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An enzyme from Treponema denticola that hydrolyzes a synthetic trypsin substrate, N-a-benzoyl-L-arginine-
p-nitroanilide (BAPNA), was purified to near homogeneity, as judged by gel electrophoresis. The molecular
weight of the enzyme was estimated to be ca. 69,000 by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and ca. 50,000 by gel filtration on Sephadex G-100. The pH optimum for the hydrolysis of
BAPNA was around 8.5. The enzyme was heat labile and irreversibly inactivated at low pH values. Enzyme
activity was enhanced by Ca?*, Mg?*, and Ba®* but inhibited by Mn?*, Hg?*, Co?*, and Zn?**. Metal
chelators and sulfhydryl reagents had no effect on this activity. The enzyme was inhibited by certain protease
inhibitors such as diisopropyl fluorophosphate, N-a-p-tosyl-L-lysine chloromethyl ketone, phenylmethyl-
sulfonyl fluoride, L-1-tosylamide-2-phenylethylchloromethyl ketone, a-1-antitrypsin, and soybean trypsin
inhibitor. The K,, values for BAPNA and N-a-benzoyl-L-arginine ethyl ester were 0.05 and 0.12 mM,
respectively, and the V,,,, values were higher than those observed with trypsin. Although the purified enzyme
hydrolyzed some low-molecular-weight synthetic trypsin substrates, it did not hydrolyze casein, hemoglobin,
azocasein, azocoll, bovine serum albumin, or gelatin. Thus, this enzyme is probably not a protease but is
capable of hydrolyzing ester, amide, and peptide bonds involving the carboxyl group of arginine and lysine.
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Observations by microscopy of subgingival plaques have
demonstrated elevated numbers and proportions of spiro-
chetes involved with various types of periodontal disease
(19, 21, 22, 24, 28, 34). Spirochetes compose about 45% of
the microscopic count in plaques removed from sites asso-
ciated with adult periodontitis (28). In acute necrotizing
ulcerative gingivitis, spirochetes compose about 30% of the
microscopic count (26) and can be demonstrated to be
invading the underlying connective tissue and margin of the
lesion well in advance of other plaque bacteria (20). Spiro-
chetal invasion of the gingival tissue has also been observed
in periodontitis (7, 37). These observations, as well as
clinical trials which show that successful treatments result in
significant decreases in spirochetal proportions in plaques
(23, 24, 27), implicate the spirochetes as periodontopathic
organisms. More-detailed investigation of the role that spi-
rochetes play in periodontal disease has been hampered by
either the difficulty of growing many of these organisms or
their inability to grow.

Treponema denticola is one of the cultivable spirochetes
found in subgingival plaques associated with periodontal
disease (24, 31). Laughon et al. (17) found that T. denticola,
as well as Bacteroides gingivalis, has a trypsinlike enzyme
which hydrolyzes N-a-benzoyl-DL-arginine-2-naphthyl-
amide (BANA). Yoshimura et al. (43) have reported the
partial purification and characterization of a trypsinlike
enzyme from B. gingivalis, but the T. denticola enzyme has
not been studied. The trypsinlike activity of T. denticola is
not only useful for the identification of this organism from
among the other cultivable oral spirochetes (S. A. Syed,
unpublished data), but it may contribute to, or be associated
with, periodontal pathology. Thus, Loesche et al. (W. J.
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Loesche, S. A. Syed, and J. Stoll, J. Dent. Res. vol. 64,
A. A. D. R. abstract number 77) were able to significantly
correlate the presence of this enzyme with the depth of the
periodontal pocket, with clinical impressions of disease
severity, and with plaque levels of spirochetes.

These considerations led us to isolate and purify the
trypsinlike enzyme from T. denticola and to characterize its
properties relative to trypsin. We report here that this
enzyme is apparently not a protease, although its specificity
against synthetic substrates is similar to that of trypsin in
that it preferentially catalyzes the hydrolysis of ester, amide,
and peptide bonds involving the carboxyl group of arginine
or lysine.

MATERIALS AND METHODS

Bacterial strain and culture conditions. 7. denticola
ASLM, which had been isolated from human subgingival
plaque, was maintained and grown at 34°C in an atmosphere
of 85% N,, 10% H,, and 5% CO, in an anaerobic chamber
(Coy Manufacturing, Ann Arbor, Mich.) in a broth medium
which had the following composition (per liter): tryptone
(Difco Laboratories, Detroit, Mich.), 10.0 g; veal heart
infusion broth, 5.0 g; yeast extract, 10.0 g; gelatin, 10.0 g;
(NH,),SO,, 0.5 g; MgS0O, - 7TH,0, 0.1 g; K;HPO,, 1.13 g;
KH,PO,, 0.9 g; and NaCl, 1.0 g (TYGVS medium). The pH
was adjusted to 7.2 with 4 N KOH before the autoclaving of
the medium. The following ingredients were mixed, neutral-
ized with KOH, sterilized by filtration, and added aseptically
to the autoclaved medium containing (final concentration,
per liter): glucose, 1.0 g; cysteine hydrochloride, 1.0 g;
thiamine pyrophosphate, 0.0125 g; sodium pyruvate, 0.25 g;
acetic acid, 0.27 ml; propionic acid, 0.10 ml; n-butyric acid,
0.064 ml; n-valeric acid, 0.016 ml; isobutyric acid, 0.016 ml;
isovaleric acid, 0.016 ml; pL-methylbutyric acid, 0.016 ml;
and heat-inactivated rabbit serum, 10% (vol/vol).
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Enzyme assay. The enzyme activity was measured during
the course of purification by using N-a-benzoyl-L-arginine-
p-nitroanilide (BAPNA) as the substrate. The standard assay
mixture contained 50 mM Tris hydrochloride buffer (pH 8.5),
20 mM CaCl,, and 0.2 mM BAPNA in a final volume of 2 ml.
The enzyme activity was measured at 37°C by recording the
rate of the increase in the A4y (6) with a Gilford model 240
spectrophotometer equipped with a cell compartment con-
taining a thermostat. One unit of activity was defined as the
amount of enzyme required to release 1 pmol of p-
nitroaniline per min by use of the molar extinction coefficient
of p-nitroaniline at 410 nm of 8,800 M~! cm™!. The hydro-
lysis of succinyl-L-alanyl-L-alanyl-L-prolyl-L-phenylalanine-
p-nitroanilide was assayed by the same method as BAPNA.
The rate of hydrolysis of N-a-benzoyl-L-arginine ethyl ester
(BAEE) was determined by recording the change of the As;s
in the same reaction mixture by using a molar absorption
difference of 808 M~! cm™! (11). The hydrolysis of N-a-p-
tosyl-L-arginine methyl ester and N-a-p-tosyl-L-lysine
methyl ester was followed at an A,47 (9). The hydrolysis of
BANA and of various L-amino acid 2-naphthylamides was
measured by the chromogenic method described by Makinen
and Makinen (30), with the exception that 50 mM Tris
hydrochloride buffer (pH 8.5) was used in the reaction
mixtures.

The ability of the enzyme to degrade heat-denatured
casein and urea-denatured hemoglobin was assayed by mea-
suring the release of trichloroacetic acid-soluble substances
from the substrates at an Ajgy as described by Laskowski
(16). Azocasein hydrolysis was measured by the procedure
described by Leighton et al. (18). Activity against azocoll
was determined by measuring the Asj of the liberated dye in
the filtered reaction mixture. The hydrolysis of bovine serum
albumin was analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) as described by
Yoshimura et al. (43). Gelatin hydrolysis activity was esti-
mated by a plate diffusion procedure in which the enzyme to
be assayed was placed into wells (diameter, 4 mm) cut into a
1% gelatin—-1% agarose plate. After incubation for 24 to 72 h
at 37°C, active enzyme preparations were identified as clear
zones that developed after an overlaying of a saturated
ammonium sulfate solution on the plates. All chemicals used
as enzyme substrates were obtained from Sigma Chemical
Co., St. Louis, Mo., except for casein (Nutritional Bio-
chemicals Corp., Cleveland, Ohio) and gelatin (Difco).

Purification of the enzyme. The following experiments
were conducted at 4°C, except where noted.

(i) Cell extraction. Approximately 15 g (wet weight) of cells
was obtained by the centrifugation of 5 liters of an early-
stationary-phase culture at 13,000 X g for 15 min. The cells
were washed three times with phosphate-buffered saline (pH
7.2; 0.15 M NaCl, 10 mM potassium phosphate) and sus-
pended in 100 ml of 10 mM Tris hydrochloride buffer (pH
7.4) containing 0.1 mM dithiothreitol ([DTT]; Tris-DTT
buffer).

The cells were disrupted by sonic oscillation (100 W) for a
total of 5 min at 1-min intervals with a Branson sonifier
(model W185D, Branson Sonic Power Co., Danbury,
Conn.). The resulting suspension was centrifuged at 13,000
X g for 15 min, and the supernatant was recentrifuged at
104,000 x g for 60 min to remove the cell envelope fractions.
The final supernatant was used for the purification of the
enzyme.

(ii) Ammonium sulfate precipitation. Solid ammonium sul-
fate was added slowly to the crude enzyme extract with
stirring to yield 60% saturation. After standing for 2 h, this
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suspension was centrifuged at 13,000 X g for 20 min. More
ammonium sulfate was added to the supernatant to yield
80% saturation, and this preparation was kept standing
overnight. After centrifugation at 13,000 X g for 20 min, the
resulting precipitate was washed with saturated ammonium
sulfate three times, dissolved in a small amount of the
Tris-DTT buffer, and dialyzed for 24 h against the same
buffer with several changes of buffer.

(iii) Bio-Gel A-5m gel filtration. The dialyzed preparation
was applied on a Bio-Gel (Bio-Rad Laboratories, Richmond,
Calif.) A-Sm column (2.5 by 98 cm) that had been equili-
brated with the Tris-DTT buffer. The column was eluted
with the same buffer at a flow rate of 10 ml/h, and 4.5-ml
fractions were collected.

(iv) DEAE-Bio-Gel A chromatography. The active frac-
tions obtained from the Bio-Gel A-5m gel filtration were
pooled and applied to a DEAE (Bio-Rad)-Bio-Gel A column
(1.6 by 20 cm) that was previously equilibrated with the
Tris-DTT buffer. The column was washed with several
volumes of the equilibrating buffer, and the enzyme was
eluted with a 200-ml linear gradient of 0 to 0.4 M NaCl in the
same buffer at a flow rate of 10 ml/h. The active fractions
were concentrated by ultrafiltration in a pressure cell
(Amicon Corp., Lexington Mass.) equipped with a Diaflo
PM-10 membrane and were dialyzed against the Tris-DTT
buffer.

(v) Sephadex G-100 gel filtration. The concentrated prepa-
ration was applied on a column (1.6 by 59 cm) of Sephadex
G-100 Superfine (Pharmacia, Uppsala, Sweden) equilibrated
with the Tris-DTT buffer, and the column was eluted with
the same buffer at a flow rate of 4 ml/h.

(vi) Fast-protein liquid chromatography. Fast-protein lig-
uid chromatography (FPLC) was carried out at 22°C by use
of the Pharmacia FPLC system. The enzyme from the
Sephadex G-100 column was dialyzed against 1,000 volumes
of 10 mM Tris hydrochloride buffer (pH 7.0) and concen-
trated by ultrafiltration. The sample was applied to a Mono Q
HRS5/5 prepacked anion-exchange column (Pharmacia) and
eluted by a linear gradient of NaCl (0 to 0.1 or 0.2 M) in the
buffer at a flow rate of 1 ml/min (1-ml fractions were
collected). The active fractions were dialyzed against 1,000
volumes of 10 mM Tris hydrochloride buffer (pH 7.0) and
rechromatographed on the Mono Q HRS5/5 prepacked anion-
exchange column. The conditions for the elution were the
same as for the first separation.

Protein assay. The protein concentrations were measured
by the method of Lowry et al. (29), with bovine serum
albumin as the standard. The protein concentration of the
final preparation was determined by measuring the A,,4, with
bovine serum albumin as the standard.

PAGE and molecular weight determination. Disc gel poly-
acrylamide electrophoresis was performed under non-
denaturing conditions with the running buffer (pH 9.5) and
the 7% gel system described by Davis (5). The enzyme
activity on BANA was revealed in the gel by the method
described by Muller-Estel and Fritz (32). Immediately after
electrophoresis, the gel was incubated with BANA (2.8 mM
in 50 mM Tris hydrochloride buffer containing 20 mM CaCl,
[pH 8.5]) for 10 to 20 min at room temperature. The gel was
transferred to a freshly prepared 0.1% Fast Garnet GBC salt
(Sigma) solution made in the above buffer and kept in this
solution until an orange band appeared. The gel was then
removed and placed in 7% acetic acid to stop the reaction
and to remove the background stain. The enzyme activity on
BAPNA was also demonstrated in the gel. After incubation
of the gel with BAPNA (2 mM in 50 mM Tris hydrochloride
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TABLE 1. Purification of the BAPNA-hydrolyzing enzyme from T. denticola

. . Total activity Total protein Sp act Purification Yield
Purification step ) (mg) (U/mg) (fold) (%)
Crude extract 96.9 451 0.215 1.0 100
Ammonium sulfate precipitation 59.2 83.2 0.712 33 61
Bio-Gel A-5m gel filtration 459 10.3 4.46 20.7 47
DEAE-Bio-Gel A chromatography 37.7 4.75 7.94 36.2 39
Sephadex G-100 gel filtration 25.8 1.26 20.5 95.3 26

Mono Q HRS/S prepacked ion-exchange chromatography“ 4.7 0.07 67.2 313.0 4.8

4 FPLC system.

containing 20 mM CaCl, [pH 8.5]) for S to 10 min, the gel was
placed in 7% acetic acid and immediately scanned for a band
with A410.

SDS-PAGE was carried out by the method of Laemmli
(15), with a 12% separation gel and a 4% stacking gel.
Samples were dissolved in the sample buffer containing 2%
SDS and 5% 2-mercaptoethanol and were heated at 100°C for
3 min. A mixture of seven protein standards (SDS molecular
weight marker, Dalton Mark VII-L; Sigma) was electropho-
resed in parallel. Gels were stained for protein with Coomas-
sie brilliant blue R-250. Reagents for gel electrophoresis
were obtained from Bio-Rad Laboratories.

The molecular weight of the enzyme by gel filtration on a
Sephadex G-100 Superfine column was estimated by the
method of Andrews (1). The standard proteins used (molec-
ular weight) were: bovine serum albumin (66,000), oval-
bumin (45,000), carbonic anhydrase (29,000), and cyto-
chrome ¢ (12,400) (Sigma). Blue dextran (Pharmacia) was
used to determine the void volume. The molecular weight of
the enzyme was also determined by FPLC on a Superose 12
HR10/30 gel column (Pharmacia).

Effect of metal cations and various protease inhibitors. The
purified enzyme was preincubated for 15 min at 37°C in 1 ml
of a mixture of 100 mM Tris hydrochloride buffer (pH 8.5)

and various metal chlorides and protease inhibitors at the

indicated concentration. The substrate was then added, and

the enzyme activity upon hydrolysis of BAPNA was mea-

sured as described above. For these experiments, the puri- .
fied enzyme was dialyzed against 10 mM Tris hydrochloride

buffer (pH 7.4). The various protease inhibitors were pur-

chased from Sigma.

Determination of kinetic parameters. The K,, and Vi.x
values of the purified enzyme from T. denticola and trypsin
(Type III-S; Sigma) for BAPNA and BAEE were determined
by double-reciprocal plots under the same experimental
conditions as described above. The V., was estimated from
the reaction velocity at infinite substrate concentration and
was expressed as micromoles of hydrolysis product per
minute per milligram of protein. All experiments were re-
peated at least three times.

RESULTS

A T. denticola enzyme that catalyzed the hydrolysis of
BAPNA was found in the supernatant obtained after
ultracentrifugation of the sonicated cell preparation. The
enzyme activity in the crude enzyme extract accounted for
about 93% of the total activity of the washed cell suspension.
No activity was detected in the spent culture fluid obtained
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FIG. 1. Bio-Gel A-5m gel filtration chromatography of the BAPNA-hydrolyzing enzyme from T. denticola (step iii). The enzyme from the
ammonium sulfate precipitation step was applied to the column and eluted as described in the text. The fractions (4.5 ml) were measured for
protein at an A,g. The enzyme activities were assayed in the standard reaction mixture as described in the text. Fractions 72 to 77 were pooled

for further purification.
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FIG. 2. Elution profile of the T. denticola enzyme from the
second FPLC separation on the Mono Q HRS/5 prepacked ion-
exchange column (step vi). ——, Aago; ———, enzyme activity;
————— , NaCl gradient.

from either log- or stationary-phase cultures. These results
indicate that the BAPNA-hydrolyzing enzyme was located
intracellularly.

A summary of the purification of the enzyme from the
crude extract is shown in Table 1. The enzyme was precip-
itated from the crude extract at between 60 and 80% ammo-
nium sulfate saturation. Gel filtration on Bio-Gel A-5m
separated most of the higher-molecular-weight proteins, and
the enzyme was eluted as a single symmetrical peak (Fig. 1).

B

é

FIG. 3. Disc gel polyacrylamide electrophoresis of the purified
enzyme from T. denticola under nondenaturing conditions. (A)
Staining for protein with Coomassie brilliant blue. (B) Staining for
protein with 0.1% Fast Garnet GBC salt solution after incubation of
the gel with BANA, as described in the text. The arrow indicates the
position of bromophenol blue tracking dye.
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When the pooled enzyme fractions were applied to a
DEAE-Bio-Gel A column, the enzyme was eluted as a single
peak at about 0.1 M NaCl. The enzyme was rechroma-
tographed on Sephadex G-100 and further purified by two
consecutive runs on the Mono Q HRS/S prepacked ion-
exchange column with the FPLC system. A typical elution
profile from the second run, in which a single protein peak
coinciding with the enzyme activity was obtained, is shown
in Fig. 2. The enzyme was purified about 310-fold.
Electrophoresis of the purified enzyme on polyacrylamide
gels under nondenaturing conditions yielded a single band
which could be demonstrated either by protein staining with
Coomassie blue or by active-enzyme staining with either
BANA (Fig. 3) or BAPNA (data not shown). These bands
migrated over the same distance in the gel. The purified
enzyme yielded a single band upon SDS-PAGE correspond-
ing to a molecular weight of approximately 69,000, which
coincided with the enzyme activity. Several faint bands of
lower molecular weight could also be observed; these ac-
counted for about 1 to 2% of the total protein present (Fig.
4). The molecular weight of the purified enzyme was esti-
mated to be about 50,000 by gel filtration on a Sephadex
G-100 Superfine column and was estimated to be about
40,000 by FPLC on the Superose 12 HR10/30 gel column.
The purified enzyme (15 mg/ml) could be stored at —20°C
for at least 1 month and at 4°C for several days in 10 mM
Tris-DTT buffer (pH 7.4) without detectable loss of enzyme
activity. Repeated freezing and thawing did not affect the
enzyme activity. The enzyme obtained after gel filtration on
Sephadex G-100 was diluted with various buffers (pH 4, 5, 6,
7, 8, and 10) and assayed for BAPNA-hydrolyzing activity in
the standard assay mixture after storage at 4°C for 18 h. The
enzyme was stable in the pH range from 6 to 10 but was

66K

45K s
36K

24K

200K o

14.2K wm—

FIG. 4. SDS-PAGE of the purified enzyme from T. denticola (B)
compared with the following marker proteins of known molecular
weight (A): bovine serum albumin (66K), 66,000; ovalbumin (45K),
45,000; glyceraldehyde-3-phosphate dehydrogenase (36K), 36,000;
carbonic anhydrase (29K), 29,000; trypsinogen (24K), 24,000; soy-
bean trypsin inhibitor (20.1K), 20,100; and B-lactalbumin (14.2K),
14,200. Experimental details are given in the text.
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FIG. 5. Optimum pH for the hydrolysis of BAPNA by the T.
denticola enzyme. The enzyme activity was measured in the stan-
dard reaction mixture without CaCl, by using 50 mM acetate buffer
(pH 4.0 to 5.5), potassium phosphate buffer (pH 5.5 to 8.0), Tris
hydrochloride buffer (pH 7.5 to 9.0), and bicarbonate buffer (pH 9.0
to 10.0).

inactivated between pH 4 and 5. The enzyme lost all activity
upon heating for 10 min at 60°C.

The enzyme activity at various pH values was measured
under the standard assay condition by use of BAPNA as the
substrate with 50 mM acetate buffer (pH 4.0 to 5.5), phos-
phate buffer (pH 5.5 to 8.0), Tris hydrochloride buffer (pH
7.5 t0 9.0), and bicarbonate buffer (pH 9.0 to 10.0). The pH
optimum for the hydrolysis of BAPNA was around 8.5 (Fig.
S).

The purified enzyme was incubated with a 2 mM concen-
tration of various divalent cations. The activity of the
enzyme was inhibited by Mn?*, Zn?*, Hg?*, and Co?",
whereas Ca®*, Mg?*, and Ba?* increased the activity (Table
2). Monovalent cations such as Na* and K* showed no
effect on enzyme activity at the concentration of 0.2 M.
Metal chelators and sulfhydryl reagents did not affect the
enzyme activity (Table 3). Diisopropyl fluorophosphate
(DFP), a serine protease inhibitor, completely inactivated
the enzyme, whereas phenylmethylsulfonyl fluoride, another
serine protease inhibitor, did not affect enzyme activity,
even when added at a 5 mM concentration. N-a-p-Tosyl-L-

TABLE 2. Effect of divalent cations on hydrolysis of BAPNA by
purified enzyme*

Relative activity

Cation %)
NONE .o 100
CaCly. e 133
ME L . e 125
BaCls. o e 130
CUCLy e e, 101
CACly o e 96
MnClz ............................................... 33
ZnCla. e e 3
chlg ............................................... 2
COCly et e e e s 0
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TABLE 3. Effect of group-specific reagents and inhibitors on

hydrolysis of BAPNA
Concn Relative
Group and reagents _— enzyme
mM wg/ml activity (%)*
Control, none 100
Chelators
EDTA 10 102
1,10-Phenanthroline 1 100
Sulfhydryl agents
2-Mercaptoethanol 10 103
L-Cysteine 10 100
DTT 10 105
Serine protease inhibitors
DFP 1 0
Phenylmethylsulfonyl 1 98
fluoride 5 100
Protease inhibitors
N-p-Tosyl-L-phenylalanine 1 100
chloromethyl ketone S 97
N-a-p-Tosyl-L-lysine 1 47
chloromethyl ketone 5 22
Antipain 1 10
5 0
Leupeptin 1 12
S 0
a-1-Antitrypsin 100 100
Soybean trypsin inhibitor 100 100

“ Enzyme activity was measured in a standard assay mixture as described
in Materials and Methods. Each of the inhibitors at the final concentration
indicated was incubated with 1.8 pg of the purified enzyme for 10 min at 37°C
before the addition of BAPNA.

lysine chloromethyl ketone, which alkylates the histidine
residue at the active site of trypsin, caused significant
inhibition of the enzyme. N-Tosyl-L-phenylalanine chlo-
romethyl ketone, which alkylates a histidine residue at the
active site of chymotrypsin, had no effect on enzyme activ-
ity. The enzyme was inhibited by antipain and leupeptin but
not by a-1-antitrypsin or soybean trypsin inhibitor.

The purified enzyme hydrolyzed other synthetic sub-
strates of trypsin such as BAEE, BANA, N-a-p-tosyl-L-
arginine methyl ester, and N-a-p-tosyl-L-lysine methyl ester.
No aminopeptidase activity was detected on various L-
amino acid 2-naphthylamides, including alanine, arginine,
glycine, hydroxyproline, isoleucine, leucine, lysine, methi-
onine, phenylalanine, proline, serine, tyrosine, tryptophan,
and valine. Succinyl-L-alanyl-L-alanyl-L-prolyl-L-phenyl-
alanine-p-nitroanilide, which is a synthetic substrate of chy-

TABLE 4. Comparison of kinetic parameters of the enzyme from
T. denticola and bovine trypsin upon BAPNA and BAEE

T. denticola enzyme Trypsin®
Substrate Vimax Vimax
K,, (mM) (pmol/min K,, (mM) (nmol/min
per mg) per mg)
BAPNA 0.05 83 0.71 7.1
BAEE 0.12 91 0.0091 76.0

2 The cations at 2.0 mM in 1 ml of 100 mM Tris hydrochloride buffer (pH
8.5) were incubated with 0.18 ug of pure enzyme for 15 min at 37°C before the
addition of substrate.

< Kinetic data for trypsin were determined under experimental conditions
similar to those used for T. denticola enzyme as described in Materials and
Methods.
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motrypsin, was not hydrolyzed. The hydrolysis of heat-
denatured casein, urea-denatured hemoglobin, azocasein,
azocoll, bovine serum albumin, and gelatin was not detect-
able even after long incubation. BAPNA and BAEE were
hydrolyzed, respectively, 11 and 1.2 times faster by the T.
denticola enzyme than by trypsin (Table 4). The apparent
K,, values of the enzyme from T. denticola for BAPNA and
BAEE were estimated to be 0.05 and 0.12 mM, respectively,
which differed from that of trypsin.

DISCUSSION

In the present study, we describe the purification and the
properties of an enzyme from a strain of 7. denticola capable
of hydrolyzing synthetic substrates of trypsin. The enzyme
was purified 310-fold, and seems to be homogeneous, as
indicated by PAGE in the presence and absence of SDS.
However, the presence of several faint, barely discernable
bands in Fig. 4 raises the possibility that the final enzyme
preparation was not 100% pure. The molecular weight of this
enzyme as estimated by gel filtration was 40,000 to 50,000,
whereas the estimate by SDS-PAGE analysis was 69,000.
This discrepancy was not due to denaturing of the enzyme
into subunits by SDS-PAGE, since the value obtained by
SDS-PAGE was higher than that obtained by gel filtration.
There is the possibility that the enzyme has a different shape
in these separation media, which accounts for the different
values. Other studies are needed to clarify the exact molec-
ular weight of this enzyme. There was an unexpected loss of
enzyme activity on the Mono Q HRS/5 prepacked ion-
exchange column (Table 1), a phenomenon we have ob-
served with other microbial proteases. It is possible that the
strong interactions between the enzyme and the hydropho-
bic resin expose the enzyme active site to an inactivating
environment, possibly by removing protective peptides from
the vicinity of the active site.

The enzyme was not affected by either metal chelators or
sulfhydryl reagents, but activity was increased by Ca®",
Mg?*, and Ba?* ions. Ca?* stimulates the activity of trypsin
by causing a conformational change which leads to a more
compact protein (41). The T. denticola enzyme might behave
similarly in the presence of Ca?*. The BAPNA-hydrolyzing
activity was lost in the presence of DFP, indicating that a
serine residue may have been involved at the catalytic site of
the enzyme. The fact that phenylmethylsulfonyl fluoride did
not inhibit the reaction may reflect that, because phenyl-
methylsulfonyl fluoride is a larger molecule than the DFP, it
could not gain access to this serine residue. Similar results
have been obtained with two serine proteases from Esche-
richia coli (35, 36). The inhibition of the T. denticola enzyme
by N-a-p-tosyl-L-lysine chloromethyl ketone suggests that a
histidine residue may be important for the activity of the
enzyme.

The purified enzyme from T. denticola hydrolyzed several
synthetic trypsin substrates, indicating that it catalyzed
preferentially the hydrolysis of ester, amide, and peptide
bonds involving the carboxyl group of arginine and lysine. In
fact, it hydrolyzed BAPNA and BAEE faster than did
trypsin (Table 4). This enzyme had neither aminopeptidase-
like nor chymotrypsinlike activity, though some T. denticola
strains have been reported to possess these activities (17).
Unlike trypsin, the T. denticola enzyme did not hydrolyze
protein substrates as tested under the experimental condi-
tions. Also unlike trypsin, its activity against BAPNA was
not affected by soybean trypsin inhibitor and a-1-antitrypsin.
Consequently, the T. denticola enzyme may differ consider-
ably from trypsin (10, 42).
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Yoshimura et al. (43) characterized a trypsinlike protease
from B. gingivalis using BAPNA as the substrate. This
enzyme was membrane bound, and its activity was unaf-
fected by DFP but enhanced by sulfhydryl reagents, suggest-
ing that it was a thiol protease. Therefore, this enzyme is
different from trypsin and the T. denticola enzyme.

" A cytoplasmic endopeptidase from E. coli, named prote-
ase II, also hydrolyzed BAPNA and BANA, but it exhibited
minimal proteolytic activity as measured on azocasein (35).
Protease I, another enzyme isolated from E. coli, and which
hydrolyzed N-acetyl-DL-phenylalanine 2-naphthyl ester, a
synthetic substrate of chymotrypsin, did not hydrolyze
casein (36). Kowit et al. (14) have suggested that protease I
is probably not a protease. The BAPNA-hydrolyzing en-
zyme from T. denticola also does not seem to be an
endopeptidaselike protease, as no activity against a wide
array of proteins could be demonstrated. This fact does not
preclude that the present enzyme contributes to the degra-
dation of some peptides and has the potential to hydrolyze
certain proteins. We have observed that crude enzyme
extracts of T. denticola can digest casein, but this activity
was present in the higher-molecular-weight fractions ob-
tained from the Bio-Gel A-5m column (unpublished data). It
may be that the present enzyme acts in concert with these
proteases so as to effectively digest proteins into amino acid
constituents which are then fermented by the organism.

Substrate amounts of arginine can be used by T. denticola
to obtain energy by an arginine iminohydrolase pathway (2).
Thus, the BAPNA-hydrolyzing enzyme should be able to
break down any arginine-containing peptides that are pres-
ent in the subgingival plaque and crevicular fluid and thereby
provide L-arginine as an energy source for T. denticola. We
are investigating the substrate specificity of this enzyme in
detail and evaluating its ability to degrade peptides that are
present in the gingival environment. In this regard, saliva is
known to contain a tetrapeptide called sialin which contains
both arginine and lysine residues (13) and which could serve
as a substrate of the T. denticola enzyme.

T. denticola has been reported to hydrolyze gelatin (8) and
to dissolve fibrin (33). The fibrinolytic enzyme was essen-
tially extracellular, and it did not show activity on casein and
hemoglobin, although it did liquify gelatin (33). This enzyme
was different from the BAPNA-hydrolyzing enzyme, as it
had a molecular weight of about 1,000,000 and was heat
stable.

Certain bacterial enzymes which may contribute to
periodontal pathogenicity are extracellular. Although we did
not clarify the exact cellular localization of the BAPNA-
hydrolyzing enzyme from T. denticola, the intact cells were
able to hydrolyze any BAPNA that was present in the
surrounding fluid. This observation suggests that the sub-
strate was easily transported or diffused into the cells or that
the enzyme might be located at or close to the cell surface.
Therefore, this enzyme could, in concert with other enzymes
possessed by either T. denticola or other organisms, con-
tribute to the proteolytic activity of subgingival plaques
taken from diseased sites (4, 25, 39, 40).

Recently, Boehring et al. (3) reported that sonic extracts
of T. denticola caused inhibition of fibroblast proliferation,
and they speculated that this might contribute to the loss of
collagen in inflamed gingival tissues. The fibroblast-
inhibitory factor of the sonic extract was fractionated as a
peak corresponding to a molecular weight of approximately
50,000 by gel filtration on Sephadex G-150. The sonic
extracts of T. denticola also contained a factor capable of
suppressing lymphocyte proliferation (38), which was dis-
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tinct from the fibroblast-inhibitory factor (3). These T.
denticola factors have been suggested to be potential viru-
lence factors in periodontal disease. Based on our observa-
tion, the fibroblast-inhibitory factor might include the
BAPNA-hydrolyzing enzyme. Thus, it is possible that the
ability of T. denticola to inhibit the growth of fibroblasts may
be due to the enzyme studied in this study.

Although the subgingival bacteria play a major role in the
pathogenicity of periodontal disease, the exact etiology is
not known. Since the Treponema species are found in
extremely high numbers and proportions in plaques taken
from diseased sites and are both in close proximity to and
actually invasive in the gingival tissue (21, 28), any poten-
tially periodontopathic mechanisms of this organism should
be clarified. In the present study, the BAPNA-hydrolyzing
enzyme from T. denticola was shown to be unique in its
biochemical characteristics, especially in view of its differ-
ences from trypsin. Further investigations are necessary to
evaluate its possible role(s) in the pathogenesis of perio-
dontal disease and its utility for the estimation of periodontal
disease activity.

ACKNOWLEDGMENT

This investigation was supported by grants DE030211 and
DE06030 from the National Institute of Dental Research. Financial
support from Tokyo Dental College for K.O. is acknowledged.

LITERATURE CITED

1. Andrews, P. 1964. Estimation of molecular weights of proteins
by Sephadex gel filtration. Biochem. J. 91:222-233.

2. Blakemore, R. P., and E. Canale-Parola. 1976. Arginine catab-
olism by Treponema denticola. J. Bacteriol. 128:616-622.

3. Boehringer, H., N. S. Taichman, and B. J. Shenker. 1984. Sup-
pression of fibroblast proliferation by oral spirochetes. Infect.
Immun. 45:155-159.

4. Carlsson, J., B. F. Herrmann, J. F. Hofling, and G. K. Sund-
qvist. 1984. Degradation of the human proteinase inhibitors
alpha-1-antitrypsin and alpha-2-macroglobulin by Bacteroides
gingivalis. Infect. Immun. 43:644-648.

5. Davis, B. J. 1964. Disc electrophoresis. II. Methods and appli-
cation to human serum protein. Ann. N.Y. Acad. Sci. 121:
404-427.

6. Erlanger, B. F., N. Kokowsky, and W. Cohen. 1961. The prep-
aration and properties of two new chromogenic substrates of
trypsin. Arch. Biochem. Biophys. 95:271-278.

7. Frank, R. M. 1980. Bacterial penetration in the apical pocket
wall of advanced periodontitis in humans. J. Periodontal Res.
15:563-573.

8. Holdeman, L. V., E. P. Cato, and W. E. C. Moore (ed.). 1977.
Anaerobe laboratory manual, 4th ed. Virginia Polytechnic In-
stitute and State University, Blacksburg.

9. Hummel, B. C. W. 1959. A modified spectrophotometric deter-
mination of chymotrypsin, trypsin, and thrombin. Can. J.
Biochem. Physiol. 37:1393-1399.

10. Keil, B. 1971. Trypsin, p. 249-275. In P. D. Boyer (ed.), The
enzyme, vol. 3. Academic Press, Inc., New York.

11. Ke’zdy, F. J., L. Lorand, and K. D. Miller. 1965. Titration of
active centers in thrombin solutions. Standardization of the
enzyme. Biochemistry 4:2302-2308.

12. Kilian, M. 1981. Degradation of immunoglobulins A1, A2, and G
by suspected principal periodontal pathogens. Infect. Immun.
34:757-765.

13. Kleinberg, I., J. A. Kanapka, R. Chatterjee, D. Draw, N.
D’Angelo, and H. J. Sandham. 1979. Metabolism of nitrogen by
the oral mixed bacteria, p. 357-377. In 1. Kleinberg, S. A.
Ellison, and I. D. Mandel (ed.), Proceedings: saliva and dental
caries, special supplement to microbiological abstracts. Infor-
mation Retrieval Inc., Washington, D.C.

14. Kowit, J. D., W.-N. Choy, S. P. Champe, and A. L. Goldberg.
1976. Role and location of ‘‘protease I’’ from Escherichia coli.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

PEPTIDASE FROM T. DENTICOLA 219

J. Bacteriol. 128:776-784.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-68S.

Laskowski, M. 1955. Trypsinogen and trypsin. Methods
Enzymol. 2:26-36.

Laughon, B. E., S. A. Syed, and W. J. Loesche. 1982. AP1 ZYM
system for identification of Bacteroides spp., Capnocytophaga
spp., and spirochetes of oral origin. J. Clin. Microbiol.
15:97-102.

Leighton, T. J., R. H. Doi, R. A. J. Warren, and R. A. Kelin.
1973. The relationship of protease activity to RNA polymerase
modification and sporulation in Bacillus subtilis. J. Mol. Biol.
76:103-122.

Liljenberg, B., and J. Lindhe. 1980. Juvenile periodontitis.
Some microbiological, histopathological and clinical character-
istics. J. Clin. Periodontol. 7:48-61.

Listgarten, M. A. 1965. Electron microscopic observations of
the bacterial flora of acute necrotizing ulcerative gingivitis. J.
Periodontol. 36:328-339.

Listgarten, M. A. 1976. Structure of the microbial flora associ-
ated with periodontal health and disease in man. J. Periodontol.
47:1-18.

Listgarten, M. A., and L. Hellden. 1978. Relative distribution of
bacteria at clinically healthy and periodontally diseased sites in
humans. J. Clin. Periodontol. 5:115-132.

Listgarten, M. A., and S. A. Levin. 1981. Positive correlation
between the properties of subgingival spirochetes and motile
bacteria and susceptibility of human subjects to periodontal
deterioration. J. Clin. Periodontol. 8:122-138.

Loesche, W. J., and B. E. Laughon. 1982. Role of spirochetes in
periodontal disease, p. 62-75. In R.J. Genco and S. E.
Mergenhagen (ed.), Host-parasite interactions in periodontal
diseases. American Society for Microbiology, Washington,
D.C.

Loesche, W. J., K. U. Paunio, M. P. Woolfolk, and R. N.
Hockett. 1974. Collagenolytic activity of dental plaque associ-
ated with periodontal pathology. Infect. Immun. 9:329-336.
Loesche, W. J., S. A. Syed, B. E. Laughon, and J. Stoll. 1982.
The bacteriology of acute necrotizing ulcerative gingivitis. J.
Periodontol. 53:223-230.

Loesche, W. J., S. A. Syed, E. C. Morrison, G. A. Kerry, T.
Higgins, and J. Stoll. 1984. Metronidazole in periodontitis. 1.
Clinical and bacteriological results after 15 to 30 weeks. J.
Periodontol. 55:325-335.

Loesche, W. J., S. A. Syed, E. Schmidt, and E. C. Morrison.
1985. Bacterial profiles of subgingival plaques in periodontitis.
J. Periodontol. 56:447-456.

Lowry, D. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

Makinen, K. K., and P.-L. Makinen. 1978. Purification and
characterization of two human erythrocyte arylamidases pref-
erentially hydrolysing N-terminal arginine or lysine residues.
Biochem. J. 175:1051-1067.

Moore, W. E. C., L. V. Holdeman, E. P. Cato, R. M. Smibert,
J. A. Burmeister, K. G. Palcanis, and R. R. Ranney. 1985.
Comparative bacteriology of juvenile periodontitis. Infect. Im-
mun. 48:507-519.

Muller-Estel, W., and H. Fritz. 1981. Sperm acrocin. Methods
Enzymol. 80:621-632.

Nitzan, D., J. F. Sperry, and T. D. Wilkins. 1978. Fibrinolytic
activity of oral anaerobic bacteria. Arch. Oral Biol. 23:465-470.
Okuda, K., Y. Naito, K. Ohta, Y. Fukumoto, Y. Kimura, I.
Ishikawa, S. Kinoshita, and 1. Takazoe. 1984. Bacteriological
study of periodontal lesions in two sisters with juvenile peri-
odontitis and their mother. Infect. Immun. 45:118-121.
Pacaud, M., and C. Richaud. 1975. Protease 11 from Escherichia
coli, purification and characterization. J. Biol. Chem. 250:
7771-7779.

Paucard, M., and J. Uriel. 1971. Isolation and some properties
of a proteolytic enzyme from Escherichia coli (protease 1). Eur.
J. Biochem. 23:435-442.



220

37.

38.

39.

OHTA ET AL.

Saglie, R., M. G. Newman, F. A. Carranza, Jr., and G. L.
Pattison. 1982. Bacterial invasion of gingiva in advanced peri-
odontitis in humans. J. Periodontol. 53:217-222.

Shenker, B. J., M. A. Listgarten, and N. S. Taichman. 1984.
Suppression of human lymphocyte responses by oral spiro-
chetes: a monocyte-dependent phenomenon. J. Immunol. 132:
2039-2045.

Slots, J., and G. Dahlen. 198S. Subgingival microorganisms and
bacterial virulence factors in periodontitis. Scand. J. Dent. Res.
93:119-127.

. Slots, J., and R. J. Genco. 1984. Black-pigmented Bacteroides

species, Capnacytophaga species, and Actinobacillus actino-

41.

42.
43.

INFECT. IMMUN.

mycetemcomitans in human periodontal disease: virulence fac-
tors in colonization, survival, and tissue destruction. J. Dent.
Res. 63:412-421.

Tam, Y.-C., and E. C. S. Chan. 1985. Purification and charac-
terization of hyaluronidase from oral Peptostreptococcus spe-
cies. Infect. Immun. 47:508-513.

Walsh, K. A. 1970. Trypsinogen and trypsins of various species.
Methods Enzymol. 19:41-63.

Yoshimura, Y., M. Nishikawa, T. Suzuki, C. I. Hoover, and E.
Newbrun. 1984. Characterization of a trypsin-like protease from
the bacterium Bacteroides gingivalis isolated from human den-
tal plaque. Arch. Oral Biol. 29:559-564.



