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Porphyromonas gingivalis laboratory strains and clinical isolates exhibit
different distribution of cell surface and secreted gingipains

Christine A. Seers, A. Sayeed M. Mahmud, N. Laila Hug, Keith J. Cross and Eric C. Reynolds

Oral Health Cooperative Research Centre, Melbourne Dental School, Bio21 Institute, The University of Melbourne, Melbourne, Australia

ABSTRACT

Background: The cell-surface cysteine proteinases RgpA, RgpB (Arg-gingipain), and Kgp (Lys-
gingipain) are major virulence factors of P. gingivalis, a keystone pathogen in the develop-
ment of destructive periodontal disease. The gingipains function as proteinases and trans-
peptidases utilising small peptides such as glycylglycine as acceptor molecules. However, the
characteristics of the gingipains from most P. gingivalis strains have not been determined.
Methods: We determined the phenotypes of a panel of P. gingivalis laboratory strains and
global clinical isolates with respect to growth on blood agar plus whole-cell and vesicle-free
culture supernatant (VFSN) Arg- and Lys-specific proteinase activities.

Results: The P. gingivalis isolates exhibited different growth characteristics and hydrolysis of
haemoglobin in solid media. Whole-cell Arg-gingipain Vmax varied 5.8-fold and the whole
cell Lys-gingipain V. varied 2.1-fold across the strains. Furthermore, the P. gingivalis strains
showed more than 107-fold variance in soluble Arg-gingipain activity in VFSN and more than
371-fold variance in soluble Lys-gingipain activity in VFSN. Glycylglycine and cysteine stimu-
lated Arg- and Lys-specific cleavage activities of all strains. The stimulation by cysteine was in
addition to its redox effect consistent with both glycylglycine and cysteine promoting
transpeptidation.

Conclusion: The global P. gingivalis clinical isolates exhibit different Arg- and Lys-gingipain
activities with substantial variability in the level of soluble proteinases released into the
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environment.

Introduction

Periodontal diseases are characterised by inflamma-
tory responses to microbes within the plaque accreted
to the tooth and surrounding epithelium. Overgrowth
of supragingival plaque results in gingivitis (gingival
inflammation). If this becomes chronic then an anae-
robic periodontal pocket can develop through soft
tissue swelling, and this environment can allow the
emergence of periodontal pathogens. The resulting
dysbiosis leads to destructive periodontal disease
(periodontitis) involving degradation of the support-
ing tissues of the tooth including resorption of the
alveolar bone [1]. Porphyromonas gingivalis has been
recognised as an important participant in the devel-
opment of the pathology of periodontitis and has
been described as a keystone pathogen [2].
P. gingivalis expresses an array of virulence factors,
including proteinases [3]. It secretes serine and
metalloproteases [4,5] plus cysteine proteases includ-
ing gingipains, PrtT protease, periodontain, and Tpr
protease [3,6-13]. Among the cysteine proteases, the
Arg-specific gingipains RgpA and RgpB and Lys-
specific gingipain Kgp are regarded as the major
virulence  factors  [14-16].  Gingipains  help

P. gingivalis in the processing of surface-associated
proteins and hemagglutinins [17], adherence, growth,
development, and evasion of host defense [16-18].
The activities of gingipains especially Lys-gingipain
have been experimentally shown to be linked to the
P. gingivalis binding to and degradation of haemoglo-
bin and also to colony pigmentation on blood agar
[19-23].

Recently we demonstrated that gingipains also
function as transpeptidases that utilize peptides such
as glycylglycine as acceptor molecules [24].
Transpeptidation using peptides derived from host
proteins such as haemoglobin and serum albumin
in vivo was suggested to potentially contribute to
immune response dysregulation associated with
P. gingivalis infection [24].

Experimentally, strains of P. gingivalis vary in the
manifestation of measured virulence traits. For exam-
ple, following subcutaneous injection some strains
produce spreading, ulcerating lesions at distant sites
whereas others produce only small, localised
abscesses [25]. Collagenolytic activity varies between
strains [26] and platelet activation by P. gingivalis
which is mediated by Rgp protease cleavage of pro-
tease-activated receptors [27], has also been shown to
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be widely variable between clinical P. gingivalis iso-
lates and the standard laboratory strains ATCC 33277
and ATCC 53977 (also known as strain W83) [28].
The presence of proteinase-processed adhesin mole-
cules, in particular Hgp44 domains, on the
P. gingivalis cell surface has also been shown to be
important for P. gingivalis to induce platelet aggrega-
tion in platelet-rich plasma [29]. In the absence of
RgpA, Kgp and the adhesin HagA P. gingivalis activa-
tion of platelets in platelet-rich plasma was not
observed, whereas activation occurred with washed
platelets [29]. This observation was explained by
reduction in effective RgpB exposure of the platelets
through saturation of RgpB by plasma proteins [29].
Following on from this concept, in vivo,
a P. gingivalis strain such as 84-3 that releases abun-
dant soluble gingipains may have more effect on
platelet activation than one that releases fewer free
proteinase molecules. Thus, the relationship between
platelet activation and P. gingivalis strain protease
activity requires further investigation.

The involvement of gingipains in the pathogenicity
of P. gingivalis has made gingipains promising drug
targets for the treatment of P. gingivalis-associated
diseases including destructive periodontal disease [-
30-32]. However, the characteristics of gingipain
activities and cell distribution (that is whether the
proteinases remain membrane associated or are
released into the environment) has not been studied
for a range of clinical isolates. Here we have deter-
mined the cell-associated and soluble (vesicle-free)
gingipain proteinase activities of a panel of global
P. gingivalis clinical isolates. We demonstrate widely
varied relative proteinase activities between the iso-
lates, particularly in the distribution between cell-
associated and soluble forms released into the
environment.

Materials and methods
P. gingivalis strains and growth conditions

The P. gingivalis strains Afr-5B1, ATCC 33277,
ATCC 49417, A7A1-28, W50, YH522, 11A, 3Al,
3-3, 13-1, 15-9, 84-3, 381 and 7B TORR (Table 1)
were obtained from the collection of the Melbourne
Dental School, The University of Melbourne [33] and
have previously been examined for ribotype, serotype
plus recognition by patient sera and murine anti-
P. gingivalis sera [34]. P. gingivalis were cultured
from frozen 50% (v/v) glycerol stock onto horse
blood agar (HBA) plates [Blood Agar Base No 2
(Oxoid) supplemented with 10% (v/v) of lysed defi-
brinated horse blood (Equicell) and 1 ug/mL of
menadione]. The primary broth culture of the
P. gingivalis strains was prepared by inoculating sev-
eral colonies into 20 mL of BHI broth [Brain Heart

Infusion Broth (Oxoid) supplemented with 1 pg/mL
menadione, 5 ug/mL haemin and 5 mg/mL L-cysteine
hydrochloride]. The inoculated BHI broths were then
incubated at 37°C in an anaerobic workstation for
24-48 h with an atmosphere of 10% CO,, 5% H,,
and 85% N,. P. gingivalis were then sub-cultured by
transferring enough volume into fresh BHI medium
(20 mL) to give approximately 10° CFU/bottle. The
cultures were incubated at 37°C for 18-24 h to obtain
P. gingivalis at late log phase growth with an optical
density at 650 nm (ODgso) of 1.0. Four biological
replicates were maintained for each P. gingivalis
strain.

Plate colony phenotype

P. gingivalis strains initially grown on HBA were sub-
cultured into BHI and incubated overnight at 37°C.
Subsequently, cultures were diluted in fresh BHI to
give approximately 2 x 10> cells/mL, and 50 pL
spread onto fresh 20 mL HBA plates supplemented
with 5 ug/mL menadione. The plates were incubated
in the anaerobe chamber and colony growth was
examined over time.

Harvesting of P. gingivalis

P. gingivalis cells were harvested from liquid culture
by centrifugation at 8,000 g for 10 min at 4°C. The
pellets (whole cells) were washed using an equal
volume of Tris buffer (50 mM Tris, 150 mM NaCl
and 5 mM CaCl,, pH 8.0) and re-centrifuged at
8,000 g for 10 min at 4°C. The cell pellet was resus-
pended in an equal volume of Tris buffer and ali-
quots, and stored at —80°C. The culture supernatant
(~15 mL each) was transferred to 3 x 4.7 mL OptiSeal
polypropylene centrifuge tubes (Beckman Coulter
Inc., CA, USA) and subjected to ultracentrifugation
at 90,000 rpm (438,545 g) in an Optima™ TLX ultra-
centrifuge (Beckman Coulter Inc., CA, USA) using
a TLA-110 rotor (Beckman Coulter Inc., CA, USA)
for 60 min at 4°C. The resulting vesicle free super-
natants (VESN) were carefully removed avoiding the
vesicle pellet and stored as 1 mL aliquots at —80°C.

Proteolytic assay

Wholecell and VESN Arg and Lys-gingipain proteo-
lytic activities were determined using the synthetic
chromogenic substrates Na-benzoyl-L-Arg-4-nitroa-
nilide (BApNA) and GlyProLys-4-nitroanilide
(GPKNA) (Sigma-Aldrich) respectively, at 1 mM
unless stated otherwise, in 200 pL volumes in 96
well flat-bottom plates. All assays were conducted in
Tris buffer, with variation in L-cysteine (from a 2 M
stock, pH 7.0), glycylglycine (from a 1.5 M stock, pH
7.0), and DTT (from a 2 M stock) as outlined in the
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text. The assay mixture for Lys-gingipain contained
P. gingivalis whole cells at 5 x 107 cells per well or
VESN (5 to 40 uL), whilst the Arg-gingipains assay
mixture had P. gingivalis whole cells at 5 x 10° cells
per well or 40 pL of VESN. Substrate cleavage activity
was determined by measuring the release of p-nitroa-
niline by the change in absorbance at 405 nm, at 1
s intervals for up to 99 repeats, at 37°C using a Victor’
1420 Multilabel Counter (Perkin Elmer, MA, USA).
The rate of product formation was calculated by
dividing the change in absorbance over time by the
extinction coefficient of 8,800 M'cm™' and a path
length of 0.6 cm.

Kinetic determinations

To calculate the Vy,,, and K, the initial velocity of
a series of enzymatic reactions in the presence of
increasing concentrations of the substrate was deter-
mined. The curves were fitted individually by non-
linear regression analysis to the Michaelis-Menten
expression (v = V., [S]/(Ky, + [S]), where v is the
rate of reaction, V., is the maximum rate, [S] is the
concentration of substrate and K,,, is the half of V.,
[35] using the program GraphPad Prism (GraphPad
Software, Inc.). The rate of product formation was
expressed as nM/s/5 x 10° cells or nM/s for VFSN.

Statistical analyses

Statistical analyses were done using Graph Pad Prism
7 software (GraphPad Software, Inc., La Jolla, CA).
The data were analyzed with two-way ANOVA and
Student’s t-test. Values are expressed as the * stan-
dard error of the mean, standard deviation or at
a 95% confidence interval. P < 0.05 was considered
to indicate a significant difference. Regression ana-
lyses were done using Minitab® 19 (Minitab Pty Ltd).

Results

P. gingivalis strains reveal differing
gingipain-dependent characteristics on agar
plates

The 14 P. gingivalis strains to be assessed for gingi-
pain activities were first compared for basic pheno-
type characteristics. After one week of incubation on
HBA some variation in colony size and colour was
evident between strains. Some had large, readily visi-
ble brown-black pigmented colonies (ATCC 33277,
ATCC 49417, W50, Afr-5B1, 11A), small black-
brown colonies (A7A1-28, 3A1, 3-3, 13-1) or pin-
head-very small colonies (15-9, 84-3, 381). Some
strains were seen to be degrading haemoglobin in
the plates as shown by the loss of colour, although
to varying extents (ATCC 33277, ATCC 49417, W50,

Afr-5B1, A7A1-28, 381, 11A), whilst little haemoglo-
bin degradation was in evidence for other strains. At
week 2 colonies could be readily seen for all strains
with haemoglobin degradation readily apparent for
some strains and weak for others, e.g., 13-1, 3Al,
84-3, and 7B TORR. At week 3 haemoglobin degra-
dation by the strain 13-1 was minimal despite the
large size of the colonies (Figure 1).

Both cysteine and glycylglycine influence whole-
cell Arg-gingipain activities

The propensity for P. gingivalis isolates to cleave the
substrate BApNA in the presence of cysteine and
glycylglycine in the assays was systematically assessed.
Pilot studies indicated that the use of 5 x 10° cells per
assay in 96 well microtiter plate wells produced
appropriate initial rates for data analysis. Relative to
no cysteine addition, 20 mM of cysteine in the assays
increased the rate of activity of Arg-gingipains of
these 14 strains by 2.4 (Afr-5B1) to 7.4-fold (ATCC
33277) whilst adding cysteine to 200 mM, increased
the rate of activity of Arg-gingipains significantly
further (P < 0.001) by factors ranging from 5.7 (strain
3A1) to 15.6-fold (strain ATCC 49417) (Table 1). The
Arg-gingipain activities of the whole cells of each
strain were also stimulated by glycylglycine, produ-
cing a curve that approached, but did not reach
a maximum even when 300 mM of glycylglycine
was added. Relative to the absence of glycylglycine,
the addition of 300 mM glycylglycine produced activ-
ity increases that overall were similar to 200 mM
cysteine stimulation (P > 0.05), ranging from
7.3-fold (for strain 15-9) to 18-fold (for strain W50)
(Table 1). The addition of 20 mM of cysteine plus
300 mM of glycylglycine resulted in an increase in the
whole-cell Arg-gingipain activities from 21 to
59.7-fold across the strains (Table 1). However,
increasing cysteine to 200 mM in an assay with
300 mM glycylglycine was less stimulatory of sub-
strate hydrolysis than assays using only 20 mM
cysteine (Table 1).

For a direct comparison of the magnitude of
enzyme stimulation by either cysteine or glycylgly-
cine, the assays were prepared using cysteine or gly-
cylglycine at 200 mM. The results show that for some
strains (13-1, 3-3, Afr-5B1 and A7A1-28) cysteine or
glycylglycine were equally stimulatory, but for the
other strains, glycylglycine had a more positive effect
on Arg-gingipain activity than cysteine (P < 0.05)
(Table 2).

Both cysteine and glycylglycine influence whole-
cell Kgp-gingipain activities

The propensity for P. gingivalis isolates to cleave the
substrate GPKNA in the presence of cysteine and
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Figure 1. Colony phenotype of P. gingivalis isolates. Cells were spread on HBA plates and incubated anaerobically before
imaging at weekly intervals. (a) week 1, (b) week 2, and (c) week 3.

glycylglycine in the assays was also systematically
assessed. Pilot studies indicated that the use of
5 x 107 cells per assay in 96 well microtiter plate
wells produced appropriate initial rates for data ana-
lysis, 10-fold more cells than required for Arg-
gingipain assay. The addition of 20 mM cysteine
increased the Lys-gingipain activities by 1.5 to
4.1-fold whilst the addition of cysteine at 200 mM
increased the Lys-gingipain activity by 1.9 (strain
13-1) to 5.6-fold (strain ATCC 49417) relative to no
cysteine addition (Table 1).

Titration studies using P. gingivalis strains W50
and ATCC 33277 showed that the addition of
180 mM glycylglycine to the assay gave a maximum
increase in Lys-specific gingipain activities (not
shown). Strain 13-1 exhibited the lowest response
to the dipeptide (2.1-fold) and strain ATCC 49417

had the highest (6.8-fold), which was not signifi-
cantly different from the response to 200 mM
cysteine (P > 0.05). In the presence of 20 mM of
cysteine and 180 mM of glycylglycine, the overall
Lys-specific gingipain activities of P. gingivalis
increased by 4.1 (381 strain) to 12.1-fold (ATCC
49417) when compared to the activity in the
absence of these compounds. However, in parallel
with the Arg-gingipain results, in the presence of
200 mM of cysteine and 180 mM of glycylglycine,
the rate of activity of the Lys-specific gingipain was
slightly less than when using 20 mM cysteine
(Table 1). Thus, similar to the observations of
whole-cell Arg-gingipain activities, the different
P. gingivalis strains exhibited varying Lys-
gingipain activities with varying responses to the
additives.
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Table 2. Comparison of whole-cell Arg-gingipain V. in the
presence of 200 mM of cysteine (Cys) or glycylglycine (GlyGly)
with T mM BApNA substrate.

Vimax (NM/s/5 x 10° cells) Vmax Ratio
P. gingivalis GlyGly 200 mM Cys 200 mM (GlyGly/Cys)
84-3 18.8 £ 0.2 139+ 1.2 1.4°
15-9 40.1 £ 03 292 £1.0 1.4°
W50 389+ 04 221 +13 1.8°
7B TORR 456 £ 03 335 +£20 1.4°
ATCC 33277 335+0.2 266 £ 0.6 1.3°
A7A1-28 205 £ 0.2 199 £ 0.7 1.0
11A 426 + 04 279 £ 04 1.5°
3-3 13.6 £ 0.1 134 £ 0.2 1.0
381 242 £ 03 18.0 £ 0.5 1.3°
ATCC 49417 222 £0.2 17.0 £ 0.8 1.32
YH522 275+ 0.1 252 +0.7 1.2
13-1 6.8 £ 0.1 71 +£0.2 1.0
Afr-5B1 11.5 £ 0.1 11.0 £ 0.3 1.0
3A1 214 £ 0.2 16.4 = 0.8 1.32

a. P < 0.05, Student’s t-test (unpaired parametric)

The kinetics of whole-cell-associated gingipains
are strain-dependent

The enzyme kinetics of the Arg- and Lys-specific sub-
strate cleavages by the P. gingivalis strains were then
determined using 20 mM cysteine and glycylglycine
(300 mM for Arg-specific activity or 180 mM for Lys-
specific activity). The whole-cell Arg-gingipain V. var-
ied by 5.8-fold, from 20 + 0.3 nM/s/5 x 10° cells mea-
sured for strain 13-1 and 117 + 1.3 nM/s/5 x10° cells
measured for strain W50 (Figure 2 and Table 3). In
contrast, the Vi, of whole-cell Lys-gingipains was
more evenly distributed, varying among P. gingivalis
strains by only approximately 2-fold, from 8 + 0.2 nM/
s/5 x 10° cells for the 13-1 strain and 17 + 0.2 nM/s/5
x 10° cells for ATCC 49417 (Figure 2 and Table 3). The

P. gingivalis

1207 a

- O W50
s @ ATCC 49417
=] @ 84-3
f=: 2 @ ATCC 33277
=3 @ 159
5
=% é) @ 7B TORR
s Q 381
= @ A7A1-28
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[ @ 3A1
2 E @ 33
= < @ 11A
o © Afr-5B1
3 @ 13-1
& %

0 T v 7 1

0 300 600 900 1200
[BApNA](pM)

Rate of Product Formation
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P. gingivalis
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@ 11A

@ A7A1-28
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® 159

@ 7B TORR
@ 3-3

@ YH522

© 381

© Afr-5B1

® 13-1
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1200
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Figure 2. (a) The kinetics curves for P. gingivalis whole-cell Arg-gingipain activities using BApNA as substrate. (b) The kinetics
curves for P. gingivalis whole-cell Lys-gingipain activities using GPKNA as substrate.
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Table 3. The V. Of P. gingivalis whole-cell and VFSN Arg- and Lys-gingipains.

Arg-gingipain Lys-gingipain

Whole cell VFSN Whole cell VFSN
P. gingivalis (nM/s/5 x 10° cells) (UM/s) (nM/s/5 x 10° cells) (uM/s)
84-3 110+ 1.2 13.9 + 0.153 13+£03 6.69 £ 0.131
15-9 68 = 0.7 10.6 £ 0.331 11 +£0.2 3.88 + 0.063
W50 17 £13 10.6 = 0.182 16 £ 0.4 0.78 £ 0.014
7B TORR 57 £ 0.9 3.87 £ 0.042 10 £ 0.3 1.06 £ 0.014
ATCC 33277 106 + 0.8 244 £ 0.013 15+ 0.2 0.17 £ 0.005
A7AI-28 70 £ 0.5 2.38 + 0.028 13+ 0.5 0.66 + 0.007
1A 66 + 0.8 1.30 + 0.033 13+ 0.1 0.03 + 0.002
3-3 55+ 0.6 2.67 = 0.029 10 £ 0.3 0.19 +.0002
381 51 £05 1.02 + 0.020 10 £ 0.4 0.34 + 0.007
ATCC 49417 110+ 15 0.64 + 0.032 17 £ 0.2 0.07 + 0.002
YH522 74 £1 0.32 £ 0.006 11 £0.1 0.02 £ 0.001
13-1 20 £ 0.2 0.18 + 0.004 8 +£0.2 0.08 + 0.002
Afr-5B1 54+19 0.17 £ 0.007 9+ 04 0.64 £+ 0.013
3A1 49 + 0.5 0.13 £ 0.004 11 £0.2 0.018 + 0.004

Table 4. The comparison of Arg- and Lys- gingipain V. for
whole cells (WC) and VFSN.

wc VFSN Arg Lys
P. gingivalis (Arg/Lys) (Arg/Lys) (VFSN/WC) (VFSN/WC)
84-3 85 2.0 126 515
15-9 6.0 2.7 155 353
7B TORR 5.7 37 68 106
W50 7.3 14 91 49
A7A1-28 54 3.6 34 51
Afr-5B1 6.0 0.26 3.0 Al
381 5.0 3.0 20 34
3-3 55 14 49 19
ATCC 33277 7.0 14 23 12
13-1 2.5 2.0 9.0 10
ATCC 49417 6.5 9.0 6.0 4.0
1A 5.0 45 20 2.0
YH522 7.0 14 4.0 2.0
3A1 45 7.0 3.0 2.0
Mean 5.9 9.6 44 88
Std dev 1.4 11 49 153

Vmax ratio for Arg/Lys whole-cell activities for the strains
varied from 2.5 to 8.5-fold, with 11 of the 14 strains in the
ratio range 5.0 to 7.3-fold (Table 4). The log;,-
transformed Arg- and Lys-gingipain activity data of the
P. gingivalis whole cells could be fitted to a linear model
with an R? of 76.5% at a 95% prediction interval (Figure 3
(a)). Overall, strains that had relatively high Rgp activity
also had high Kgp activity, and strains that had relatively
low Rgp activity also had low Kgp activity. P. gingivalis
W50 strain had the highest gingipain activity based on
cumulative activities of Arg- and Lys-gingipains on
wholecells, whereas, the 13-1 strain had the lowest.

The whole-cell Arg-gingipain K,, for BApNA was
fairly similar from 40 + 3 pM to 65 + 6 uM (Table 5),
whilst the range of whole-cell Lys-gingipain K,, for
GPKNA substrate was from 142 + 8 uM to
234 + 11 pM (Table 5). Strain A7AI-28 had the lowest
K., for both BApNA and GPKNA whilst the highest K,
for BApNA and GPKNA were shown by 84-3 and 11A
strains respectively.

High concentration of cysteine negatively affected
the overall K,, of whole-cell Arg-gingipains for
BApNA, however the decreased substrate affinity was,
however, compensated by increased V., (Table 6).

Comparing the K, of whole cells for BApNA deter-
mined using 20 mM cysteine and 300 mM glycylglycine
(Table 5) also indicated a negative effect of glycylglycine
addition on substrate binding, however as shown by the
data in Table 3, this was also compensated by increased
Vi

The kinetics of gingipains in the VFSN are strain
dependent

Remarkably, the Arg-gingipain VFSN V., varied by
more than two orders of magnitude (up to 107-fold)
across the P. gingivalis strains. The highest V., of
13.9 £ 0.153 pM/s was observed for strain 84-3 and the
lowest V. was 0.13 £ 0.004 uM/s for strain 3A1. The
VESN Lys-gingipain V., also varied by more than two
orders of magnitude (up to 371-fold) across the
P. gingivalis strains. The highest V. of 6.7 + 0.13 uM/
s was observed for strain 84-3 and the lowest V., of
18 + 4 nM/s was found for strain 3A1 (Table 3).
P. gingivalis 84-3 was the highest soluble gingipain-
producing strain based on cumulative activities of Arg-
and Lys-gingipain in the VFSN, whereas the 3A1 strain
produced the least amount of active soluble gingipains
under these growth conditions.

A greater variation of the Arg/Lys V., ratios was
observed for the VESN fractions (average ratios 9.6 + 11)
compared with the whole cells (average of ratios
5.9 + 1.4) with values ranging from 0.26 as a minimum
(strain Afr-5B1) to 45 (strain 11A) as the maximum
(Table 4). A linear model could be fitted to the log;o-
transformed Arg- and Lys-gingipain activity in the VESN
with the fitted equation [log;, (Arg-specific activ-
ity) = 1.58 + 0.643 logy, Lys-gingipain activity)], R*
54.6%. The plot suggested that strain Afr-5B1 was differ-
ent from the others, with low Arg-gingipain activity in
the VESN given its Lys-gingipain activity (Figure 3(b)).
When strain Afr-5B1 was omitted from the data set, the
fit of the model improved (R? 75.2%), with the revised
equation remaining similar [log;, (Arg-gingipain activ-
ity) = 1.53 + 0.703 log;, (Lys-specific activity)]. Overall,
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the data indicated the strain Arg and Lys activities were
positively correlated.

Across the P. gingivalis strains, the range of VFSN
Arg-gingipain K, for BApNA was from 49 * 8 uM to
70 £ 11 uM (Table 5) which were mostly similar
(P > 0.05) to K, of whole-cell Rgps. Slightly higher K,
was determined for strains A7A1-28, 3-3, and Afr-5B1
for BApNA by Rgp enzymes in the VFSN than on whole
cells (P < 0.05), but the values were not remarkably
different. The VESN Lys-gingipain K, for GPKNA,
which ranged from 139 + 8 uM to 228 + 13 pM (Table
5), were not significantly different to whole-cell-located
Lys-gingipain enzyme K., for GPKNA for each strain
(P > 0.05) (Table 5).

Comparison of DTT and cysteine in the activation
of whole-cell gingipain activity

To observe whether the reducing compounds DTT
and L-cysteine have a similar effect on gingipain

activity the V., and K, of the Arg-gingipains
were determined by replacing 20 mM cysteine
with 20 mM of DTT in the presence of 300 mM
glycylglycine. All strains exhibited higher V., for
BApNA hydrolysis in the presence of 20 mM
cysteine as a reducing agent than when using
DTT, from a modest 1.1-fold to 3.7-fold more
activity (P < 0.05) (Figure 4 and Table 7). The
range of the whole-cell Arg-gingipain K,, for
BApNA when using DTT as a reducing agent was
from 29 + 5 uM to 67 + 2 uM (Table 7). For some
strains of P. gingivalis (15-9, W50, ATCC 33277,
7B TORR, 3-3, 11A, and A7A1-28) no significant
difference in K, (P > 0.05) was observed between
assays conducted with 20 mM cysteine or 20 mM
DTT. Whereas P. gingivalis strains 84-3, ATCC
49417, 381, 13-1, Afr-5B1, 3Al, and YH522 exhib-
ited significantly lower K, for BApNA in the pre-
sence of DTT (P < 0.05) than in the presence of
cysteine (Table 7).
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Table 5. The K, for substrates of whole-cell (WC) and VFSN Arg- and Lys-gingipains of P. gingivalis.

Arg-specific gingipain

Lys-specific gingipain

Whole cell VFSN Whole cell VFSN
P. gingivalis K (M) P-value K (M) P-value
84-3 65+ 4 707 185 + 16 193 £ 13 > 0.05
15-9 53+4 69 + 13 203 + 14 192 + 11
W50 50+5 67 £8 189 £ 9 186 = 12
7B TORR 575 67 =+ 11 232 £ 16 228 + 13
ATCC 33277 60 + 2.5 66 £ 7 > 0.05 210 £ 12 212 £ 12
11A 54 + 4 55+13 234+ 9 223 + 12
381 45+ 3 57+ 11 181 £ 10 166 = 12
ATCC 49417 64 + 2 68 + 6 198 + 12 215 + 14
YH522 53+ 4 50+ 8 161 £ 10 171 £ 14
13-1 51+ 4 49+ 8 201 £ 12 187 + 13
3A1 43 £ 3 56 +9 224 £ 12 220 £ 14
A7A1-28 40 £ 2 57+£6 142 £ 12 139+ 8
3-3 53+4 70 £ 11 < 0.05 161 £ 12 166 = 12
Afr-5B1 41 +3 57 £ 11 201 £ 13 189 + 13

Multiple t-tests (unpaired nonparametric)

Table 6. The calculated K, for BApNA and V.., of
P. gingivalis whole-cell Arg-gingipains with cysteine addition
to the assay.

Km (M) Vinax (NM/5/5 x 10° cells)®
P. gingivalis  Cys 20 mM  Cys 200 mM  Cys 20 mM  Cys 200 mM
84-3 7+3 11+2 8+0.2 14 + 0.1
15-9 6+2 24 +3 16+05 285+ 0.1
W50 5+1 121 9+02 27 £ 0.1
7B TORR 4+1 14 +1 14+01  295+02
ATCC 33277 7 +1 24 +2 14 + 04 32+03
A7A1-28 12+2 17 +1 95+0.1  195+0.1
11A 6+ 1 2142 20402 264 +03
3-3 131 15+3 88+01 11304
381 13+3 2+2 85 +0.2 19 + 0.2
ATCC 49417 10+ 1 11+2 7+05 16 + 0.4
YH522 4+1 11 +1 12+0.2 24+ 0.2
13-1 14 +2 2+3 25+0.1 702
Afr-5B1 13+3 2+4 54 +0.1 85+ 03
3A1 8+ 1 19 +2 7501 11203
a. P <005
b. P < 0.05
Discussion

Growth and gingipain activities of P. gingivalis
are not directly correlated

In this study we report gingipain characteristics of several
global P. gingivalis clinical isolates. Previous studies have
demonstrated that strains of bacterial species isolated
from around the world can have a variable phenotype
that impacts virulence [36]. The phenotype variation can
be due to the acquisition of virulence genes such as those
coding for toxins, protein effector secretion systems, or
antibiotic resistance [37-40]. Single nucleotide changes
can also affect the phenotype by introducing nonsense
mutations, changing promoter function, and altering
protein sequences [41,42]. The sequenced genomes of
multiple P. gingivalis strains revealed that although the
P. gingivalis genomes are prone to rearrangement [33,43]
they exhibit low sequence divergence and low acquisition
of other genes compared to other species [33,43-45]. The
low sequence divergence includes high conservation
within the catalytic domains of the gingipains [33].

However, a genome sequence alone does not provide
a comprehensive indicator of phenotype as it does not
show the effect of small inter-strain variations, such as
changes to codons or regulatory elements. The global
P. gingivalis examined here exhibited different pheno-
types as demonstrated by the growth rate on HBA and
ability to utilize haemoglobin/haem in the HBA plates
(clear agar pigment). The ability of P. gingivalis to cleave
haemoglobin and assimilate haem has been attributed to
the activity of the gingipains [19,46]. In this study,
P. gingivalis strain 11A formed robust colonies after
7 days of incubation and indeed had robust glossy black-
pigmented colonies after only 4 days of inoculation (data
not shown), whereas, strain such as 84-3 produced colo-
nies of pinpoint size after 7 days. Strains that grew poorly
in BHI broth (13-1, 3A1, 84-3, and 7B TORR) degraded
haemoglobin in the plate less rapidly than other strains
signalling a potentially correlating phenotype.

Cysteine stimulates gingipain activities of
P. gingivalis

Maintaining a reduced environment is necessary for
optimum gingipain activity and a reducing agent
such as cysteine is an important component of
a gingipain proteolytic assay to protect the catalytic
cysteine from oxidation. Glycylglycine can stimulate
gingipain proteolytic activities in the presence of sub-
strates, including BApNA, azocasein, and azocoll
[47]. The activity enhancement in the presence of
glycylglycine was originally suggested by Potempa
et al. [9] to be due to the elimination of non-
productive, high-affinity binding of the substrate
arginine side chain. However, Zhang et al. [24] sub-
sequently showed that gingipains behave as transpep-
tidases, with it likely that the transfer reaction permits
faster product release, thus enhancing the rate of
substrate turnover. The stimulatory effect of cysteine
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Table 7. The K., and Va5 Of P. gingivalis whole-cell Arg-gingipains in the presence of 300 mM glycylglycine and 20 mM DTT

or 20 mM L-cysteine.

Vmax
(NM/s/5 x 10° cells)®

Km (UM)? Ratios of Vimax
P. gingivalis L-cysteine DTT DTT L-cysteine Cys/DTT
84-3 65+ 4 41+3 30+£1.0 110+ 1.2 37
15-9 53+4 67 £ 2 59+15 68 £ 0.7 1.2
W50 59+5 61+ 4 65+ 1.0 117 £13 1.8
7B TORR 57+5 62+3 54 +£04 57 £ 09 1.1
ATCC 33277 60 = 2.5 64+ 5 63 + 1.0 106 + 0.8 1.7
A7AI-28 40 +2 41 +2 28 £05 70 £ 0.5 25
11A 54 + 4 58 + 4 57 £03 66 + 0.8 1.2
3-3 53+4 56 +5 37 £ 06 55+ 0.6 1.5
381 45 +3 29+3 28 £08 51+05 1.8
ATCC 49417 64 + 2 51+5 38 £0.7 110 £ 1.5 29
YH522 53+4 29+5 38 £05 74 £ 1 1.9
13-1 51+4 33+6 9+ 05 20 £ 0.2 22
Afr-5B1 41+3 30+ 4 25+05 54+19 22
3A1 43 +3 31+ 4 33+£05 49 + 0.5 1.5

a. P < 0.05, 84-3, 381, ATCC 49417, YH522, 13-1, Afr-5B1, 3A1.
b. P < 0.05



beyond that required for active site cysteine reduction
indicates it may also behave as a transpeptidation
acceptor molecule. This was indicated by the higher
whole-cell Arg-gingipain V., of strains ATCC
33277 and W50 in the presence of 20 mM cysteine
relative to the whole-cell Arg-gingipain V., in the
presence of 20 mM DTT (Figure 4). This result is
consistent with the previous report where it was
shown that among the thiol-containing compounds,
cysteine (0-50 mM) produced a 1.4-fold higher sti-
mulatory effect than that of either DIT or f-
mercaptoethanol in the presence of 100 mM glycyl-
glycine [47]. However, the addition of 200 mM
cysteine to the assay had an adverse effect on the
gingipain function. This could be due to the chelation
of calcium (Ca’"), an ion that stabilizes gingipains
[47]. Relative to the assay containing 200 mM
cysteine, the addition of 200 mM glycylglycine was
found to only have a positive effect on Arg-gingipain
activities produced by 10 of the 14 strains of
P. gingivalis (Table 2). This may suggest that differ-
ences exist between the enzymes of these strains that
are sufficient to affect substrate-acceptor molecule
interactions during catalysis.

Cysteine and glycylglycine can have similar
effects on the gingipains activities of
P. gingivalis isolates

The calculated K., for BApNA of P. gingivalis whole
cells Arg-gingipains in the presence of 20 mM cysteine
ranged from 4 + 1 to 14 + 2 uM across the P. gingivalis
strains tested (Table 6), consistent with a previous study
where it was shown that the W50 strain and RgpB
deficient mutant D7 K,,, were 5 and 5.6 UM, respectively
[48]. The K,, for BApNA significantly increased when
200 mM cysteine was applied in the assay and still
further when in the presence of both 300 mM glycyl-
glycine plus 20 mM cysteine in the assay. This indicates
a negative effect, potentially from molecular crowding.
Previously it has been shown that the K,;, of rKgp and
RgpB for their substrates increased by over 8 and
4.6-fold respectively when assayed in the presence of
200 mM glycylglycine compared to that of K, calcu-
lated in the absence of glycylglycine [24]. But the activa-
tion of gingipains by glycylglycine is inversely
correlated to the change of the K, value [9,24].
Similarly, our data show that cysteine and glycylglycine
can have similar effects on the gingipains activities of
a wide range of P. gingivalis isolates.

P. gingivalis strains may have different virulence
potentials due to gingipain functions

A previous study of P. gingivalis W50 and its gingi-
pain mutants in the animal lesion model has sug-
gested that Lys-gingipain contributes more to
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virulence than Arg-gingipains [49]. Similarly, in
a periodontitis model, oral inoculation with
P. gingivalis W50 and its gingipain mutants also
indicated that Kgp was important for bone loss,
with RgpB, but not RgpA, being similarly important
in this model [50]. In contrast, Wilenski et al. [51]
determined that RgpA is a major virulence factor as
P. gingivalis that produced RgpA had less residual
bone volume as shown by micro-computed tomogra-
phy and suppressed phagocytosis by leucocytes in
a subcutaneous chamber infection model [51]. In
the periodontitis model used by Pathirana et al.
[50], disease was induced by oral gavage with
P. gingivalis suspended in media with reducing agents
to maintain proteinase activities [50]. In the experi-
mental periodontitis model utilised by Wilenski et al.
[51] in addition to oral gavage, P. gingivalis were
applied to the murine colorectal region, and the
P. gingivalis were not suspended in a carrier medium
containing reducing agent to maintain proteinase
activities. The difference in treatment of P. gingivalis
during murine inoculations could have had
a significant effect on proteinase activities, host colo-
nisation, induction of immune responses and disease
outcomes.

Support for levels of gingipain activities, in
particular Lys-gingipain activity, possibly influen-
cing pathogenicity, is that P. gingivalis W50 and
A7A1-28 (ATCC 53977) that exhibit higher levels
of proteinase activity than strains 381 and ATCC
33277 (original strain designation 2561) (Table 3)
[25] were previously demonstrated to be the more
pathogenic in murine lesion models [25,52].
Furthermore, in a periodontitis model, mice chal-
lenged with A7A1-28 had less residual supportive
bone volume present than those challenged with
strain 381 [53]. Overall, the balance of Lys and
Arg-gingipain activities of strains could influence
virulence outcome, potentially indicating why loss
of RgpA in A7A1-28 had more impact on viru-
lence of this strain than loss of RgpA from strain
W50, and why A7A1-28 and W50 are more inva-
sive than ATCC 33277 in murine and rat models
[54]. However, the explanation of gingipain pro-
duction correlating with virulence is not clear cut.
P. gingivalis W50 and ATCC 49417 were both
found to be highly virulent in an animal lesion
model [25,55,56], but ATCC 49417 has similar
Arg- and Lys-cleavage V., to ATCC 33277 and
lower soluble gingipain activities. Furthermore,
although strain ATCC 33277 is less virulent than
other strains in some disease models [43], which
could potentially be attributed to secretion of less
gingipain into the surrounding environment, in
other models it shows greater virulence character-
istics. For example, when added to gingival epithe-
lial cells ATCC 33277 can completely inhibit IL-8
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accumulation and degrade existing IL-8 in culture
supernatants [57] thus attenuating the inflamma-
tory response. It is likely that the combined effect
of multiple bacterial factors contributes to viru-
lence, but an understanding of the effect of
released gingipains on virulence is essential to
understanding pathogenesis.

Conclusion

Global P. gingivalis clinical isolates exhibited different
rates and distributions of Arg- and Lys-gingipain
activities. Cysteine and glycylglycine were observed
to enhance the Arg-and Lys-gingipain activities pro-
duced by the different P. gingivalis strains. The data
suggested that different clinical isolates of
P. gingivalis may exhibit different virulence charac-
teristics based on the distribution and activities of
their gingipains.
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