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Extracellular cysteine proteinases, referred to as gingipains, are considered important virulence factors for
Porphyromonas gingivalis, a bacterium recognized as a major etiologic agent of chronic periodontitis. We in-
vestigated the effect of tetracycline and its analogues, doxycycline and minocycline, on the enzymatic activities
of gingipains. Tetracyclines at 100 �M totally inhibited the amidolytic activity of arginine-specific gingipains
(HRgpA and RgpB). In contrast, inhibition of Kgp was less efficient and required a somewhat higher concen-
tration of the antibiotic to achieve the same effect. Among tetracycline derivatives, the most potent gingipain
inhibitor was doxycycline, followed by tetracycline and minocycline. RgpB was inhibited by doxycycline in an
uncompetitive and reversible manner with a 50% inhibitory concentration of 3 �M. Significantly, inhibition
was unaffected by calcium, excluding the chelating activity of tetracyclines as the mechanism of gingipain in-
activation. In contrast, the inhibitory activities of the tetracyclines were reduced by cysteine, a reducing agent,
suggesting an interference of the drug at the oxidative region with the catalytic system of the enzyme. Doxy-
cycline, at 10 �M, significantly inhibited the RgpB-mediated production of vascular permeability-enhancing
activity from human plasma, thus proving an effective inhibition of gingipain in vivo. These results indicate a
new activity of tetracyclines as cysteine proteinase inhibitors and may explain the therapeutic efficiency of these
antibiotics in the treatment of periodontitis.

Tetracycline and its analogues minocycline and doxycycline,
as protein synthesis inhibitors in prokaryotes, are important
antibiotic agents against a broad spectrum of bacteria. Based
on their effectiveness in suppressing gram-negative anaero-
bic periodontopathogenic microorganisms in the subgingival
plaque (35), tetracyclines have been used in dentistry as ad-
juncts to periodontal therapy. From the 1980s, tetracyclines
have been found to exert biological effects independent of the
antimicrobial activity (15). Such effects include inhibition of
matrix metalloproteases (MMPs) (18), nitric oxide synthases
(1), and prostaglandin E2 production (40). In particular, the
inhibitory effect of tetracyclines on the activity of MMPs (18),
which are thought to be involved in the pathological degrada-
tion of the periodontal connective tissue (4), may in part ex-
plain the high therapeutic potential of these antibiotics in the
treatment of periodontitis (20).

Gingipains are major extracellular cysteine proteinases pro-
duced by Porphyromonas gingivalis (8), a recognized causative
bacterium of adult periodontitis (11, 24, 45, 49), and they are
important virulence factors of this established periodonto-
pathogen (22, 36, 46). Two gingipains referred to as HRgpA
and RgpB are arginine-specific proteinases and another gingi-
pain, Kgp, is a lysine-specific proteinase (41, 42). The former
proteinases activate prekallikrein, leading to very efficient gen-
eration of bradykinin, a potent vascular permeability-enhanc-

ing (VPE) peptide (26). In addition, they are able to induce
blood clotting through activation of the coagulation cascade at
several different levels (25, 29, 30). Moreover, thrombin re-
leased in this process is a strong proinflammatory mediator
(3, 11, 32, 34). These two gingipain-triggered molecular events
could be potentially associated with crevicular fluid production
at periodontitis sites and development of the inflammatory
disease, respectively. At the same time, the ability of gingipains
to degrade fibrinogen in human plasma (28), together with
their fibrinolytic activity (27), could be involved in the bleeding
tendency at periodontitis lesions. Gingipains can also induce
secretion of collagenase from gingival fibroblast (9) and acti-
vate pro-MMPs (10). Thus, when this is all taken into account
it can be anticipated that inhibition of gingipains by antibiotics
may significantly potentiate their therapeutic effects in the
treatment of periodontitis. A recent report has indicated that
treatment of periodontitis patients with minocycline reduced
salivary protease activity (2), some of which is likely to be due
to the presence of gingipains (31). This finding prompted us to
investigate the direct inhibitory activity of tetracycline and its
analogues for gingipains.

MATERIALS AND METHODS

Materials. Tetracycline, minocycline, doxycycline, soybean trypsin inhibitor,
porcine pancreas trypsin, bovine pancreas chymotrypsin, and papain were ob-
tained from Sigma Chemical Co. (St. Louis, Mo.). Porcine pancreatic elastase
and H-D-Phe-Pro-Arg-chloromethylketone (FPR-CK) were from Elastin Prod-
ucts Co., Inc. (Pacific, Mo.), and BACHEM Bioscience Inc. (Philadelphia, Pa.),
respectively. Carbobenzoxy-L-pyroglutamyl-glycyl-L-arginine-4-methyl-coumaryl-
7-amide (Z-Pyr-Gly-Arg-MCA) (for HRgpA, RgpB, and papain), t-butyloxy-
carbonyl-L-valyl-L-leucyl-L-lysine (Boc-Val-Leu-Lys)-MCA (for Kgp), succi-
nyl-L-alanyl-L-alanyl-L-prolyl-L-phenylalanine (Suc-Ala-Ala-Pro-Phe)-MCA (for

* Corresponding author. Mailing address: Division of Molecular
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chymotrypsin), Suc-Ala-Pro-Ala-MCA (for elastase), and a standard 7-amino-4-
methyl coumarin (AMC) were purchased from the Peptide Institute (Minoh,
Japan). Normal human plasma was obtained by centrifugation of a mixture of 9
volumes of freshly drawn blood from healthy volunteers and 1 volume of 3.8%
(wt/vol) sodium citrate. Other chemicals were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan).

Proteinase purification. Kgp, HRgpA, and RgpB were isolated according to
the methods described by Pike et al. (41) and Potempa et al. (42). The amount
of active enzyme in each purified proteinase was determined by active-site titra-
tion using FPR-CK (43). The concentration of active gingipain R was calculated
from the amount of inhibitor needed for complete inactivation of the proteinase.

Activation of Rgps. Each gingipain form was activated with 10 mM cysteine in
0.2 M HEPES buffer (pH 8.0) containing 5 mM CaCl2 at 37°C for 10 min. The
activated proteinase (1 �M) was then diluted with 50 mM Tris-HCl (pH 7.4)
containing 0.1 M NaCl and 5 mM CaCl2 prior to use.

Proteinase inhibition assays. Fifty microliters of tetracycline analogue, dis-
solved in 0.1 M Tris-HCl (pH 7.6) containing 0.15 M NaCl, and an equal volume
of a proteinase in the same buffer were mixed in a 96-well microplate and
incubated for 5 min at 25°C. Then, 100 �l of an MCA substrate (0.4 mM) in the
same buffer was added to the mixture. The residual proteinase activity was
measured fluorometrically with a fluorescence spectrophotometer for a 96-well
microplate (CytoFluor Series 4000; PerSeptive Biosystems), with fluorescence at
440 � 20 nm and excitation at 380 � 20 nm. The velocity of AMC release was
calculated by using standard AMC concentrations.

Kinetic analysis of RgpB inhibition by doxycycline. The inhibitory effect of
doxycycline on RgpB activity was investigated as a function of substrate concen-
tration ([s], from 2.5 to 40 �M), and the results were plotted as 1/v versus 1/[s],
where v is the initial velocity of the substrate cleavage. The values of the Michae-
lis constant (Km) and the maximum velocity (Vmax) in the Michaelis-Menten
equation were determined by using three different plots, [s]0/v versus [s], 1/v

versus 1/[s]0 and v versus v/[s]0 (v and [s]0 denote the catalytic rate and the initial
substrate concentration, respectively), where the best-fit values were determined
by the method of least squares with Taylor expansion, as described by Sakoda
and Hiromi (44). The inhibition constant (Ki) of doxycycline in RgpB inhibition
was obtained by the equation Vapp � V /(1 � i/Ki), where Vapp and V denote the
maximum velocity in the presence or absence of doxycycline, respectively, and i
is the doxycycline concentration.

VPE assay. Normal human plasma (50 �l) supplemented with 1,10-phenan-
throline (2 mM) to inhibit kininases was mixed with 25 �l of doxycycline dis-
solved in 10 mM Tris-HCl (pH 7.4) containing 0.15 M NaCl (TBS), followed by
addition of 25 �l of RgpB (40 nM in TBS) 15 s later and incubation in a plastic
tube at 25°C for 5 min. The reaction was stopped by adding 400 �l of TBS
supplemented with 1,10-phenanthroline (1 mM), soybean trypsin inhibitor (20
�M), leupeptin (10 �M), and FPR-CK (10 �M). Each sample (100 �l) was
injected intradermally into the clipped flank of a guinea pig (Albino-Hartley
strain; Kyudo Experimental Animals, Kumamoto, Japan) previously anesthe-
tized with an intramuscular injection of ketamine (80 mg/kg of body weight) and
having received an intravenous injection of Evans blue dye (2.5% solution in
0.6% saline; 30 mg/kg). The VPE activity of the sample was determined by
quantitatively measuring the dye extravasated at injected skin sites, according to
the method of Udaka et al. (48). Activity was expressed in terms of mean
micrograms of dye released (triplicate assays). Dye leakage at TBS-injected sites
was used as a control and the value was subtracted from the value of each sample.

RESULTS

Inhibition of gingipains by tetracycline analogues. To inves-
tigate the inhibitory effect of tetracycline analogues on gingi-
pain activity, RgpB, HRgpA, and Kgp were incubated with

FIG. 1. Inhibition of gingipains by tetracyclines. (A to C) Fifty microliters of a tetracycline analogue, dissolved in 0.1 M Tris-HCl (pH 7.6)
containing 0.15 M NaCl, and an equal volume of a gingipain (2 nM) in the same buffer were mixed in a 96-well microplate and incubated for 5
min at 25°C. Then, 100 �l of 0.4 mM Z-Pyr-Gly-Arg-MCA for RgpB (A) and HRgpA (B) or Boc-Val-Leu-Lys-MCA for Kgp (C) in the same buffer
was added to the mixture. ‚, tetracycline; �, minocycline; E, doxycycline. The concentrations of tetracycline analogues in the initial mixture are
shown. (D) Time course of RgpB inhibition by doxycycline. Fifty microliters of doxycycline (20 �M), dissolved in 0.1 M Tris-HCl (pH 7.6)
containing 0.15 M NaCl, and an equal volume of RgpB (1 nM) in the same buffer were mixed and incubated at 25°C for various periods, followed
by addition of 100 �l of Z-Pyr-Gly-Arg-MCA (0.4 mM). The amount of AMC released by the residual proteinase was measured fluorometrically.
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various concentrations of tetracycline, minocycline, or doxycy-
cline, and the enzyme residual activity was measured. At a
1 mM concentration all three tetracycline analogues inhibited
gingipains completely; however, at the lower micromolar range
significantly stronger inhibition was observed for both of the
gingipains R (Fig. 1A and B) than for Kgp (Fig. 1C). Among
the analogues, doxycycline was the most potent inhibitor, fol-
lowed by tetracycline and minocycline. Doxycycline inhibited
Rgp’s activity about 20% at 1 �M, 80% at 10 �M, and com-
pletely at 100 �M. In contrast, Kgp retained about 70% activity
with 10 �M doxycycline and concentrations of this compound
required to inhibit 50% of the activity (IC50) of gingipains R
and Kgp were about 3 and 20 �M, respectively. RgpB inhibi-
tion by doxycycline was relatively rapid and nearly maximal
inhibition was reached after 3 min preincubation (Fig. 1D).
To study the mechanism of inhibition, the inhibitory effect of
doxycycline on RgpB activity was investigated as a function of
substrate concentration and the results were plotted as 1/v
versus 1/[s]. The best-fit lines of the plots for the substrate
cleavage by RgpB in the presence of doxycycline at 10 or 25
�M were parallel to the best-fit line of the plots in the absence
of the antibiotic (Fig. 2), indicating the uncompetitive mecha-
nism of inhibition. The Ki was 54 �M. These results showed
that tetracycline and its analogues were potent and uncompeti-
tive gingipain inhibitors. In addition, doxycycline was also an
inhibitor of papain, trypsin, chymotrypsin, and elastase, with
IC50 of about 30, 50, 70, and 110 �M, respectively (data not
shown).

Effect of calcium and cysteine on RgpB inhibition by doxy-
cycline. Tetracyclines possess chelating activities (37), which
are known to be responsible for MMP inhibition (16). To de-
termine whether the gingipain inhibitory activities of the tetra-
cyclines were dependent on their chelating activities, RgpB inhi-
bition by doxycycline was investigated in the presence of calcium.
In these experiments it was found that calcium up to 5 mM did
not affect the inhibitory potency of doxycycline (Fig. 3).

In addition to divalent cation binding, the lower peripheral

part of the tetracycline molecule is essentially an electron-
dense region at which oxidative processes occur (33). We have
considered that an oxidative state at this region may play a role
in gingipain inhibition by tetracyclines. To study this possibil-
ity, the inhibitory property of doxycycline against RgpB was
examined in the presence of cysteine. Interestingly, this reduc-
ing compound profoundly reduced the inhibitory potency of
doxycycline (Fig. 3), as indicated by a significant decrease of
the IC50 from 3 �M in the absence to more than 100 �M in the
presence of 10 mM cysteine. These results suggest that the
oxidative state of tetracycline molecules is closely related to the

FIG. 2. Mechanism of RgpB inhibition. Fifty microliters of doxycycline (F, 0 �M; ‚, 80 �M; �, 200 �M), dissolved in 0.1 M Tris-HCl (pH 7.6)
containing 0.15 M NaCl, and 100 �l of Z-Pyr-Gly-Arg-MCA in the same buffer were mixed in a 96-well microplate, followed by addition of 50 �l
of RgpB (2 nM) in the same buffer. The amount of AMC released by the residual proteinase was measured fluorometrically. (A) AMC release
velocity (v) versus Z-Pyr-Gly-Arg-MCA concentration (s). (B) Plot of 1/v versus 1/[s]. The concentrations of Z-Pyr-Gly-Arg-MCA in the final
mixture are shown.

FIG. 3. Effect of calcium and cysteine on RgpB inhibition by doxy-
cycline. Fifty microliters of doxycycline, dissolved in 0.1 M Tris-HCl
(pH 7.6) containing 0.15 M NaCl only (E) or further supplemented
with 5 mM NaCl2 (Œ) or 10 mM cysteine (f), and an equal volume of
RgpB (2 nM) in the same buffer were mixed in a 96-well microplate
and incubated at 25°C for 5 min. Then, 100 �l of Z-Pyr-Gly-Arg-MCA
(0.4 mM) in the same buffer was added to the mixture. The amount of
AMC released by the residual proteinase was measured fluorometri-
cally.
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inhibitory activities of these antibiotics for cysteine protein-
ases.

Inhibition of RgpB production of VPE activity from human
plasma by doxycycline. To investigate the possibility that doxy-
cycline could inhibit gingipain activity in vivo, we studied the
effect of the drug on the RgpB-dependent production of VPE
activity from human plasma. Doxycycline decreased the gen-
eration of VPE activity by RgpB in a dose-dependent manner
at concentrations above 10 �M and almost completely at 1 mM
(Fig. 4). Doxycycline itself and plasma without RgpB treatment
exhibited no significant VPE activity. In addition, doxycycline
at the concentrations used in these experiments did not affect
the VPE activity of bradykinin (data not shown), which is pro-
duced by RgpB in plasma. Taken together, these results sug-
gest that doxycline and tetracycline analogues are able to in-
hibit gingipain activity in vivo.

DISCUSSION

To our knowledge, the data presented in this report show for
the first time that tetracyclines are potent cysteine proteinase
inhibitors. The doxycycline IC50 for RgpB (3 �M) is compa-
rable to that for MMP-13 (2 �M) (21) and lower than that for
MMP-8 (30 �M) (18) and MMP-1 (�400 �M) (11). Interest-
ingly, for both types of proteinases doxycycline is the most
potent inhibitor of the three tetracycline analogues (18, 20, 47)
(Fig. 1A, B, and C). The �-ketone moiety at C-11 and C-12 of
the tetracycline rings, which is an electron-dense and reactive
region of the molecule, is a Ca2� and Zn2� binding site (37)
responsible, at least in part, for inhibition of MMP activity
(17). Since RgpB inhibition by doxycycline was not affected in

the presence of calcium (Fig. 3), the chelating ability of this
compound is rather unlikely to be associated with its inhibitory
activity. However, the observation that cysteine significantly
reduced inhibition of RgpB by doxycycline (Fig. 3) suggests
that the electron-dense region of the drug interacts with the
proteinase, causing loss of enzymatic activity. Moreover, the
fact that doxycycline inhibits both cysteine- and serine-type
proteinases of different substrate specificities and mechanisms
of catalysis in an uncompetitive manner suggests that the com-
pound binds reversibly through the electron-dense moiety to a
proteinase outside the substrate binding site and in this way
disturbs the charge-relay system of the enzymes.

From a physiological point of view, it is interesting that
doxycycline significantly inhibited production of RgpB-induced
VPE activity from human plasma at concentrations of 10 �M
and above (Fig. 4). However, in contrast to the inhibition of
RgpB amidolytic activity, inhibition of in vivo activity of this
proteinase required about a 10-fold higher doxycycline con-
centration (Fig. 1A), probably due to the binding of the anti-
biotic drug (�90%) to plasma proteins (5). Clinical data indi-
cate that administration of minocycline at 150 to 200 mg/day to
periodontitis patients shows a positive therapeutic effect (7).
This effect is likely because of minocycline enrichment in the
periodontal pockets, where P. gingivalis and other periodonto-
pathogens are present, as indicated by the reported 10 to 30
�M concentrations of the antibiotic in the gingival crevicular
fluid (7). Similar concentrations in the gingival crevicular fluid
are expected after treatment with doxycycline. Indeed, perio-
dontitis patients administered doxycycline orally at 100 mg/day
showed considerable improvement of clinical indices. Interest-
ingly, this treatment did not affect the P. gingivalis load at pe-
riodontitis sites (14), despite the fact that the MIC of doxycy-
cline for this bacterium is 0.1 �M in vitro (39). This result may
indicate that the therapeutic effect of the drug on periodontitis
patients is due to its ability to inhibit proteinases, including
gingipains and MMPs, rather than to its ability to eradicate
P. gingivalis. A higher concentration of the antibiotic could be
obtained at the lesion by locally delivered doxycycline (12), in-
creasing the antiproteinase potential at periodontal sites. Un-
fortunately, high doses of tetracyclines exert side effects such as
gastrointestinal disturbance and stimulate the emergence of
tetracycline-resistant bacteria. Chemically modified tetracycline
analogues, which have a dimethylamino group removed from the
C-4 position, are devoid of both antimicrobial activity and side
effects (15). Since the dimethylamino group is not involved
in the gingipain inhibitory activity of tetracyclines, chemically
modified compounds could replace tetracyclines in the treat-
ment of periodontitis, exerting beneficial effects through gin-
gipain inhibition without the side effects associated with the
bactericidal activities of this group of antibiotics.

Besides periodontitis, tetracyclines are being used for treat-
ment of skin-blistering diseases, rheumatoid and osteoarthritis,
and malignant tumors, and in all cases the beneficial clinical
effect is thought to be based on their MMP inhibitory activity
(19). The present finding that tetracyclines can inhibit cysteine
proteinases, irrespective of the substrate specificity, would ex-
tend the therapeutic application of these antibiotics for treat-
ment of diseases associated with abnormal activities of cysteine
proteinases, including lysosomal enzymes (cathepsins B, H, K,
and L), and caspases. Acute pancreatitis can be considered a

FIG. 4. Inhibition by doxycycline of RgpB VPE activity production
from human plasma. Normal human plasma (50 �l) supplemented
with 1,10-phenanthroline (2 mM) was mixed with 25 �l of doxycycline,
followed by addition of 25 �l of RgpB (40 nM) 15 s later and incuba-
tion at 25°C for 5 min. The reaction was stopped by adding 400 �l of
TBS supplemented with 1,10-phenanthroline (1 mM), soybean trypsin
inhibitor (20 �M), leupeptin (10 �M), or FPR-CK (10 �M). The VPE
activity of each sample was measured. Activity was expressed in terms
of mean micrograms of dye released in triplicate assays. Dye leakage at
TBS-injected sites was used as a control and the value was subtracted
from the value for each sample. Doxycycline concentrations during
incubation are shown. �, P � 0.01 for VPE activity of RgpB-treated
plasma in the absence of doxycycline. P, plasma alone; P � D, plasma
plus doxycycline (1,000 �M); D, doxycycline alone (1,000 �M).
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disease amenable to treatment with tetracycline, since involve-
ment of cathepsin B was strongly suggested in an experiment
using proteinase-deficient animals (23). On the other hand,
inhibition of caspase-1 has been shown to slow the progress of
pathological changes in a mouse model of Huntington’s dis-
ease (38), a progressive neurodegenerative disorder resulting
in specific neuronal loss and dysfunction in the striatum and
cortex. Moreover, minocycline was found to inhibit caspase-1
and caspase-3 gene expression and delay mortality in a trans-
genic mouse model of Huntington’s disease (6). Although the
effect of minocycline on that disease appeared to be attribut-
able to inhibition of inducible nitric oxide synthase and caspase
gene expression (6), the direct inhibition of caspase enzymatic
activity by the drug can also be considered, especially when
taking into account the structural similarity between RgpB and
caspase-1 (13). Thus, the results presented in this report fur-
ther support the contention that tetracyclines, due to their
relatively low toxicity and various biological activities, may
represent new potential therapeutic agents for different dis-
eases. Indeed, in some situations their antibiotic-like activities
may be better based on their actions as proteinase inhibitors.
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