
There has been some evidence that bac-
terial proteases play a role in dental
calculus formation. Calculus level is pos-
itively correlated with protease activity in
human saliva (37), with the protease
believed to originate from bacteria (36).
Supragingival plaque from calculus form-
ers has been reported to exhibit signifi-
cantly higher protease activity than that
from noncalculus formers (23). Finally,
bacterial protease from Bacteroides loesc-
heii degrades salivary inhibitors of calcium
phosphate precipitation in vitro (22).
There is also evidence for a specific role

of Capnocytophaga species in calculus
formation as follows. Both the proportion
and prevalence of Capnocytophaga spe-
cies are higher in plaque samples from

calculus formers than in samples from
noncalculus formers (25) and the species
exhibits high aminopeptidase activity (17,
28, 34, 35). Moreover, a bacterial cell
suspension of Capnocytophaga gingivalis
has been demonstrated to destroy calcium
phosphate precipitation inhibitors in saliva
in vitro (24).
Capnocytophaga granulosa is a newly

isolated species from human dental plaque
(38). This species is facultative anaerobic,
and exhibits high aminopeptidase activity
and granular inclusions in its cells.
Although aminopeptidase activity has been
reported upon, there are few reports of the
isolation and characterization of aminop-
eptidase from Capnocytophaga species
(33). The aim of this study was to isolate

and characterize aminopeptidase from cul-
ture supernatant of C. granulosa.

Materials and methods

Bacterial strain and growth conditions

C. granulosa ATCC 51502 was cultured at
37�C for 48 h in an anaerobic chamber
(85% N2, 5% CO2, 10% H2) in Gifu
anaerobic medium (GAM) broth (Nissui
Seiyaku, Tokyo, Japan).

Purification of aminopeptidase

Extraction of the crude enzyme and all
purification procedures were performed at
4�C. The culture fluid (volume 62.7 liters)
was obtained by centrifugation of the whole
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culture (12,000 · g, 10 min, 4�C). Ammo-
nium sulfate was added to the culture
supernatant to 60% saturation. The precipi-
tated proteins were resuspended in 20 mm

phosphate buffer, pH 7.0. After dialysis
against the same buffer at 4�C for 18 h,
insoluble materials were removed by cen-
trifugation at 15,000 · g for 20 min.
Extraction of the enzyme from the insoluble
materials was repeated four times using the
same buffer. The proteins in the dialysate
and the extracted protein were subsequently
mixed and concentrated by ultrafiltration
(Ultrafilter YM-10, cut off 10,000, Milli-
pore Co., Bedford, MA). The concentrate
was subsequently dialyzed against 10 mm

phosphate buffer for 12 h and then adsorbed
to a CM Sepharose Fast Flow column
(5 · 14.5 cm; Amersham Biosciences
Co., Piscataway, NJ) that was equilibrated
with the same buffer. After washing the
column with the buffer, the enzyme was
eluted first with 100 mm and then with
200 mm of NaCl in the buffer at a flow rate
of 120 ml/h. Active fractions were pooled
and concentrated using an Ultrafilter YM-
10 and Centriplus YM-100 (cut off
100,000; Millipore Co.). The solution was
then applied to a column of Superdex 200
prep grad (1.6 · 54 cm; Amersham Bio-
sciences Co.), equilibrated with 10 mm

phosphate buffer (pH 7.0) containing
200 mm NaCl. The enzyme was eluted in
the same buffer at a flow rate of 45 ml/h.

Assay of aminopeptidase activity

Aminopeptidase activity was measured
using Arg-b naphthylamide (NA) (Sigma
Chemical Co., St. Louis, MO) (35). The
reaction mixture was prepared by mixing
0.3 ml of 1 mm substrate, 0.45 ml of
100 mm phosphate buffer (pH 6.5),
0.3 ml of distilled water, and an appropriate
amount of the enzyme in a volume of
0.15 ml. After incubation for 1 h at 37�C,
0.3 ml of a solution of the stabilized diazo-
nium salt Garnet GBC (0.5 mg/ml, Sigma
Chemical Co.) in 1 m acetic acid, buffered
at pH 4.2 and containing 10% Tween 20,
was added.After themixturewas allowed to
stand for 15 min at room temperature, the
absorbance was read at 525 nm, using a
spectrophotometer (UV-1200, Shimadzu
Co., Kyoto, Japan). Enzyme activities were
expressed as nanomoles of b-naphthylam-
ine liberated in 1 min at 37�C under the
conditions described above.

Protein determination

Protein was determined using the method
of Lowry et al. (19) modified by Hartree

(10) or the method of Böhlen et al. (4).
Bovine serum albumin (Sigma Chemical
Co.) was used as standard.

Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to
the method of Laemmli (16), using a mini-
gel apparatus (KS-8010, Marisol Co.,
Tokyo, Japan) and 10% separating gels.
Samples were dissolved in sample buffer
containing 2% SDS, and then incubated at
100�C for 3 min. A mixture of three
protein standards (LMW electrophoresis
calibration kit; Amersham Biosciences
Co.) was electrophoresed in parallel. Elec-
trophoresis was performed at 20 mA for
90 min and the gel was stained with
2D-silver stain reagents II, ‘Daiichi’ (Daiichi
Pure Chemicals Co., Tokyo, Japan).

Molecular mass determination

The molecular mass of the native enzyme
was estimated by gel filtration (2) using
a Superdex 200 prep grad column
(1.6 · 54 cm; Amersham Biosciences
Co.), as described above. The column
was calibrated using the following stand-
ard proteins: thyroglobulin (669 kDa),
apoferritin (443 kDa), alcohol dehydroge-
nase (150 kDa), bovine serum albumin
(66 kDa) and carbonic anhydrase (29 kDa)
(Sigma Chemical Co.). The molecular
mass of the enzyme under denaturing
conditions was also determined by SDS-
PAGE, as described above.

Determination of isoelectric point

The isoelectric point was determined using
an IEF PAGE mini pH 3–10 (Tefco Inter-
national Co., Tokyo, Japan) and IEF
pH 3–10 buffer kit (Tefco International
Co.). After applying the purified enzyme,
electrophoresis was performed at a voltage
of 100 V for 1 h, followed by 200 V for
1 h and 500 V for 30 min. A mixture of
12 protein markers with isoelectric points
ranging from 3.50 to 9.30 (Amersham
Biosciences Co.) was used to estimate the
isoelectric point. The gel was stained with
2D-silver stain reagents II, ‘Daiichi’.
Activity staining was performed using

the method of Mort & Leduc (26). The
electrophoresed gel was incubated in the
mixture of 3 ml of 1 mm l-Arg-bNA,
4.5 ml of 100 mm phosphate buffer
(pH 6.5), and 3 ml of distilled water. After
removing the reaction mixture, 0.5 mg/ml
diazonium salt Garnet GBC and 1 m acetic
acid buffer (pH 4.2) containing 10%

Tween 20 were added for 5 min and then
washed off with water.

Effect of pH and temperature

The effect of pH on aminopeptidase activity
was examined using 100 mm phosphate
buffer at pH values ranging from 6.0 to 8.0.
The pH stability of the aminopeptidase was
tested by incubation of the purified enzyme
(60 ng) for 30 min at 0�C. The results were
expressed as a percentage of the activity
obtained at optimum pH.
The temperature stability was tested by

incubation of the enzyme at 0, 25, 37 and
50�C for 10, 30, 60 and 120 min in
100 mm phosphate buffer, pH 6.5, fol-
lowed by the standard enzyme activity
assay.

Substrate specificity

The relative activities of the amino-
peptidase from C. granulosa against Arg-
bNA, Lys-bNA, Met-bNA, Leu-bNA,
Ala-bNA, Glu-bNA, Ser-bNA, Tyr-bNA,
benzoyl-Arg-bNA, Phe-Phe-Ala-bNA, Leu-
Gly-Gly-4-methoxy-bNA and Gly-Pro-
Leu-bNA (Sigma Chemical Co.) were
determined using a standard activity assay.
The Km and Vmax were obtained from a
Michaelis–Menten plot.

Effect of protease inhibitors and metal

cations

Protease inhibitors such as phenyl-
methylsulfonyl fluoride (PMSF), 4-(2-amino-
ethyl)-benzenesulfonyl fluoride (AEBSF),
antipain, leupeptin, tosyl-l-lysine chloro-
methyl ketone (TLCK), tosyl-l-phenyl-
alanine chloromethyl ketone (TPCK),
chymostatin, iodoacetate, N-ethylmalei-
mide, trans-epoxysuccinyl-l-leucylamido-
(4-guanidino) butane (E-64), pepstatin and
EDTA, and metal cations such as AgNO3,
HgCl2, CuSO4, MgCl2, CaCl2, ZnCl2 and
FeCl3, were added to separate enzyme
solutions. The purified enzyme was incu-
bated in the presence of each inhibitor for
30 min and followed by the standard
enzyme assay with Arg-bNA as the sub-
strate. Activity was expressed as a percent-
age of the activity obtained in the absence of
the added inhibitor.

Amino acid analysis

The purified enzymes were hydrolyzed
with 6 n HCl at 110�C for 24 h in a sealed
and evacuated tube, and the amino acid
compositions were determined with an
automatic amino acid analyzer (Model
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L-8500, Hitachi Ltd, Tokyo, Japan) (32).
For analysis of cysteine, the purified
enzymes were oxidized with performic
acid before the hydrolyzation (11). Tryp-
tophan was analyzed after hydrolyzation
with 4 m methanesulfonic acid containing
0.2% tryptamine (18).

Results

Purification of aminopeptidase

Aminopeptidase was purified from the cell
culture supernatant of C. granulosa ATCC
51502 by sequential column chromatogra-
phy. Figures 1 and 2 show the chromato-
graphic profiles of the enzyme on CM
Sepharose Fast Flow (4th step) and gel

filtration on Superdex 200 prep grad (final
step), respectively. A summary of the
purification steps is provided in Table 1.
The final enzyme sample was purified
158,433-fold with a 12.0% yield.

Purity and molecular mass of

aminopeptidase

The fractions from each purification step
with enzyme activity were analyzed by
SDS-PAGE under unheated conditions
(Fig. 3). The final preparation showed a
single band with a molecular mass of
86 kDa (lane 6).
The relative molecular mass of the

native enzyme estimated by gel filtration

on a Superdex 200 prep grad column was
around 270 kDa.

Isoelectric point determination

The isoelectric points were estimated to be
7.5, 8.7, 8.8 and 8.9. Bands with aminop-
eptidase activity were observed around
isoelectric points 8.8 and 7.5.

Effects of pH and temperature

With 100 mm phosphate buffer and 1 mm

Arg-bNA, the optimum pH of the purified
enzyme was 6.5 (Fig. 4). The enzyme was
stable in the pH range 6.6–7.0. Heating the
enzyme at 50�C for 10 min resulted in
complete loss of activity.

Substrate specificity

The substrate specificity is shown in
Table 2. The purified enzyme was active
against Arg-bNA, Lys-bNA, Met-bNA,
Leu-bNA and Ala-bNA. The enzyme
was more specific for substrates containing
basic amino acids such as lysine and
arginine at the first positions. The enzyme
did not hydrolyze benzoyl-Arg-bNA and
substrates for endopeptidase.

Effects of protease inhibitors and metal

cations

The influence of protease inhibitors on
enzyme activity is shown in Table 3. The

Table 1. Summary of purification steps of aminopeptidase from Capnocytophaga granulosa ATCC
51502

Purification step
Total protein
(mg)

Total activity
(105 unit)

Specific activity
(unit/mg)

Purification
(Fold)

Yield
(%)

Culture supernatant 1,862,019 35.0 1.88 1 100
(NH4)2SO4 precipitate 19,415 19.7 101 54 56.3
Ultrafilter YM-10 (1st) 14,435 17.8 123 65 50.9
CM Sepharose Fast Flow 17.9 9.9 55,307 29,419 28.3
Ultrafilter YM-10 (2nd) 7.5 6.8 90,667 48,227 19.4
Centriplus YM-100 4.1 5.1 124,390 66,165 14.6
Superdex 200 prep grad 1.41 4.2 297,872 158,443 12.0

1 2 3 4 5 6 7

43 kDa

94 kDa

67 kDa

Fig. 3. SDS-PAGE of aminopeptidase from
C. granulosa ATCC 51502 at various stages of
purification on 10% separating gel stained with
2D-silver stain reagents II. Lanes: 1 and 7, high
molecular-size standards; 2, crude culture super-
natant; 3, fraction after ammonium sulfate
precipitation; 4, active enzyme fraction from
CM Sepharose Fast Flow chromatography; 5,
fraction after 2nd ultrafiltration; and 6, purified
enzyme fraction from Superdex 200 prep grad
chromatography.
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chelating agent EDTA inhibited 86% of
enzyme activity, while E-64, an inhibitor
of cysteine proteinases, inhibited 16% of
activity. Serine-protease inhibitors such as
PMSF, AEBSF, antipain, leupeptin,
TLCK, TPCK and chymostatin, sulfhydryl
group reagents such as iodoacetate and N-
ethylmaleimide, and an aspartate-specific
inhibitor, pepstatin, had no effect on
enzyme activity.
The effects of various cations were also

examined (Table 4). Ag+, Hg2+, and Cu2+

inhibited enzyme activity by 100%, 100%
and 84%, respectively. In contrast, Ca2+,
Zn2+ and Fe3+ had a stimulatory effect
(26–34%) on enzyme activity.

Amino acid composition

Table 5 summarizes the data obtained
from amino acid analyses of the purified
enzyme. Glutamic acid, lysine, leucine,

alanine and aspartic acid were present
more frequently than other amino acids.

Discussion

In the current study, the enzyme in the
culture supernatant of C. granulosa
ATCC 51502 was purified and character-
ized. This enzyme is classified as a
metallopeptidase (3). While inhibitors for
serine protease, sulfhydryl group reagents,
and aspartate-specific inhibitors had no
effect on the activity of the enzyme, it
was inhibited by the chelating agent.
Conversely, addition of Ca2+, Zn2+ and
Fe3+ increased enzyme activity. The
enzyme is also classified as an exopept-
idase because it exclusively released
N-terminal amino acid residues but did
not hydrolyze benzoyl-Arg-bNA.
The enzyme differs from those purified

from Capnocytophaga species in other
studies. Enzymes in the envelope frac-
tion of C. gingivalis hydrolyze synthetic

substrate for chymotrypsin or trypsin (31),
neither of which was hydrolyzed by the
enzyme purified in this study. The molecu-
lar mass of C. gingivalis aminopeptidase
has been reported to be 64 kDa (33),
smaller than the purified enzyme in the
current study (86 kDa). The isoelectric
point of C. gingivalis aminopeptidase (6.3)
is lower than that of C. granulosa (8.9,
8.8, 8.7, and 7.5). Moreover, the C. gingi-
valis aminopeptidase hydrolyzes Glu-
bNA, Ser-bNA and Tyr-bNA, none of
which was hydrolyzed by the enzyme
purified in the current study.
The purified enzyme shares some char-

acteristics with aminopeptidase B. Ami-
nopeptidase B, also named arginyl
aminopeptidase, is one of the major ami-
nopeptidases in mammal organs such as
skeletal muscle (8, 14), placenta (27), liver
(12, 13, 15), and the testis (7). Aminop-
eptidase enzyme hydrolyzes Arg-bNA and
Lys-bNA (12, 27), the activity being lost
by heating at 50�C (15) and inhibited by
EDTA (8, 12, 15, 27). The amino acid
composition of the purified enzyme was
similar to that of aminopeptidase B (7),
although aspartic acid, glutamic acid,
lysine, tyrosine and tryptophan were more
frequently present in the purified enzyme
than in aminopeptidase B.
Arginyl aminopeptidases of bacteria

have been previously purified and charac-
terized (5, 9, 30). These enzymes and the
enzyme purified in the current study have
several common characteristics related to
their substrate specificity and inhibitors of
activity. They hydrolyze both Arg-bNA
and Lys-bNA. Hg2+ inhibits their activit-
ies, whereas PMSF and leupeptin do not.
In contrast, the molecular mass of the
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Fig. 4. Effect of pH on the activity of the
purified enzyme against Arg-bNA. Assay mix-
ture adjusted to various pHs with 100 mm

phosphate buffer.

Table 2. Substrate specificity of aminopeptidase
from Capnocytophaga granulosa ATCC 51502

Substrate
Km

(mM)
Vmax

(nmol/min)

Arg-bNA 0.046 3.27 · 104

Lys-bNA 0.054 4.30 · 104

Met-bNA 0.111 2.10 · 104

Leu-bNA 0.148 5.40 · 104

Ala-bNA 0.232 0.73 · 104

Glu-bNA – a –
Ser-bNA – –
Tyr-bNA – –
Benzoyl-Arg-bNA – –
Phe-Phe-Ala-bNA – –
Leu-Gly-Gly-
4-methoxy-bNA

– –

Gly-Pro-Leu-bNA – –
a – ¼ Not detected.

Table 3. Effect of various protease inhibitors on
aminopeptidase from Capnocytophaga granu-
losa ATCC 51502

Inhibitorsa
Relative
activity (%)

None 100
PMSF 96
AEBSF 96
Antipain 103
Leupeptin 103
TLCK 96
TPCK 95
Chymostatin 98
Iodoacetate 101
N-ethylmaleimide 98
E-64 84
Pepstatin 104
EDTA 14
aConcentration, 0.1 mm; PMSF, phenylmethyl-
sulfonyl fluoride, AEBSF, 4-(2-aminoethyl)-
benzenesulfonyl fluoride; TLCK, tosyl-l-lysine
chloromethyl ketone; TPCK, tosyl-l-phenylal-
anine chloromethyl ketone; E-64, trans-epoxy-
succinyl-l-leucylamido-(4-guanidino) butane.

Table 4. Effect of heavy metals on aminopept-
idase activity from Capnocytophaga granulosa
ATCC 51502

Metalsa
Relative
activity (%)

None 100
AgNO3 0
HgCl2 0
CuSO4 16
MgCl2 98
CaCl2 126
ZnCl2 134
FeCl3 129
aConcentration, 0.1 mM.

Table 5. Amino acid composition of aminop-
eptidase from Capnocytophaga granulosa
ATCC 51502

Amino
acid

Composition given
in residues in 1000

Asp 76
Thr 45
Ser 50
Pro 44
Glu 110
Gly 69
Ala 80
Met 14
Val 59
Ile 46
Leu 88
Phe 49
Lys 92
His 16
Tyr 66
Arg 37
Trp 56
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purified enzyme (270 kDa) is larger than
that of the arginyl aminopeptidases of
Lactobacillus sakei (180 kDa) (30), Strep-
tococcus gordonii (70 kDa) (9) and
Debaryomyces hanseii (101 kDa) (5), the
optimal pH of the purified enzyme (6.5) is
higher than that of L. sakei aminopepti-
dase (5.0) (30), and S. gordonii (5.6) (9),
but lower than that of D. hanseii aminop-
eptidase (7.0) (5), and Zn2+ activates
aminopeptidase from C. granulosa but
inhibits those of both L. sakei (30) and
D. hanseii (5).
The molecular mass of the purified

native enzyme was estimated as 270 kDa
by gel filtration. The subunit molecular
mass was estimated as 86 kDa by SDS-
PAGE, suggesting that the native enzyme
consists of three identical polypeptides.
Human placental aminopeptidase B (27)
and L. sakei arginyl aminopeptidase (30)
are also trimers, while D. hanseii arginyl
peptidase is a dimer (5) and aminopepti-
dase B from human skeletal muscle (14),
porcine liver (15) and porcine muscle (8)
are monomeric.
The molecular mass and the four iso-

electric points estimated by isoelectric
focusing suggest the enzyme comprises
four different trimers (aaa, aab, abb,
bbb) based on two kinds of subunits (a, b)
with different charges. This type of protein
pattern has not been reported in arginyl
aminopeptidase, but has been reported in a
purified metalloendopeptidase (6) and
superoxide dismutases (1). Post-transla-
tional modifications such as methylation
(29) and irreversible oxidation of sulfhyd-
ryl groups (21) might account for the
differences in the charges.
The aminopeptidase purified in this

study is an exo-type enzyme and is
different from the endo-type enzymes
which have previously been reported to
be involved in calculus formation (23, 36,
37). However, results of one study sug-
gest that exo-type aminopeptidase is
involved in the process of mineralization
of calculus (20). Further study is neces-
sary to clarify the role of aminopeptidase
in this regard.
In conclusion, aminopeptidase purified

from culture supernatant of C. granulosa
exhibits different characteristics from
those enzymes purified from Capnocyt-
ophaga species in other studies, but similar
characteristics to aminopeptidase B.
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