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One of the salient features of periodontitis and gingivitis is the increase in the levels of bacterial and
host-derived proteolytic enzymes in oral inflammatory exudates. This study evaluated the potential of histatin
5, a 24-residue histidine-rich salivary antimicrobial protein, to inhibit these enzymes. Using biotinylated
gelatin as a substrate, histatin 5 was found to inhibit the activity of the host matrix metalloproteinases MMP-2
and MMP-9 with 50% inhibitory concentrations (IC50s) of 0.57 and 0.25 mM, respectively. To localize the
domain responsible for this inhibition, three peptides containing different regions of histatin 5 were synthe-
sized and tested as inhibitors of MMP-9. Peptides comprising residues 1 to 14 and residues 4 to 15 of histatin
5 showed much lower inhibitory activities (IC50, 21.4 and 20.5 mM, respectively), while a peptide comprising
residues 9 to 22 showed identical activity to histatin 5 against MMP-9. These results point to a functional
domain localized in the C-terminal part of histatin 5. To evaluate the effect of histatin 5 on bacterial proteases,
a detailed characterization of histatin 5 inhibition of gingipains from Porphyromonas gingivalis was carried out
using purified Arg- and Lys-specific enzymes. Kinetic analysis of the inhibition of the Arg-gingipain revealed
that histatin 5 is a competitive inhibitor, affecting only the Km with a Ki of 15 mM. In contrast, inhibition of
Lys-gingipain affected both the Km and Vmax, suggesting that both competitive and noncompetitive competitive
processes underlie this inhibition. The inhibitory activity of histatin 5 against host and bacterial proteases at
physiological concentrations points to a new potential biological function of histatin in the oral cavity.

Histatin 5 is a member of a family of low-molecular-weight
salivary proteins secreted by parotid, submandibular, and sub-
lingual glands (32). Like other salivary proteins, histatin 5
appears to be multifunctional, and its major function is its
antifungal activity against the opportunistic yeast Candida al-
bicans (34, 48). Besides fungicidal and fungistatic properties,
antibacterial properties have been attributed to histatins based
on their killing and growth-inhibitory activity against several
species of oral bacteria (24, 49). Only a few reports exist on the
inhibitory effects of histatins on bacterial proteases (18, 30).

Periodontal disease is a chronic inflammatory disorder char-
acterized by bone resorption, loss of tooth attachment, and
formation of periodontal pockets populated with a flora com-
posed of specific spectrum of bacteria. Many studies have
shown that gingivitis and periodontitis lead to increased levels
of both host and bacterial proteolytic enzymes in oral inflam-
matory exudates, which can enter the oral cavity as gingival
crevicular fluid and become constituents of whole saliva (11,
25, 27, 29, 40). Among these proteinases, host-derived matrix
metalloproteinases (MMPs) are considered key initiators of
extracellular matrix degradation associated with periodontal
and other oral diseases (39). These enzymes comprise a family
of structurally and functionally related zinc-dependent en-
zymes capable of degrading extracellular matrix proteins, such
as different types of collagen, gelatin, fibronectin, laminin, and

elastin (2). MMPs are involved in the normal turnover of the
extracellular matrix, which is an integral part of development,
morphogenesis, and tissue remodeling. Besides participating in
many normal physiologic processes, the unregulated activity of
MMPs has been implicated in numerous disease conditions
including arthritis, tumor cell metastasis, and periodontitis.
Interestingly, the levels of at least two of these enzymes,
MMP-2 and MMP-9, are elevated in the saliva of patients with
periodontal disease (8, 11).

Inhibition of MMPs is a promising approach for treatment
of diseases associated with these enzymes, and the structures of
MMPs and the structural features of complexes of MMPs and
their naturally occurring tissue inhibitors provide templates for
the rational design of inhibitors (4). However, most of the
attention in this area of research has been given to chelating
agents that bind to zinc at the active site and inactivate the
enzymes (6, 38, 47). We have recently demonstrated that hista-
tin 5 forms complexes with metal cations including zinc (9).
This property, together with the abundant presence of histatins
in saliva, makes these peptides potential candidates as inhibi-
tors of MMP activity in the oral cavity.

In addition to host enzymes, tissue destruction during the
course of periodontal disease can result from bacterial en-
zymes. Porphyromonas gingivalis is an anaerobic, gram-negative
bacterium which is present in the microflora of subgingival
plaque and has been strongly implicated in the etiology of
periodontal disease. This is principally because this micro-
organism shows many virulence features, such as the release
of toxic products of metabolism and outer membrane vesi-
cles containing numerous enzymes involved in invasion and
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tissue destruction, the elaboration of fimbriae and lipopoly-
saccharide, the utilization of lectin-type adhesions, and the
promotion of hemagglutination and hemolysis (42). Several
physiologically important proteins, including collagen (3,
18), fibrin and fibrinogen (21), fibronectin (44), plasma pro-
tease inhibitors (5), immunoglobulins (41), and complement fac-
tors (46), are degraded by proteases from P. gingivalis. Some
of these proteolytic activities were previously attributed to
trypsin-like proteases, but their isolation and characteriza-
tion revealed that two distinct cysteine proteinase types occur
with strict specificities for cleavage at either arginine (Arg-
gingipains, RgpA and RgpB) or lysine (Lys-gingipain, Kgp)
residues (33). These enzymes are now considered potential
targets for testing and development of specific inhibitors (43).
Histatin 5 inhibits a trypsin-like enzyme from P. gingivalis (30).
However, at the time this work was done, it was not known that
two enzymes are actually responsible for this activity, and
therefore the specific effect of histatin 5 on the activity of
Arg-gingipain and Lys-gingipain has not yet been determined.

The aim of the present study was to investigate the potential
of histatin 5 to act as an inhibitor of host and bacterial enzymes
involved in the development of periodontal disease. First, we
evaluated whether histatin 5 and histatin 5-derived fragments
were able to inhibit the proteolytic activity of the host-derived
enzymes MMP-2 and MMP-9. Second, we studied in detail the
inhibition of purified Arg-gingipain and Lys-gingipain by hista-
tin 5 and elucidated the nature of this inhibition.

MATERIALS AND METHODS

Chemicals. The materials used in this study were purchased from commercial
sources as follows: leupeptin, L-cysteine, N-benzoyl-DL-arginine p-nitroaniline
(BAPNA), trypsin inhibitor, aprotinin, biotinyl-N-hydroxysuccinimide ester,
N, N-dimethylformamide, gelatin (type I from swine skin), p-nitrophenyl phos-
phate disodium (pNPP), APMA (p-aminophenylmercuric acetate) and EDTA
were obtained from Sigma (St. Louis, Mo.); CaCl2 z 2H2O was purchased from
Fisher (Pittsburgh, Pa.); and H-Val-Leu-Lys-pNA (Lys-pNA) was obtained from
Bachem (Torrance, Calif.).

Enzymes and peptides. Pro-MMP-2 and pro-MMP-9 were purchased from
Boehringer Mannheim (Indianapolis, Ind.). The purity of both pro-MMP-2 and
pro-MMP-9 was evaluated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. Both enzyme preparations revealed only a single protein band, in the
72- and 92-kDa regions, respectively. Arg-gingipains (RgpA and RgpB) and
Lys-gingipain (Kgp) were purified as described previously (33). Trypsin, chymo-
trypsin, aprotinin, and trypsin inhibitor were obtained from Sigma. Synthetic
histatin 5 (DSHAKRHHGYKRKFHEKHHSHRGY; molecular weight [MW],
3,037) was obtained from American Peptide Co. (Sunnyvale, Calif.). Synthetic
histatin 5-derived peptides, designated peptide 1 (DSHAKRHHGYKRKF; MW,
1,767), peptide 2 (GYKRKFHEKHHSHR; MW, 1,847), and peptide 3 (AKR
HHGYKRKFH; MW, 1,563) were obtained from commercial sources.

Preparation of biotinylated gelatin. Biotinylated gelatin was prepared in our
laboratory by labeling type I gelatin with biotin as described previously (20).
Gelatin (1 mg/ml) was dissolved in 0.2 M sodium carbonate (pH 8.8) containing
0.15 M NaCl. To this solution, 100 ml of biotinyl-N-hydroxysuccinimide ester was
added, and the reaction was allowed to proceed for 15 min at room temperature.
The reaction was terminated by addition of 75 ml of 1 M ammonium chloride
(pH 6.0). This preparation was dialyzed for 3 days against 20 liters of water with
two changes per day. The protein concentration of the final solution was deter-
mined using the bicinchoninic acid assay (Pierce, Rockford, Ill.). Subsequently,
the biotinylated protein was divided into aliquots and stored at 220°C until use.

Biotinylated gelatin was diluted to 5 mg/ml in 50 mM bicarbonate buffer (pH
9.6), and 50 ml was applied to each well of a 96-well microtiter plate. The plates
were incubated at 4°C for 24 h, and the unbound biotinylated gelatin was
removed by washing the plates with phosphate-buffered saline (PBS). After that,
the plates were blocked at 37°C for 30 min with 50 ml of 1% (wt/vol) gelatin
solution dissolved in PBS. After three washes with PBS followed by one wash
with water, the plates were used for MMP activity assays.

MMP-2 and MMP-9 activity assays. MMP-2 and MMP-9 were tested using
biotinylated gelatin-coated microtiter plates as a substrate. In this assay, estima-
tion of enzyme activity is based on the loss of bound biotin resulting from
proteolytic activity against the gelatin-biotin complex adsorbed to the wells of
microtiter plates. A stock solution of 5.4 mM MMP-9 was diluted to 10.8 nM in
enzyme buffer consisting of 50 mM Tris-HCl (pH 7.5) containing 0.5 M NaCl and
5 mM CaCl2. The diluted enzyme was activated by adding 1 mM 4-aminophe-
nylmercuric acetate and was further incubated at room temperature for 30 min.
Histatin 5 at concentrations ranging from 0.005 to 100 mM was incubated with
activated enzyme for 10 min before being added to the microtiter plates. The
same procedure was carried out with peptide 1, peptide 2, and peptide 3. As a
positive control, EDTA was used at 25 mM. After incubation of the appropriate
inhibitor with the enzyme, the wells of a microtiter plate were filled with 50 ml of
this mixture and the plate was incubated at 37°C for 2 h. Wells containing enzyme
without inhibitor were used to determine maximal activity (100%). Wells con-
taining substrate and buffer alone were used as controls, representing no activity
(0%). To stop the reactions, the plate was washed three times with 200 ml of PBS
containing 1% Tween 20. Subsequently, 50 ml of streptavidin-alkaline phospha-
tase (1:2, 500 dilution in water) was added to each well, and the plate was
incubated for 15 min at 37°C. The plate was then washed four times with 200 ml
of PBS-Tween, and 200 ml of pNPP dissolved in diethanolamine buffer (1 mg of
pNPP per ml of buffer) was added for 20 min at 37°C. The absorbance was
recorded at 405 nm using a microtiter plate reader (Molecular Devices, Sunny-
vale, Calif.).

MMP-2 was assayed essentially by the method previously described for
MMP-9, using biotinylated gelatin. A 4.1 mM MMP-2 stock solution was dis-
solved in 50 mM Tris-HCl (pH 7.5) containing 0.5 M NaCl and 5 mM CaCl2, to
result in a final concentration of 41 nM MMP-2. Subsequently, MMP-2 was
activated by the addition of 1 mM APMA and was incubated in a water bath for
30 min at 37°C. All subsequent procedures were the same as described for the
MMP-9.

Arg-gingipain and Lys-gingipain enzyme activity assays. Arg-gingipain and
Lys-gingipain activities were determined using a spectophotometric assay as
described previously (36) with some modifications. Both Arg-gingipain (RgpB)
and Lys-gingipain were dissolved in 0.2 M Tris-HCl–0.1 M NaCl–5 mM CaCl2–
10 mM L-cysteine (pH 7.6). Arg-gingipain (3.3 nM) activity was measured with 80
mM BAPNA, while Lys-gingipain (4.0 nM) activity was measured with 80 mM
Lys-pNA. Cleavage of the substrate was assessed in the presence and absence of
concentrations of histatin 5 ranging from 5 to 100 mM. Arg-gingipain or Lys-
gingipain was incubated with histatin 5 for 5 min prior to addition of this mixture
to 600 ml of enzyme buffer (0.2 M Tris-HCl, 0.1 M NaCl, 5 mM CaCl2, 10 mM
L-cysteine [pH 7.6]) containing the appropriate substrate. Reactions were carried
out in cuvettes with a 1-cm light path at 25°C, and the formation of product
(p-nitroaniline) was monitored by measuring the increase in absorbance at 410
nm using a Spectronic 1201 spectrometer (Milton Roy, Londonderry, N.H.).
Reaction velocities were obtained from the initial slope of plots of absorbance at
410 nm versus time. Values for maximal enzyme activity were determined in the
absence of inhibitor.

For the determination of the concentration required to inhibit 50% of the
proteolytic activity (IC50), a series of concentrations of histatin 5 were prepared
to yield activities in the range of 25 to 75%. The IC50 was determined graphically
from the inhibition curves by plotting enzyme activity against inhibitor concen-
trations.

Kinetic studies. The Vmax, Km, kcat, and kcat/Km were determined at 25°C using
substrates at concentrations ranging from 30 to 160 mM, with final enzyme
concentrations of 3.3 nM (Arg-gingipain, RgpB) and 4.0 nM (Lys-gingipain)
either in the absence or in the presence of two different concentrations of histatin
5. The initial turnover rate at six different concentrations of substrate was cal-
culated, and the type of inhibition and Michaelis-Menten parameters were de-
termined from Lineaweaver-Burk plots (37) by using the equations derived from
the linear-regression analysis of each curve. The kcat value was calculated by
applying the equation kcat 5 Vmax/[E], where [E] is the enzyme concentration in
the assay (26).

The Ki values were estimated by using a Dixon plot for reversible and com-
petitive inhibition (10, 37), with two different concentrations of substrate (60 and
106 mM) in the presence or in the absence of increasing concentrations of
histatin 5.

RESULTS

Inhibition of MMP-2 and MMP-9 by histatin 5. Both
MMP-2 and MMP-9 activities were tested using biotinylated
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gelatin as a substrate. EDTA, a well-established inhibitor of
metalloproteinases, was used in control experiments at a con-
centration of 25 mM, resulting in 99% inhibition (data not
shown). Both MMP-2 and MMP-9 activities were measured in
the presence of 0.05 to 100 mM histatin 5 (Fig. 1). Histatin 5
was found to inhibit the gelatinolytic activity of both MMPs
tested (Fig. 1). Almost complete inhibition of MMP-2 and
MMP-9 was observed when histatin 5 was used at concen-
trations higher than 1 mM (Fig. 1). The IC50s obtained for
MMP-2 and MMP-9 were 0.57 and 0.25 mM, respectively
(Table 1). The difference in the inhibition of MMP-2 and
MMP-9 was statistically significant (Student’s t test, p ,
0.0005). Because histatin 5 demonstrated higher inhibitory
properties against MMP-9, this enzyme was selected to test
the inhibitory activity of histatin 5-derived peptides. These
experiments were carried out to localize the region within
histatin 5 responsible for the MMP-9 inhibition. Figure 2
shows the inhibitory activities of peptide 1, peptide 2, and
peptide 3 against MMP-9. Different patterns of inhibition were
observed. All three peptides completely inhibited MMP-9 at
concentrations exceeding 50 mM. Peptide 1 and peptide 3 are
both located in the N-terminal region of histatin 5 and showed
less inhibitory activity than the intact protein (IC50s of 21.4 6
0.5 and 20.5 6 0.8 mM, respectively). In contrast, peptide 2,
which contains the sequence located toward the C terminus,

showed identical inhibitory activity to histatin 5 (IC50s of
0.25 6 0.01 and 0.25 6 0.03 mM, respectively).

Members of another important class of enzymes, the serine
proteinases chymotrypsin and trypsin, were also tested using
the same method described for the MMPs. Histatin 5 did not
inhibit either trypsin or chymotrypsin since the IC50s were
higher than 50 mM for both enzymes (Table 1).

Inhibition of Arg-gingipain and Lys-gingipain by histatin 5.
Inhibition of P. gingivalis-derived Arg-gingipain and Lys-gin-
gipain by histatin 5 was investigated using the synthetic sub-

FIG. 1. Inhibition of MMP-2 and MMP-9 by histatin 5. Enzyme
activity was measured using biotinylated gelatin coated in microtiter
plates as substrate. Histatin 5 at final concentrations ranging from
0.005 to 100 mM was incubated with either 41 nM MMP-2 (h) or 10.8
nM MMP-9 (Œ) for 2 h at 37°C.

FIG. 2. Effect of histatin 5 and derived peptides on MMP-9 activity.
The upper panel shows the sequences of intact histatin 5 and derived
peptides. The lower panel shows the gelatinolytic activity of 10.8 nM
MMP-9, assessed at 37°C for 2 h with increasing concentrations of
histatin 5 (Œ), peptide 1 (E), peptide 2 (h), and peptide 3 (‚).

FIG. 3. Inhibition of Arg-gingipain and Lys-gingipain by histatin 5.
Histatin 5 was added to either Arg-gingipain (3.3 nM) (h) or Lys-
gingipain (4.0 nM) (■) at concentrations ranging from 5 to 100 mM.
Cleavage of the synthetic substrate BAPNA or Ly-pNA (each at a
concentration of 80 mM) was measured spectophotometrically at 410
nm. Activity was estimated from control experiments performed with
enzyme only.

TABLE 1. Inhibition of host and bacterial proteases by histatin 5

Enzyme class Enzyme IC50 (mM)a

Metalloproteinase MMP-2 0.57 6 0.02
MMP-9 0.25 6 0.01

Serine proteinase Chymotrypsin .50
Trypsin .50

Cysteine proteinase Arg-gingipain 22.0 6 2.2
Lys-gingipain 13.8 6 1.5

a Mean and standard deviation of three separate experiments.
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strates BAPNA and Lys-pNA, respectively. Figure 3 shows the
activities of both Arg or Lys gingipains in the presence of
increasing concentrations of histatin 5. Histatin 5 inhibited
both gingipains in a concentration-dependent manner, with
IC50s of 22.0 6 2.2 and 13.8 6 1.5 mM, respectively (Table 1).
Interestingly, histatin 5 was a stronger inhibitor of Lys-gingi-
pain (Student’s t test, p 5 0.01).

Kinetics of Arg-gingipain inhibition by histatin 5. To deter-
mine the nature of the inhibition of Arg-gingipain by histatin 5,
experiments were carried out using enzyme (3.3 nM RgpB) in
the presence or absence of histatin 5 (20 or 40 mM) with six
different concentrations of BAPNA (30.7, 40, 60, 80, 106, and
160 mM). The velocity (v) of the reaction was calculated for
each substrate concentration (S), and the data were presented
in a Lineweaver-Burk plot (1/v versus 1/S) to determine the
kinetic parameters (Fig. 4A). The three lines obtained with
enzyme only, histatin 5 at 20 mM, and histatin 5 at 40 mM
intercept at the same position on the y axis, indicating that
Vmax is the same in all cases (Fig. 4A; Table 2). Furthermore,
the intercept of the lines on the x axis demonstrates that the Km

value increase when the histatin 5 concentration increases.
This is characteristic of a competitive inhibition. The mean and
standard deviation of kinetic parameters from three separate
experiments are given in Table 2. Kinetic parameters for Arg-
gingipain without inhibitor are consistent with values described
in the literature (36). While Vmax and kcat values obtained for
Arg-gingipain were unchanged in the presence of histatin 5,
clear changes were observed in the Km and kcat/Km values.
These results further verify that the inhibition by histatin 5 is

competitive, indicating that in the presence of histatin 5, Arg-
gingipain is less effective and therefore has a lower specific
activity. The same kind of kinetic studies were carried out with
RgpA, and histatin 5 was found to competitively inhibit this
enzyme as well (data not shown).

Similar results were obtained with the positive control leu-
peptin (Fig. 4B). Inhibition assays were carried out with leu-
peptin, and it was found that concentrations of 0.16 and 0.3
mM leupeptin inhibited the activity of Arg-gingipain by 27 and
42%, respectively (data not shown). These concentrations were
found to be suitable for the kinetic studies, and the same ex-
periments described for histatin 5 were carried out with leu-
peptin. Data were then presented in a Lineawever-Burk plot
(Fig. 4B). It was found that Km increased whereas Vmax was
constant in the presence of leupeptin, indicating that this pep-
tide is also a competitive inhibitor of Arg-gingipain.

Determination of the inhibition constant of histatin 5 against
Arg-gingipain. For the determination of the Ki of histatin 5
against Arg-gingipain, the velocity of cleavage of BAPNA (at
60 and 106 mM) was measured at histatin 5 concentrations
ranging from 5 to 40 mM. In this plot, the reciprocals of
velocity were plotted against inhibitor concentration at differ-
ent concentrations of substrate. A series of straight lines was
obtained, converging to the same point, and that value repre-
sents 2Ki. It was found that the Ki for histatin 5 is 15 mM (Fig.
5A). When the same experiments were performed with leu-
peptin, a Ki of 0.1 mM was found (Fig. 5B).

Kinetics of Lys-gingipain inhibition by histatin 5. With the
purpose of investigating the type of inhibition of Lys-gingipain
by histatin 5, kinetic experiments were carried out using 4 nM
enzyme in the presence or absence of histatin 5. The concen-
trations of histatin 5 used were 10 and 20 mM. Figure 6 shows
the Lineweaver-Burk plot of Lys-gingipain inhibition by hista-
tin 5. At the lower concentration of histatin 5 used (10 mM),
the Vmax was altered, whereas the Km was the same as that
when the enzyme only was used (Table 1; Fig. 6). This is typical
of noncompetitive inhibition. However, when the histatin 5
concentration was increased to 20 mM a different effect on the
kinetic parameters was observed. At this concentration of

FIG. 4. Lineweaver-Burk plots of the inhibition of Arg-gingipain by
histatin 5 (A) and leupeptin (B). Enzyme assays were carried out with
3.3 nM Arg-gingipain (}, {) in the presence of either histatin 5 at 20
mM (■) and 40 mM (Œ) or leupeptin at 0.16 mM (h) and 0.3 mM (‚).

TABLE 2. Kinetic parameters of Arg-gingipain (RgpB) and
Lys-gingipain in the presence and absence of histatin 5a

Enzyme
(histatin 5

concn)

Vmax
(AU/min)

Km
(mM)

kcat
(S21)

kcat/Km
(106 S21 M21)

Arg-gingipain
(0 mM)

0.072 6 0.007b 22.3 6 1.4 21.8 6 1.53 0.9 6 0.07

Arg-gingipain
(20 mM)

0.058 6 0.007b 82.1 6 6.9 17.5 6 2.12 0.2 6 0.03

Arg-gingipain
(40 mM)

0.064 6 0.002b 161.3 6 15.3 19.3 6 0.46 0.1 6 0.01

Lys-gingipain
(0 mM)

0.117 6 0.016 59.7 6 15.3b 29.2 6 4.0 0.50 6 0.06

Lys-gingipain
(10 mM)

0.0565 6 0.008 62.8 6 12.6b 14.1 6 2.1 0.23 6 0.03

Lys-gingipain
(20 mM)

0.0613 6 0.014 143.5 6 36.8 15.3 6 3.5 0.11 6 0.003

a Parameters were calculated using the equations obtained from the Lin-
eweaver-Burk plots. Mean and standard deviation are given for three separated
experiments.

b Difference not statistically significant by analysis of variance (t test, P . 0.05).
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histatin 5, the Lineweaver-Burk plot shows that both Vmax and
Km values were changed. This phenomenon was highly repro-
ducible and therefore indicates that the inhibition of Lys-gin-
gipain by histatin 5 is more complex than the inhibition of
Arg-gingipain.

DISCUSSION

Characteristics of periodontal disease such as inflammation
and attachment loss can result from the activity of an array of
proteolytic enzymes secreted by both host cells and colonizing
bacteria. Inhibition or at least regulation of the activity of these
enzymes is required to control the processes that can lead not
only to periodontal disease but also to other disorders in which
these enzymes are involved. The present investigation was un-
dertaken to evaluate the inhibitory effect of the naturally oc-
curring salivary component histatin 5 on the proteolytic activity
of host and bacterial proteases associated with connective tis-
sue destruction. Histatin 5 exhibited strong inhibitory activity
against the host enzymes MMP-2 and MMP-9. Structure-func-
tion analysis using three peptides derived from the histatin 5
sequence revealed that the inhibitory domain was located in a
sequence comprising residues 9 to 22 (peptide 2). Two other
peptides, comprising residues 1 to 14 (peptide 1) and residues

4 to 15 (peptide 3), both exhibited a significantly less potent
inhibitory activity than peptide 2.

It is important to note that zinc is essential for the enzymatic
activity of MMPs and that metal chelators such as EDTA and
1,10-phenanthroline are potent inhibitors of these enzymes.
We have recently discovered that histatin 5 binds metal ions,
including zinc (9), and have suggested that this significant
chelating action of histatin 5 may be important in the inhibition
of the MMPs. This hypothesis is supported by the fact that
histatin 5 contains the sequence HEXXH, which is recognized
as a zinc-binding motif in many proteins (17, 45). This consen-
sus sequence occurs at residues 15 to 19 of histatin 5 (28) and
therefore is absent in peptide 1 and peptide 3. Thus, the
strongly reduced activity observed with peptides 1 and 3 can be
explained by the absence of the zinc-binding motif in these
peptides. The findings of this study highlight a novel property
of histatin 5 as an inhibitor of zinc-dependent enzymes. Con-
ceptually, the chelating capacity of histatins makes it feasible
that histatins could functionally interfere with proteins or en-
zymes which require metals as cofactors or as an integral part
of their structure.

Several studies have focused on the inhibition of MMPs by
synthetic compounds, which include not only chelating agents
but also substrate analogue peptides (6, 38, 47). The most
potent of these have Kis in the low nanomolar range (38).
However, only a few studies have evaluated the effect of nat-
ural products on the MMP activity. Some components of green
tea, such as eppigallocatechin gallate, strongly inhibit both
MMP-2 and MMP-9, with IC50s of 6 and 0.8 mM, respectively
(7). In the present study, we found even lower IC50s for the
inhibition of MMP-2 and MMP-9 by histatin 5, a naturally
occurring salivary protein. It is possible that inhibition of these
enzymes takes place in the oral cavity since the concentration
of histatin 5 in salivary secretions has been reported to be
almost 2 orders of magnitude higher than the IC50s found in
this study (1, 15, 16).

Since the development and progression of periodontal dis-
ease involve independent and cooperative actions of both host
and bacterial proteolytic enzymes, this study also evaluated the
effect of histatin 5 on the activity of bacterial proteases, such as

FIG. 5. Dixon plot for the determination of the inhibition constant
(Ki) of either histatin 5 (A) or leupetin (B) against Arg-gingipain.
Enzyme assays were carried out with 3.3 nM gingipain in the presence
of increasing concentrations of histatin 5 at two different concentra-
tions of BAPNA (60 and 106 mM). The reciprocals of velocity were
plotted against the histatin 5 concentration, and the Ki value was
obtained from the intercepts of two lines at two concentrations of
substrate.

FIG. 6. Lineweaver-Burk plot for the inhibition of Lys-gingipain by
histatin 5. Enzyme assays were performed with 4 nM Lys-gingipain (})
in the presence of 10 mM (■) or 20 mM (Œ) histatin 5 at various
concentrations of substrate.
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the cysteine proteases derived from P. gingivalis, Arg- and
Lys-gingipains. In the present study we used purified Arg and
Lys-gingipains and found that histatin 5 inhibited both en-
zymes at concentrations comparable to those occurring in oral
secretions. A more detailed characterization of the inhibition
of each enzyme was accomplished by determining the nature of
this inhibition as well as the effect of histatin 5 on the enzyme
kinetics. We found that histatin 5 is a competitive inhibitor of
the Arg-gingipains, with a Ki of 15 mM against RgpB. A pre-
vious study, however, suggested that histatin 5 is not an inhib-
itor of but a substrate for the gingipains (31). The reasons for
this discrepancy are not clear. One reason for the difference
may be related to the fact that O’Brien-Simpson et al. (31)
used fivefold-higher enzyme concentrations and used mixtures
of Arg- and Lys-gingipains in their enzymatic analyses. Fur-
thermore, if histatin 5 is indeed susceptible to proteolysis by
gingipains, this salivary protein could serve as an alternative
substrate and thereby act as a competitive inhibitor by binding
to the same active site (37). Another important aspect to be
considered is that histatins are almost continuously being se-
creted into the oral cavity, allowing histatin 5 to constantly
inhibit gingipains under physiologic conditions even though
some cleavage of this protein may occur. A similar phenome-
non is known to occur with cystatins, which are members of
another class of competitive inhibitors of cysteine proteases
present in saliva (13, 14). These inhibitors are susceptible to
proteolytic digestion, especially in the N-terminal region (12,
22, 23, 35).

In contrast to Arg-gingipain, analysis of the inhibition of
Lys-gingipain by histatin 5 revealed that at lower concentra-
tions histatin 5 acts as a noncompetitive inhibitor, since the Km

values were not changed in the presence of histatin 5. A non-
competitive inhibition occurs when a molecule can bind to a
site on an enzyme surface which is different from the catalytic
site. However, at a higher concentration of histatin 5, the
values of both the kinetic parameters Vmax and Km were al-
tered. The increase in the Km value suggests that at increasing
concentrations of histatin 5, additional lower-affinity associa-
tions of histatin 5 occur at the active site. An alternate expla-
nation for the mixed type of inhibition observed at higher
histatin 5 concentrations could be that binding outside the
catalytic site could induce a conformational change at the
catalytic site, resulting in a lowered affinity for the substrate. A
more specific analysis of this interaction is required to eluci-
date the precise interaction of histatin 5 with the different sites
on the enzyme.

In summary, histatin 5 was found to be an inhibitor of host
and bacterial enzymes involved in the destruction of the peri-
odontium. These findings support the idea that histatin 5 exerts
an important function in the protection of oral tissues, thereby
participating in the innate host defense system in the oral
cavity. The inhibition of host enzymes, MMP-2 and MMP-9,
which are participants in tumor invasion and metastasis (19)
suggests that the role of histatins in the oral cavity may go
beyond protecting oral tissues against connective tissue break-
down. It is speculated that histatins may be used as a template
for the design of analogs aimed at the prevention or treatment
of diseases in which these enzymes are involved.
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