinformatic studies of the active site of legumain (family
C13), a plant cysteine endopeptidase, revealed homology to
three other families of cysteine proteases, clostripain (family
C11) from Clostridium histolyticum, caspases (family C14), and
gingipains (family C25), leading to the grouping of these pro-
teases into the cysteine protease clan CD (6). They all have a
conserved catalytic motif of His-Gly-spacer-Ala-Cys with a
block of hydrophobic amino acids preceding each of the cata-
lytic residues, which suggests that they may have similar enzy-
mological properties and functions (6). These similarities have
been further confirmed by the analysis of the crystal structure
of RgpB. The three-dimensional structure of RgpB resembles
a crooked one-root tooth, with the catalytic domain being the
crown and topologically similar to caspase-1 and -3, while the
root has an immunoglobulin-like fold (16). It appears that
RgpB is also activated in a similar manner as the caspases (44).
Moreover, natural caspase inhibitors have been found to mod-
ulate gingipain activity. For instance, p35, a baculovirus anti-
apoptotic protein that inhibits most known caspases, and a
point mutant of cowpox viral cytokine-response modifier A
(CrmA), which normally inhibits caspase-1 and -8, effectively
abrogated the activity of Kgp (56). These results hint that other
caspase-related proteases may also possess caspase-like activ-
ities (3).

Our previous work has shown that gingipains cause endo-
thelial cell detachment, cell adhesion molecule cleavage, and
apoptosis (55). Because the specific roles of the individual
gingipains in these events are not known, the goal of this study
was to determine the involvement of the different gingipains in
bovine coronary artery endothelial cell (BCAEC) detachment,
cell adhesion molecule (CAM) cleavage, and apoptosis. We
report here that the gingipains synergistically cause cell de-
tachment, CAM cleavage, and apoptosis. Both Kgp and
HRgpA can quickly detach endothelial cells; HRgpA, Kgp,
and RgpB can all cleave CAMs to varying degrees; and
HRgpA and RgpB induce apoptosis in both a caspase-depen-
dent and -independent manner. Our studies extend the rela-
tionship between caspases and gingipains by demonstrating
that synthetic peptide caspase inhibitors inhibit Kgp but not
Rgp activity. These results raise an important question about
the functional similarities of caspases and gingipains: could
gingipains have caspase-like activity in endothelial cells?

MATERIALS AND METHODS

Porphyromonas gingivalis culture conditions. P. gingivalis strain W83 was grown
as previously described (9) in brain heart infusion broth (Difco Laboratories,
Detroit, MI) supplemented with 0.5% yeast extract (Difco Laboratories, Detroit,
MI), hemin (5 pg/ml), vitamin K (0.5 pg/ml), and cysteine (0.1%) (all from
Sigma-Aldrich, St. Louis, MO). W83 cultures were incubated at 37°C in an
anaerobic chamber (Coy Manufacturing, Ann Arbor, MI) in 10% H,, 10% CO,,
and 80% N,.

Gingipain extract preparation and protease assay. Gingipain-active W83 ex-
tracts were prepared as previously described (55). Briefly, bacterial cultures were
centrifuged and filtered to remove cells before acetone precipitation. This pre-
cipitate was centrifuged, and the pellet was resuspended in 150 mM NaCl (VWR
Scientific, Brisbane, CA), 20 mM Bis-Tris, pH 7.4 (Sigma-Aldrich, St. Louis,
MO), 5 mM CaCl, (VWR Scientific, Brisbane, CA) and dialyzed against 4 liters
of the same buffer with Aldrithiol-4 (Sigma-Aldrich, St. Louis, MO) to stabilize
the gingipains. After dialysis, the sample was concentrated in a pressurized
stirring concentrator (Millipore, Billerica, MA) with a 10,000-molecular-weight
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cutoff membrane at 4°C, clarified by centrifugation (192,000 X g, 1 h, 4°C), and
stored in aliquots at —80°C.

Gingipain activity was determined using the substrate N-a-benzoyl-pDL-argi-
nine-p-nitroanilide (Sigma-Aldrich, St. Louis, MO) for Rgp activity or Ac-Lys-
p-nitroanilide (Bachem, King of Prussia, PA) for Kgp activity, as previously
described (55). One unit of gingipain activity is defined as the amount of enzyme
releasing 1 pmol p-nitroanilide per minute as calculated based on maximum
velocity and the extinction coefficient of p-nitroanilide of 9,200 at 405 nm.
Gingipain activity was calculated based on the average of three measurements of
the maximum velocity of the enzymatic reaction of specific substrate turnover.
The concentration of gingipain activity used was within reported physiological
levels of gingipain activity found in periodontal lesions (17).

Treatment of gingipain-active W83 extracts with a panel of peptide caspase
inhibitors. W83 extracts containing 2.1 or 3.3 U/pl of Rgp activity and 0.16 or
0.35 U/l of Kgp activity were preincubated on ice for at least 30 min with a panel
of peptide caspase inhibitors or No-p-tosyl-L-lysine chloromethyl ketone (TLCK;
Sigma-Aldrich, St. Louis, MO). Rgp and Kgp activity were assayed in triplicate
as described above. Percent inhibition was determined by comparison to un-
treated W83 extract. The standard error of the mean was calculated from three
independent trials. The caspase inhibitors used are as follows (all from Enzyme
Systems Products, Livermore, CA, unless otherwise indicated): z-VAD(OMe)-
FMK (Biomol, Plymouth Meeting, PA) and Boc-D(OMe)-FMK, general caspase
inhibitors; z-YVAD-FMLK, a caspase-1 and -4 inhibitor; z-VDVAD(OMe)-FMK,
a caspase-2 inhibitor; z-D(OMe)-E(OMe)-VD(OMe)-CHSF, a caspase-3 inhib-
itor; z-VEID-FMK, a caspase-6 inhibitor; z-IE(OMe)TD(OMe)-FMK, a caspase-8
inhibitor; and z-LE(OMe)HD(OMe)-FMK.TFA, a caspase-9 inhibitor.

Purification of gingipains from P. gingivalis strain HG66. Comparisons of
strain W83 and HG66 reveal that their Rgp is nearly identical in protein se-
quence (48) and is identical in substrate specificity. Kgp from these two strains is
also nearly identical. Therefore, extracts were made from strain W83, and puri-
fied gingipains were isolated from strain HG66. HRgpA, Kgp, and RgpB were
purified from the strain HG66 culture fluid as described previously (47, 49).
Briefly, Kgp and HRgpA were purified using gel filtration and arginine-Sepha-
rose chromatography, while RgpB was purified using a combination of gel fil-
tration and anion-exchange chromatography on Mono Q (49). In this way,
approximately 5 mg of each gingipain from 1 liter of bacterial culture was
obtained in homogenous form, as determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

Eukaryotic cell culture and treatment with gingipains. BCAEC were cultured
according to the manufacturer’s specifications, using their reagents (Cambrex,
Walkersville, MD) as previously described (55). Briefly, cells from passages 6
through 10 were tested for viability prior to seeding in appropriate tissue culture
dishes and allowed to reach near confluence. Culture media were removed from
culture dishes and replaced with fresh media containing 5 mM L-cysteine to
activate the gingipains. Gingipain-active W83 extracts or purified gingipains were
added to the endothelial cells and allowed to incubate for the indicated times at
37°C in 5% CO,. To inhibit Rgp and Kgp activity, purified gingipains or gingi-
pain-active W83 extracts were pretreated for at least 30 min on ice with 10 mM
TLCK (Sigma, St. Louis, MO) and then added to the cells. To inhibit Kgp
activity, the purified gingipains or gingipain-active W83 extracts were pretreated
for at least 30 min on ice with 100 uM z-VAD-FMK. Leupeptin is known to
inhibit Rgp activity (11); therefore, purified gingipains or gingipain-active W83
extracts were pretreated for at least 30 min on ice with 100 puM leupeptin
(Axxora, LLC, San Diego, CA). Cells were also treated with 100 uM z-VAD-
FMK for 1 h prior to the addition of gingipains, to inhibit caspase activity, and/or
100 wM leupeptin for at least 15 h prior to gingipain treatment. Untreated cells
did not have P. gingivalis extracts or purified gingipains added to the cysteine-
containing media. Numerous fields of BCAEC were monitored on an Olympus
IX70 inverted microscope equipped with Hoffman modulation contrast for de-
tachment and apoptosis, and representative fields were selected and photo-
graphed with a SPOT digital camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). For quantification of BCAEC detachment by gingipain-active W83
extracts in the presence and absence of inhibitors, cells were treated in triplicate
as above. At the appropriate time points, the cells were gently rocked and the
medium containing detached cells was transferred to a culture tube. An aliquot
was then placed in a hemacytometer. Cells in the four corner grids were counted,
and the average was recorded as the level of detachment. The standard error of
the mean was calculated from two independent trials, and significance was
determined using the two-tailed, nonpaired Student ¢ test.

Caspase-3 (DEVDase) activity assay. BCAEC were seeded in six-well plates
and allowed to reach near confluence before the addition of 4 wM staurosporine
(Str) (Alexis-Axxora, San Diego, CA) or gingipain-active W83 extracts in fresh
cysteine-containing media in the absence and presence of 100 uM z-VAD-FMK.
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FIG. 1. Inhibition of Kgp activity, but not Rgp activity, after treatment with synthetic peptide caspase inhibitors. Gingipain-active W83 extracts
were incubated with 10 mM or 1 mM TLCK or 100 uM or 20 wM concentrations of a panel of caspase inhibitors for at least 30 min on ice and
then assayed for Rgp activity (A) or Kgp activity (B). TLCK inhibited nearly 100% of the Rgp and Kgp activity. Caspase inhibitors had no effect
on Rgp activity. Caspase inhibitors z-VAD-FMK and Ac-YVAD-CMK at 100 uM inhibited Kgp activity by 90%. Other caspase inhibitors, except
Boc-D, had partial inhibitory effects on Kgp activity. Error bars indicate standard errors of the means of results from three independent trials run

in triplicate.

After 18 h, one-step caspase assay buffer (4) was added to the wells and allowed
to incubate for 1 h at 37°C, 5% CO,. Three 150-pl aliquots from each well were
placed in a black, clear-bottom 96-well plate and read at excitation and emission
wavelengths of 380 and 460 nm, respectively, in a BIO-TEK Instruments FL+800
microplate fluorescence reader (Winooski, Vermont). To calculate the relative
increase in DEVDase activity, the average relative fluorescence intensity of three
treated wells was divided by the average relative fluorescence intensity of three
untreated wells with and without z-VAD-FMK pretreatment. Standard deviation
was calculated from five independent trials and significance was determined
using the two-tailed, nonpaired Student ¢ test.

Preparation of BCAEC lysates for SDS-PAGE and Western blot analysis.
Attached and detached BCAEC were washed once with Dulbecco’s phosphate-
buffered saline, lysed in cell lysis buffer containing complete protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN), and electrophoresed on
NuPAGE 4 to 12% Bis-Tris gels (Invitrogen, Carlsbad, CA). Immunoblotting
was performed as previously described (55). The primary antibodies used in
these experiments were N-cadherin clone 32 and integrin B1 clone 18 (BD
Biosciences, San Diego, CA), VE-cadherin clone C-19 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), poly(ADP-ribose) polymerase (PARP) clone C2-10 (R &
D Systems, Minneapolis, MN), and a highly specific human autoantibody to
topoisomerase I (Topo I) (generous gift from Eng M. Tan, The Scripps Research
Institute, La Jolla, CA).

RESULTS

Kgp activity is inhibited by synthetic peptide caspase inhib-
itors. Because gingipains share similar features with caspases
and Kgp is inhibited by a naturally occurring caspase-3 inhib-
itor (56), we investigated the effects of synthetic peptide
caspase inhibitors on gingipain activity. As shown in Fig. 1A,
the synthetic peptide caspase inhibitors tested had no inhibi-
tory effect on Rgp activity. In contrast, Kgp activity was inhib-

ited nearly 100% with z-VAD-FMK, a general caspase inhib-
itor, and Ac-YVAD-CMK, an inhibitor of caspase-1 and -4
(Fig. 1B). Moreover, Kgp activity was partially inhibited by all
the caspase inhibitors tested except the general caspase inhib-
itor Boc-D-FMK.

Selective inhibition of gingipain activity by z-VAD-FMK and
leupeptin inhibits synergistic gingipain-induced BCAEC de-
tachment and apoptosis. z-VAD-FMK was used to monitor
the specific function of Kgp in the induction of the morpho-
logical changes seen in BCAEC after treatment with gingipain-
active W83 extract. Gingipain-active W83 extracts preincu-
bated with 100 uM z-VAD-FMK to inhibit Kgp were used to
treat BCAEC (this treatment condition was designated W83 +
z-VAD). Under these conditions, the final concentration of
z-VAD-FMK subsequently exposed to the cells was too low
(approximately 3 wM) to inhibit the caspases (1, 18, 42); thus,
only Kgp should have been inhibited. A time course showed
that, at early time points, cells treated with gingipain-active
W83 extracts pretreated with 100 uM z-VAD-FMK displayed
significantly (P = 0.05 at 3 h, 6 h, and 12 h) less detachment
than cells treated with gingipain-active W83 extracts (Fig. 2A
and C). To assess the involvement of caspases in the morpho-
logical changes, BCAEC were pretreated with 100 uM z-VAD-
FMK for 1 h and then the gingipain-active W83 extracts were
added (this treatment condition was designated 100 pM
z-VAD-FMK prior to W83). This treatment inhibited Kgp
(Fig. 1B) and should inhibit all of the caspases (15). As shown
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FIG. 2. Gingipain-induced BCAEC detachment was inhibited in the presence of z-VAD-FMK and leupeptin. (A) BCAEC were treated, in the
presence of 5 mM L-cysteine, with 200 wg/ml gingipain-active W83 extract (70 U Rgp activity/ml media and 5.3 U Kgp activity/ml media) and 100 uM
z-VAD-FMK prior to exposure to gingipain-active W83 extract (100 uM z-VAD prior to W83) or gingipain-active W83 extract preincubated with 100
wM z-VAD-FMK (W83 + z-VAD). Arrows indicate cells with significant apoptotic morphology in BCAEC in the presence of 100 pM z-VAD-FMK.
(B) BCAEC were treated, in the presence of 5 mM L-cysteine, with 200 pg/ml gingipain-active W83 extract (307.5 U Rgp activity/ml media and 19.4 U
of Kgp activity/ml media), 100 nM z-VAD-FMK, and/or 100 .M leupeptin prior to exposure to gingipain-active W83 extracts or gingipain-active W83
extracts preincubated with 100 uM z-VAD-FMK and/or 100 wM leupeptin. Arrows indicate cells with apoptotic morphology. (C) BCAEC were treated
in the presence of 5 mM L-cysteine with 119 pg/ml media gingipain-active W83 extract (113 U Rgp activity/ml media and 9 U Kgp activity/ml media) with
and without 10 mM TLCK pretreatment, 100 M z-VAD-FMK, and/or 100 uM leupeptin prior to exposure to gingipain-active W83 extracts or
gingipain-active W83 extracts preincubated with 100 uM z-VAD-FMK and/or 100 uM leupeptin. Detached cells were counted in a hemacytometer at
the indicated time points. Error bars indicate standard errors of the means of results from two independent trials run in triplicate in which gingipain-active
‘W83 extracts in the presence of inhibitors were compared to gingipain-active W83 extracts alone at the same time point. *, P < 0.05.
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in Fig. 2A (6 h panel) and 2C, this treatment significantly (P =
0.03 at 3 h, 6 h, and 12 h) delayed cell detachment. However,
by 24 h, there was more-pronounced apoptotic morphology in
BCAEC pretreated with z-VAD-FMK prior to addition of the
gingipain-active W83 extracts (Fig. 2A). To further ensure that
all of the caspases were inhibited and Kgp was completely
inhibited, a cocktail of caspase inhibitors that included z-VAD-
FMK, z-YVAD-FMK, and z-DEVD-FMK was used to pre-
treat BCAEC. Apoptotic morphology was still observed in the
presence of these inhibitors (data not shown), suggesting that
Rgp activity present in the gingipain-active W83 extracts in-
duced caspase-independent apoptosis.

To further elucidate the individual roles of the gingipains in
cell detachment and induction of apoptosis, endothelial cells
and gingipain-active W83 extracts were treated with z-VAD-
FMK to inhibit caspases and Kgp and leupeptin to inhibit Rgp.
Similar to the experiments described above, we treated gingi-
pain-active W83 extracts with 100 pM z-VAD-FMK and/or 100
uM leupeptin before their addition to BCAEC cells. We also
preincubated BCAEC with these inhibitors before the addition
of gingipain-active W83 extracts. Inhibition of Rgp activity
either by treatment of gingipain-active W83 extracts or pre-
treatment of BCAEC with leupeptin produced only slight in-
hibition of detachment compared to the control (Fig. 2B).
Only when BCAEC were treated with 100 wM leupeptin prior
to the addition of gingipain-active W83 extracts at 3 h was
there a significant decrease (P = 0.05) in detachment com-
pared to BCAEC treated with gingipain-active W83 extracts
(Fig. 2C). However, a significant inhibition (P = 0.05 at all
time points) in cell detachment was apparent when both Rgp
and Kgp activities were inhibited with both z-VAD-FMK and
leupeptin (Fig. 2B, far right panels, and Fig. 2C). Furthermore,
treatment of BCAEC or gingipain-active W83 extracts with
z-VAD-FMK and leupeptin produced levels of detachment
that were not significantly different from those caused by treat-
ment of gingipain-active W83 extracts with TLCK (P = 0.06 at
all time points for both W83 plus leupeptin plus z-VAD-FMK
and 100 pM leupeptin plus z-VAD-FMK prior to W83) (Fig. 2C).

To determine the extent of caspase inhibition under these
treatment conditions and to further differentiate caspase-inde-
pendent apoptosis from necrosis, we monitored the cleavage of

two caspase substrates. During apoptosis, caspases specifically
cleave PARP and Topo I into 85-kDa and 70-kDa fragments,
respectively. However, during necrosis, PARP is cleaved into a
50-kDa product and Topo I into 70-kDa and 45-kDa products
(5). In cells pretreated with z-VAD-FMK to inhibit caspases
(100 uM z-VAD-FMK prior to W83), the apoptotic cleavage
product of PARP induced by treatment with gingipain-active
W83 extracts was partially inhibited (Fig. 3) and there was no
necrotic cleavage product (data not shown). Topo I cleavage
into the apoptotic 70-kDa fragment was completely inhibited
by pretreatment with 100 pM z-VAD-FMK prior to the addi-
tion of gingipain-active W83 extracts (Fig. 3). However, the
presence of z-VAD-FMK did not inhibit the appearance of a
faint 45-kDa cleavage product of Topo I. We have shown
previously that cleavage of Topo I to a 45-kDa product occurs
from the earliest time point of incubation with gingipain-active
W83 extracts and is not indicative of necrosis based on the
presence of apoptotic cell morphology, PARP cleavage into an
85-kDa fragment, and annexin V positivity (55). These results

Fl e — 116kD
PARP E H | p— b <+ 85kD
) - | kel | — 100kD
TOpO l — | +— 70kD
! - 45kD

Un - + + ws3

+
+ - + - 100 uM z-VAD prior to W83
i - - + W83 +z-VAD

FIG. 3. In the presence of z-VAD-FMK, partial cleavage of
caspase substrates still occurs in gingipain-induced apoptosis. Twenty
micrograms of total protein from BCAEC treated for 24 h, in the
presence of 5 mM L-cysteine, with gingipain-active W83 extract (70 U
Rgp activity/ml media and 5.3 U Kgp activity/ml media), 100 pM
z-VAD-FMK alone, 100 uM z-VAD-FMK prior to exposure to gingi-
pain-active W83 extract (100 M z-VAD prior to W83), or gingipain-
active W83 extracts preincubated with 100 uM z-VAD-FMK (W83 +
z-VAD) was separated by SDS-PAGE and immunoblotted with a
monoclonal antibody to PARP and a highly specific human autoanti-
body to Topo I. Arrows indicate cleavage products, whereas lines
indicate intact proteins. Un, untreated; +, present; —, absent.
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FIG. 4. Cleavage of PARP is partially inhibited in the presence of leupeptin and z-VAD-FMK. Twenty micrograms of total protein from
BCAEC treated, in the presence of 5 mM L-cysteine, with gingipain-active W83 extract (307.5 U Rgp activity/ml media and 19.4 U Kgp activity/ml
media), 100 pM z-VAD-FMK, and/or 100 uM leupeptin prior to exposure to gingipain-active W83 extracts (100 wM leupeptin prior to W83 or
100 uM leupeptin and z-VAD prior to W83) or gingipain-active W83 extracts preincubated with 100 wM z-VAD-FMK and/or 100 wM leupeptin
(W83 + leupeptin or W83 + leupeptin + z-VAD) was separated by SDS-PAGE and immunoblotted with a monoclonal antibody to PARP. Arrows
indicate cleavage products, whereas lines indicate intact proteins. Un, untreated.

suggest that certain caspase substrates, such as PARP, may still
be cleaved when Kgp and caspases are inhibited, most likely
because of the presence of Rgp activity. Concomitant with a
delay in cell detachment, there was also a partial inhibition of
apoptotic PARP cleavage in cells pretreated with both 100 uM
z-VAD-FMK and leupeptin, as suggested by the presence of
both full-length PARP and its apoptotic 85-kDa fragment un-
der these conditions at 24 h (Fig. 4). In the absence of z-VAD-
FMLK, leupeptin was unable to inhibit PARP cleavage (Fig. 4).
Similar results were observed for apoptotic Topo I cleavage
(data not shown). Collectively, it appears that the gingipains
work together to detach endothelial cells and induce apoptosis.

Inhibition of Kgp activity with z-VAD-FMK and Rgp activity
with leupeptin establishes a role for individual gingipains in
the cleavage of specific CAMs. We have shown previously that
treatment of BCAEC with gingipain-active W83 extracts in-
duces cleavage of CAMs (55). We investigated the involvement
of Kgp in CAM cleavage by inhibiting its activity with z-VAD-
FMK. In the absence of z-VAD-FMK, N-cadherin was cleaved
into products of approximately 65 kDa and 30 kDa in BCAEC
treated with gingipain-active extracts. Interestingly, only a 30-
kDa cleavage product was observed (Fig. 5A). VE-cadherin
cleavage was not inhibited in the presence of z-VAD-FMK
(Fig. 5A). BCAEC treated with gingipain-active W83 extracts
also displayed complete degradation of integrin B1 (Fig. 5A).
However, when Kgp was inactivated by treatment with z-VAD-
FMK, degradation was inhibited (Fig. 5A). We also investi-
gated CAM cleavage in the presence of leupeptin to further
determine the specific roles of Rgp. As established by the
inhibition of Kgp activity by z-VAD-FMK, treatment of
BCAEC with leupeptin had little effect on the appearance of
the 65-kDa cleavage products of N-cadherin but did reduce
the extent of the 30-kDa cleavage product (Fig. 5B). Con-
sistent with the studies with z-VAD-FMK (Fig. 5A), VE-
cadherin cleavage was not inhibited in the presence of leu-

peptin (Fig. 5B). Leupeptin treatment had no effect on the
degradation of integrin B1 (Fig. 5B). Only when Kgp was
inhibited with 100 uM z-VAD-FMK was integrin 1 degra-
dation inhibited (Fig. 5B).

Treatment of endothelial cells with HRgpA induces apop-
totic cleavage of PARP. Our previous work showed that gingi-
pain-active W83 extracts and purified gingipains can cause
endothelial cell detachment and apoptosis, as evidenced by the
presence of apoptotic morphology and signature caspase cleav-
age products of PARP and Topo I (55). However, the individ-
ual roles of the gingipains in apoptosis induction in endothelial
cells are not known. To confirm which purified gingipains in-
duced apoptosis, we assayed lysates from BCAEC treated with
individual gingipains for evidence of the 85-kDa PARP apop-
totic cleavage product. Treatment with HRgpA induced apop-
totic cleavage of PARP as early as 6 h, while treatment with
RgpB induced slight PARP cleavage by 24 h (Fig. 6). Unex-
pectedly, treatment with Kgp induced a faint apoptotic cleav-
age product of PARP (Fig. 6). Similar kinetics of apoptotic
cleavage were displayed in immunoblots of Topo I (data not
shown).

Synergism of CAM cleavage is confirmed by treatment of
BCAEC with purified gingipains. To determine which gingi-
pain(s) was responsible for CAM cleavage, BCAEC were
treated with purified HRgpA, Kgp, and RgpB and then as-
sayed for cleavage of CAMs. N-cadherin was cleaved to the
65-kDa cleavage products by Kgp (Fig. 7); however, a 30-kDa
product was produced by both this enzyme and HRgpA. RgpB
did not cleave N-cadherin. All of the gingipains appear to be
involved in cleavage of VE-cadherin, with HRgpA having a
predominant role in cleaving VE-cadherin and Kgp and RgpB
exhibiting partial cleavage (Fig. 7). Kgp was the most efficient
gingipain in degrading integrin B1 (Fig. 7).

HRgpA and RgpB induce cell detachment and apoptotic
morphology in the absence of active caspases. To determine if
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FIG. 5. Cleavage of CAMs is affected by z-VAD-FMK and leupeptin treatment. (A) Ten micrograms (N-cadherin and VE-cadherin) or 20 pg
(integrin B1) of protein from BCAEC treated for 12 h, in the presence of 5 mM L-cysteine, with gingipain-active W83 extract (70 U Rgp activity/ml
media and 5.3 U Kgp activity/ml media), 100 .M z-VAD-FMK alone, 100 .M z-VAD-FMK prior to exposure to gingipain-active W83 extract (100
wM z-VAD prior to W83), or gingipain-active W83 extracts preincubated with 100 uM z-VAD-FMK (W83 + z-VAD). (B) Twelve micrograms
(N-cadherin and integrin 1) or 20 g (VE-cadherin) of total protein from BCAEC treated for 6 h, in the presence of 5 mM L-cysteine, with
gingipain-active W83 extract (307.5 U Rgp activity/ml media and 19.4 U Kgp activity/ml media), 100 pM z-VAD-FMK, and/or 100 nM leupeptin
prior to exposure to gingipain-active W83 extract (100 uM leupeptin prior to W83) or gingipain-active W83 extracts preincubated with 100 pM
z-VAD-FMK and/or 100 uM (W83 + leupeptin or W83 + leupeptin + z-VAD) was separated by SDS-PAGE and immunoblotted with a
monoclonal antibody to N-cadherin, VE-cadherin, or integrin B1. Arrows indicate cleavage products, whereas lines indicate intact proteins. Un,
untreated; +, present; —, absent.
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FIG. 6. Treatment with HRgpA induces apoptotic cleavage of PARP. Fifteen micrograms of total protein from BCAEC treated, in the
presence of 5 mM L-cysteine, with 119 pg/ml media gingipain-active W83 extract (113 U Rgp activity/ml media and 9 U Kgp activity/ml media)
with and without 10 mM TLCK pretreatment, purified HRgpA (8 pg/ml), Kgp (3 pg/ml), or RgpB (5.2 pg/ml) (all equivalent to 113 U of Rgp
activity/ml media or 12.4 U of Kgp activity/ml media) and inhibited with 10 mM TLCK was separated by SDS-PAGE and immunoblotted with a
monoclonal antibody to PARP. Arrows indicate cleavage products, whereas lines indicate intact proteins. Un, untreated.

purified HRgpA and RgpB could induce apoptosis in the ab-
sence of active caspases, BCAEC were treated with 100 puM
z-VAD-FMK prior to exposure to purified gingipains. HRgpA
and RgpB were able to induce detachment and pronounced
apoptotic morphology in the presence of z-VAD-FMK (Fig. 8).
As expected, cell detachment and apoptosis induced by
HRgpA and Rgp were inhibited in the presence of leupeptin
(Fig. 8), and in the presence of z-VAD-FMK, Kgp did not
induce initial detachment (data not shown). To confirm that
z-VAD-FMK was in fact inhibiting caspase function under the

wa3

N-cadherin

HR

different treatments, we monitored caspase-3 activity. Cells
were pretreated with 100 uM z-VAD-FMK and then treated
with 4 pM Str, which activates caspase-3. Pretreatment of
BCAEC with z-VAD-FMK significantly inhibited Str-induced
caspase-3 activation (P = 0.0001) (Fig. 9). Furthermore, sig-
nificant inhibition of caspase-3 activity was achieved upon
BCAEC pretreatment with 100 uM z-VAD-FMK prior to the
addition of W83 extract (P < 0.0003) and RgpB (P = 0.002).
Treatment with Kgp, which does not induce apoptosis, caused
a slight increase in caspase-3 activity that could also be inhib-
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FIG. 7. Synergism of purified gingipains in induction of CAM cleavage. Fifteen micrograms of total protein from BCAEC treated for 6 h
(N-cadherin), 24 h (VE-cadherin), or 12 h (integrin B1), in the presence of 5 mM L-cysteine, with purified HRgpA (8 pg/ml), Kgp (3 pg/ml), or
RgpB (5.2 pg/ml) (all equivalent to 113 U of Rgp activity/ml media or 12.4 U of Kgp activity/ml media) were separated by SDS-PAGE and
immunoblotted with antibodies to N-cadherin, VE-cadherin, and integrin 1. Arrows indicate cleavage products, whereas lines indicate intact

proteins. Un, untreated; +, present.
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FIG. 8. HRgpA and RgpB induce cell detachment and apoptotic morphology in the presence of 100 uM z-VAD-FMK. BCAEC were treated
with purified HRgpA (40.5 pg/ml media), Kgp (9 pg/ml media), or RgpB (10 pg/ml media) (all equivalent to 113 U of Rgp activity/ml media or
6.2 U of Kgp activity/ml media) in the presence of 5 mM L-cysteine for 24 h. BCAEC were pretreated for at least 15 h with 100 wM leupeptin and/or
100 uM z-VAD-FMK for 1 h before the addition of individual gingipains. Arrows indicate cells with significant apoptotic morphology in BCAEC

with and without active caspases.
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FIG. 9. Lack of DEVDase activity in BCAEC treated with gingipain-
active W83 extract or individual gingipains in the presence of 100 uM
z-VAD-FMK. BCAEC were treated for 18 h with 4 uM Str, 119 pg/ml
media gingipain-active W83 extract (113 U Rgp activity/ml media and 9 U
Kgp activity/ml media), and 10 wg/ml RgpB (113 U activity/ml media)
with and without 1 h of pretreatment with 100 pM z-VAD-FMK to inhibit
caspase activity and then assayed for cleavage of the fluorescent caspase-3
and -7 substrate Ac-DEVD-AMC. Error bars indicate standard devia-
tions of the means of results from five independent trials. §, P = 0.0001;
#x%, P < 0.0003; *%, P < 0.002; *, P < 0.03.

ited by z-VAD-FMK pretreatment (P < 0.03; data not shown),
which may explain the slight induction of the 85-kDa apoptotic
cleavage product of PARP (Fig. 6). These results strongly
suggest that gingipains have the ability to trigger both caspase-
dependent and caspase-independent apoptosis.

DISCUSSION

This study has provided insights into the individual roles of
the gingipains in endothelial cell detachment, CAM cleavage,
and induction of apoptosis. We have shown through selective
inhibition of gingipain activity and treatment of endothelial
cells with purified gingipains that all of the gingipains cause cell
detachment, with cells treated with Kgp reattaching after the
initial detachment (55), and that HRgpA and RgpB can induce
both caspase-dependent and -independent apoptosis. In addi-
tion, we demonstrate that all the gingipains participate in
CAM cleavage. However, we cannot rule out the possibility
that other factors in the gingipain-active W83 extracts may
contribute to the BCAEC detachment and death. This alter-
native is currently being investigated in our laboratory. Our
results further suggest that the gingipains can differentially
interact and proteolyse specific CAMs. All three gingipains
cleaved VE-cadherin and integrin 1. Both Kgp and HRgpA
cleaved N-cadherin, but only Kgp cleaved N-cadherin to gen-
erate a group of fragments of approximately 65 kDa and a
fragment of 30 kDa. In contrast, HRgpA cleaved N-cadherin
to generate a 30-kDa fragment that was missing in the pres-
ence of RgpB.
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The ability to bind and interact with N-cadherin could be a
function of the adhesin domains of HRgpA and Kgp. These
adhesin domains can modulate bacterial adherence (7, 8).
Moreover, both HRgpA and Kgp can quickly cause cadherin
cleavage. This would be consistent with the report that HRgpA
was more effective than RgpA ., in inducing the loss of inte-
grin B1 expression on human gingival fibroblasts (54). It is also
possible that RgpB is inefficient in cleaving N-cadherin. Endo-
thelial cells treated with gingipain-active W83 extracts dis-
played cleaved VE-cadherin prior to N-cadherin (55), indicat-
ing that VE-cadherin, in contrast to N-cadherin, is more
readily cleaved by the gingipains. Since RgpB does cleave VE-
cadherin, but significantly later than HRgpA (data not shown),
it is possible that a longer incubation time may be required for
N-cadherin to be cleaved by RgpB.

Our previous findings show that BCAEC treated with Kgp
initially detach but, over time, reattach with little loss of cell
viability (55). The inability of leupeptin to significantly affect
gingipain-active W83 extract-induced detachment demon-
strates that Kgp activity has a considerable role in detaching
BCAEC in our experimental system. Based on our studies,
Kgp appears to play a prominent role in BCAEC detachment
and CAM cleavage, but under the conditions used for this
treatment, it appears that BCAEC are able to counter the
Kgp-induced effects in some way to maintain cell viability. This
sizeable role for Kgp, however, is in contrast to previous re-
ports that have suggested that Rgp had a greater effect than
Kgp in inducing loss of cell adhesion and viability in human
gingival fibroblasts or human umbilical vein endothelial cells
(21, 33). The different responses previously observed most
likely are related to differences in the eukaryotic cell lines used
and, possibly, the strains of P. gingivalis used. In a previous
report (55), we speculated that purified Kgp could have lost
activity during the time course, allowing the cells to reattach.
However, it appears that Kgp does remain active throughout
the time course, since integrin 31 was degraded to completion
throughout a 24-h time course (data not shown) and both
N-cadherin and VE-cadherin showed Kgp-induced cleavages
over 24 h (data not shown). Interestingly, during treatment of
BCAEC with Kgp, it appears that full-length VE-cadherin may
be up-regulated over the 24-h time course (data not shown),
consistent with recent reports that cell adhesion expression can
be modulated by P. gingivalis (26, 45, 58). VE-cadherin is
essential for endothelial cell survival, acts as a seal at intercel-
lular junctions, associating with B-catenin, plakoglobin, p120,
and the actin cytoskeleton (13), and is a target of agents that
increase vascular permeability. Inhibition of its function pro-
duced more damage to the endothelial monolayer in vivo than
in vitro (2). It has been demonstrated that P. gingivalis can
cause cleavage of p120, which can be inhibited by a caspase
inhibitor (24) and, based on our findings, implicates Kgp in-
volvement. Because p120 regulates VE-cadherin expression
(30), it is tempting to speculate that the loss of function of p120
and VE-cadherin may contribute to the induction of apoptosis
in endothelial cells. Therefore, it may be possible that BCAEC
can up-regulate p120 and VE-cadherin expression to overcome
the effects of Kgp treatment.

Based on our cumulative results, both Rgp and Kgp seem to
be involved in producing cell detachment and CAM cleavage
in BCAEC. There are several examples of the cooperative
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action or overlapping functions of the gingipains. Numerous
reports that used selective Rgp and/or Kgp inhibitors uncov-
ered the similar synergistic actions of Rgp and Kgp. Collagen
degradation, cytokine degradation, enhancement of vascular
permeability, and bacterial coaggregation were inhibited only
in the presence of both Rgp and Kgp inhibitors (reviewed in
reference 33). The synergistic actions of Rgp and Kgp are most
clearly understood in the clotting system. Rgp is considered the
major vascular permeability enhancement-inducing factor
through activation of plasma prekallikrein, ultimately releasing
bradykinin and enhancing vascular permeability. However,
both Rgp and Kgp can release bradykinin from high-molecu-
lar-weight kininogen, also contributing to vascular permeabil-
ity and production of gingival crevicular fluid in periodontitis
(28; reviewed in reference 27). Therefore, in the periodontal
pocket where all the gingipains are present, it is possible that
there is cooperative action of the gingipains to sustain infec-
tion, create the pathology of periodontitis, cleave CAMs, and
induce apoptosis.

The ability of peptide caspase inhibitors to inhibit Kgp ac-
tivity is not surprising, but until this report, it had not been
previously demonstrated. It has been shown that z-VAD-FMK
and DEVD-FMK can inhibit many of the cathepsins, papain,
and legumain, another clan CD protease (50, 52). Since RgpB
is structurally similar to caspases (16), it could be expected that
peptide caspase inhibitors would affect Rgp activity. Hinter-
mann and colleagues implied this after determining that
caspase inhibitor I, which inhibits caspase-3, prevented the P.
gingivalis-induced cleavage of p120, paxillin, and FAK, while
caspase inhibitor III, which is the general caspase inhibitor
Boc-Asp(OMe)-CH,F, had no effect (24). However, our work
with peptide caspase inhibitors would imply that Kgp activity,
not Rgp activity, is most likely responsible for these cleavages.
Our inhibition results are consistent with the report that Kgp
activity could be inhibited by the natural caspase inhibitors p35
and a point mutant of CrmA (56). Because the gingipains are
structurally similar to each other and can be assumed to all
have similarity to the caspases (27), it will be interesting to
determine the structural nature of selective Kgp inhibition by
peptide caspase inhibitors.

Overlapping modes of cell death induced by the same stim-
ulus appears to be a common phenomenon (31). It is becoming
evident that there is a continuum between apoptosis and ne-
crosis and that cells can die by alternative pathways with all or
only some of the typical characteristics of apoptosis in caspase-
independent apoptosis (32). Gingipains induce classic apop-
tosis with the characteristic morphology, caspase activation,
phosphatidylserine exposure, and cleavage of the caspase sub-
strates PARP and Topo I (55). However, to our knowledge,
this is the first demonstration that gingipains can also induce
caspase-3-independent apoptosis. The inability of z-VAD-
FMK to completely inhibit PARP cleavage was also observed
during etoposide-induced apoptosis, in the absence of DEV-
Dase activity (12). Since we only assayed for caspase-3 and -7
activities, we cannot rule out the possibility of other caspases
being active and mediating gingipain-induced apoptosis. How-
ever, this seems unlikely because z-VAD-FMK is a broad
caspase inhibitor, especially when used at 100 uM, which was
recently demonstrated to bind and inactivate all of the intra-
cellular caspases (15). Interestingly, that study also reported
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more-pronounced apoptotic blebbing in the presence of z-
VAD-FMK, with nuclear fragmentation as the only apoptotic
feature that was inhibited by z-VAD-FMK (15). It should be
noted that serine proteases were implicated in that caspase-
independent apoptosis. Several classes of proteases, such as
calpains, cathepsins, and the granzyme serine proteases, have
also been found to induce caspase-independent apoptosis (re-
viewed in reference 43). It appears that the gingipains can be
added to this list. Current efforts in the laboratory are aimed at
elucidating the pathways involved in gingipain-induced
caspase-dependent and -independent apoptosis in endothelial
cells.
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