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Thermolysin activity as well as its stability is remarkably enhanced by high
concentration of neutral salts consisting of Na1, K1, Cl– and Br– in the synthesis
and hydrolysis of N-carbobenzoxy-L-aspertyl-L-phenylalanine methyl ester and
hydrolysis of N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide (FAGLA) [Inouye, K.
(1992) J. Biochem. 112, 335–340]. However, effect of divalent salts on thermolysin
activity has not been investigated systematically. In this study, effect of Co21 ion on
thermolysin activity in the hydrolysis of FAGLA was examined. Thermolysin activity
increased 3–4 times with increasing the Co21 concentration to 2mM, but
the enhanced activity was considerably reduced with higher Co21 concentration
(2–18mM). The activation-and-inhibition dual effects of Co21 ion were analysed
kinetically. Release of the catalytic Zn21 ion from thermolysin, concomitantly
occurred with the Co21-dependent activation, was measured with a Zn21-specific
fluorescent probe. This indicates that the activation is caused by substituting Co21

ion for the catalytic Zn21 ion. Meanwhile, the Co21-dependent activation was
inhibited competitively by Zn21 ion (0.1–1.0 kM) added, similarly to that it is inhibited
by higher concentration of Co21 ion. These lines of evidence provide a strategy for
regulating thermolysin activity with Co21 and Zn21 ions.
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Abbreviations: FA-, N-[3-(2-furyl)acryloyl]-; FAGLA, N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide; ZDFM,
N-carbobenzoxy-L-aspartyl-L-phenylalanine methyl ester; ZnAF-2, 6-[N-[N ’,N ’-bis(2-pyridinylmethyl)-2-
aminoethyl]amino-3’,6’-dihydroxy-spiro [isobenzofuran-1(3H), 9’-[9H] xanthen]-3-one, tetrahydrochloride.

Thermolysin [EC 3. 4. 24. 27] is a thermostable neutral
metalloproteinase produced in the culture broth of
Bacillus thermoproteolyticus (1–4). It requires one zinc
ion for enzyme activity and four calcium ions for
structural stability (5–7), and catalyses specifically
the hydrolysis of peptide bonds containing hydrophobic
amino acid residues (8). The amino acid sequence (9, 10)
and three-dimensional structure (11) are available, and a
reaction mechanism has been proposed (12–14).

We have reported that high concentrations (1–5 M)
of neutral salts cause a remarkable activation of the
thermolysin-catalysed hydrolysis and synthesis of
N-carbobenzoxy-L-asparatyl-L-phenylalanine methyl ester
(ZDFM), a precursor of a synthetic sweetener (15), and
hydrolysis of N-[3-(2-furyl)acryloyl] (FA)-dipeptide amides
with different amino acids at the scissile bond (16). The
activation is brought about most effectively by NaCl and
NaBr, and the activity increases in an exponential fashion
with increasing salt concentration. The degree of activation
at x M NaCl is expressed by 1.9x at pH 7.5 (16, 17). The
molecular activity, kcat, and Michaelis constant, Km, can be
evaluated separately in the cases of ZDFM, FA-L-leucyl-L-
alanine amide (FALAA), and FA-L-phenylalanyl-L-alanine
amide (FAFAA), and the activation has been demonstrated
to be induced solely by an increase in kcat, and Km is not

affected at all by the presence of salts (15–17). Recently, we
have reported that the activation degree is dependent on
the electrostatic charges on the substrate, and is higher
with the substrate carrying positive charge than that
carrying negative charge (18). We have observed a
characteristic absorption difference spectrum on mixing
thermolysin with NaCl and NaBr, suggesting changes in
the states of tyrosyl and tryptophyl residues (15, 19).
The specific interaction between cations and thermolysin
might be involved in the activation, and effectiveness is in
the order of Naþ4Kþ4Liþ (15–17). We also demonstrated
that a change in the ionization state on the surface of
thermolysin affects the NaCl-dependent activation by
means of nitration and amination of tyrosyl residues in
the enzyme (20). Accordingly, the salt-dependent activa-
tion might be related to electrostatic interactions of
thermolysin with ions in the medium. The solubility of
thermolysin increases greatly in the presence of high
concentrations of salts (21), and the thermal stability is
also increased by the addition of NaCl (22). Unique
interactions of the molecular surface of thermolysin with
ions might change the solubility and thermal stability as
well as the activity. Unique interactions of the molecular
surface of thermolysin with ions might change the
solubility and thermal stability as well as the activity. To
explore the mechanism of the salt-induced activation, we
recently reported the preliminary X-ray crystallopraghic
analysis of thermolysin in the presence of 4 M NaCl (23).
Recently, we have established novel efficient methods for
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purification and expression of thermolysin, which enable
us to prepare a wide range of thermolysin variants and to
examine the reaction mechanism precisely (24–27). We
have also reported that the mechanism of autodegradation
of thermolysin and provided strategies to enhance its
thermostability (28, 29).

In comparison with the systematic study on the effects
of monovalent ions on thermolysin activity, the effect of
divalent ions has not been studied well. Thermolysin
contains intrinsic five divalent ions (one Zn2þ ion and
four Ca2þ ions). The Zn2þ ion contributes to the catalytic
activity of thermolysin, and the Ca2þ ions to its stability.
The addition of divalent ions might create new interac-
tions between thermolysin and the added ions in
addition to that of the molecular surface of thermolysin
and ions. In this study, the effect of cobalt ion
on thermolysin activity is described by comparing
the effect of zinc ion. At lower concentration of Co2þ

ion, thermolysin activity is enhanced up to 3–4 times,
but the enhanced activity is reduced by the addition
of higher concentration of Co2þ or Zn2þ ions in a
competitive manner. It is demonstrated that the
catalytic Zn2þ ion is replaced by Co2þ ion as
examined by determining the Zn2þ ion released to the
solution from the active site of the enzyme, although
the Co2þ-substituted thermolysin (CoTLN) is inhibited
by higher concentrations of Zn2þ or Co2þ ions.

EXPERIMENTAL PROCEDURES

Materials—A three-times-crystallized and lyophilized
preparation of thermolysin (Lot T5CB491; 8,720 protei-
nase units/mg according to the supplier) was purchased
from Daiwa Kasei (Osaka, Japan). This preparation was
used without further purification. The solution of
thermolysin was filtered through a Millipore membrane
filter, Type HA (pore size: 0.45 mm) before use. The
concentration of thermolysin was determined spectro-
photometrically using an absorption value, A (1 mg/ml),
at 277 nm of 1.83 (15), and a molecular mass of 34.6 kDa
(9). FAGLA (Lot 57H5800) was purchased from Sigma
(St Louis, MO, USA). The concentration of FAGLA was
determined spectrophotometrically using the molar
absorption coefficient, "345 of 766 M�1 cm�1 (15, 30).
6-[N-[N,0 N0-bis(2-pyridinylmethyl)-2-aminoethyl] amino-
30, 60-dihydroxy-spiro [isobenzofuran-1(3H), 90-[9H]
xanthen]-3-one, tetrahydrochloride (ZnAF-2, Lot
001RIZ), a zinc-selective fluorescent reagent (31), was
purchased from Daiichi Pure Chemicals (Tokyo, Japan).
The concentration of ZnAF-2 was evaluated using the
data provided by the supplier. All other chemicals were
of reagent grade and purchased from Nacalai Tesque
(Kyoto, Japan). All spectrophotometric measurements
were done with a Shimadzu UV-visible recording spectro-
photometer UVmini-1240 (Kyoto, Japan).
Hydrolysis of FAGLA—Hydrolysis of FAGLA by ther-

molysin was performed in 40 mM HEPES-Na buffer
(pH 7.0) (designated as buffer A) at 258C or in buffer
A containing 10 mM CaCl2 (buffer B). The enzyme
solution (1.0 ml) which was pre-incubated with CoCl2
and ZnCl2 for 30 min was added to the substrate solution
(2.0 ml). The initial concentrations of thermolysin and

FAGLA in the reaction mixture at the start of the
hydrolysis were 0.10 mM and 0.10–0.32 mM, respectively.
The hydrolysis of FAGLA was followed by continuously
monitoring the decrease in absorbance at 345 nm.
The amount of substrate hydrolysed was estimated
using the molar absorption difference on the hydrolysis,
�"345¼�310 M�1 cm�1 (15). Because of the high Km

(Michaelis constant, approximately 30 mM) and sparing
solubility of FAGLA, it was difficult to perform reactions
at FAGLA concentrations large enough to separate the
kinetic parameters, kcat (catalytic constant) and Km (15).
The hydrolysis was performed under the condition of
[FAGLA]o 55 Km, where pseudo-first-order kinetics is
valid, and thus the activity is expressed by the specificity
constant, kcat/Km, throughout this study.
Preparations of Apo-thermolysin—Apo-thermolysin

was prepared according to the method previously
reported (32) with some modification. Ten millilitres of
thermolysin (25 mM) in buffer B containing 5 mM 1,10-
phenanthroline was applied to a Sephadex G-50 Fine
column [size: 3.0 cm (inner diameter)�10 cm]
(Amersham Pharmacia, Uppsala, Sweden) and eluted
with buffer B containing 5 mM 1,10-phenanthroline.
Fractions containing thermolysin were collected, and
then applied to a PD-10 column (Sephadex G-25)
equilibrated with buffer A. Apo-thermolysin was eluted
from the column with the same buffer.
Determination of Zn2þ in the Active Site of

Thermolysin—Thermolysin (1.0 mM) in buffer B was pre-
incubated with 0–1.0 mM CoCl2 for 30 min, and applied to a
PD-10 column equilibrated with buffer A to remove free
Co2þ and Zn2þ ions released from the active site of
thermolysin. A fraction containing thermolysin was
mixed with the same volume of 10% SDS and boiled for
10 min to unfold thermolysin and release Zn2þ in the active
site of thermolysin. The boiled thermolysin solution was
cooled at 258C for 5 min, followed by the addition of ZnAF-2.
The concentrations of thermolysin and ZnAF-2 in the
mixture were 0.71 and 1.0 mM, respectively. The fluores-
cence emission was measured at 514 nm with excitation at
492 nm using a Shimadzu fluorescence spectrophotometer
RF-5300PC (Kyoto, Japan).

RESULTS

Inhibitory Effect of Zinc Ion on Thermolysin Activity—
Thermolysin activity was measured using FAGLA as
substrate in buffer B (pH 7.0) at 258C in the presence of
various concentrations of ZnCl2 (0–500mM). The enzyme
activity (kcat/Km) in the absence of ZnCl2 was
(27.5� 0.3) mM�1 s�1, and decreased with increasing
ZnCl2 concentration (Fig. 1). It decreased to one-third at
500mM ZnCl2. It is known that thermolysin activity
increased remarkably with high concentration (1–5 M) of
chloride salts such as NaCl, KCl and LiCl, and that the
activation is given synergistically by monovalent cations
and Cl– ion (13, 17). Based on this evidence, it is implicated
that the inhibition of thermolysin by ZnCl2 is raised by
Zn2þ but not Cl� ions. By assuming that one molecule of
intact thermolysin (which has a catalytic Zn2þ ion at
the active site, and is hereinafter designated as
Zn-thermolysin or ZnTLN) binds with another Zn2þ ion
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to form a thermolysin-Zn2þ complex (or ZnTLN-Zn) with no
enzyme activity, thermolysin activity was analysed by
Equation 1 [Scheme 1 where kcat/Km for ZnTLN-Zn, (kcat/
Km)zz is set to zero].

kcat

Km
¼

ðkcat=KmÞo Ki

Ki þ ½ZnCl2�
ð1Þ

where (kcat/Km)o, Ki and [ZnCl2] are kcat/Km in the
absence of ZnCl2, the inhibitor constant of Zn2þ and
the ZnCl2 concentration in the reaction mixture. The
data were fitted to Equation 1 with least-squares
regression. The Ki value was determined to be
(224� 2) mM.
Effect of Cobalt Salts on the Thermolysin-catalysed

Hydrolysis of FAGLA—Thermolysin activity was mea-
sured using FAGLA as substrate in buffer B at various
concentrations (0.05–18 mM) of CoCl2 or CoSO4 (Fig. 2).
Thermolysin activity (kcat/Km) increased with increasing
the CoCl2 or CoSO4 concentration up to 2 mM, and then
decreased gradually with increasing the concentration
from 2 to 18 mM (Fig. 2A). The effects of CoCl2 and CoSO4

on the activity were substantially the same, suggesting
that the effect of the cobalt salts on thermolysin activity is

caused by Co2þ ion. The kcat/Km value was
(27.5� 0.3) mM�1 s�1 in the absence of Co2þ ion,
and increased 3.6 times to reach the maximum
[(kcat/Km)max] (1.00� 0.04)� 102 mM�1 s�1, at 2 mM Co2þ

ion (in this article, we assume that CoCl2 and ZnCl2
dissociate completely into Co2þ and Zn2þ and anions in the
aqueous solution, and the concentrations of Co2þ and Zn2þ

are for the sake of convenience expressed with the
dimension of mol/l or M). The increment of kcat/Km

[�(kcat/Km)] at x M Co2þ ion is defined as the
difference between kcat/Km at x M Co2þ ion [(kcat/Km)x]
and that in the absence of Co2þ ion [(kcat/Km)o] (Equation 2),
which is expressed by Equation 3. The increment increased
with increasing the Co2þ concentration from 0 to
2 mM in a saturating fashion (Fig. 2B). The saturation
curve was analysed by assuming that the binding of Co2þ

Fig. 1. Inhibitory effect of Zn21 ion on thermolysin
activity. Thermolysin (0.3 mM) was incubated with ZnCl2
(0–500mM) for 30 min in 40 mM HEPES-Na buffer (pH 7.0)
containing 10 mM CaCl2 (buffer B) at 258C. Thermolysin-
catalysed hydrolysis of FAGLA was performed under the same
conditions at the initial concentrations of thermolysin, FAGLA
and ZnCl2 of 0.1, 400 and 0–500 mM, respectively. The solid line
is a theoretical curve determined by fitting the data to Equation
1 by least-squares-regression method.

Scheme 1. Change in thermolysin activity by the addition
of excessive amount of Zn21 ion. ZnTLN: intact thermolysin
carrying a catalytic Zn2þ ion at the active site; and ZnTLN-Zn:
ZnTLN bound with Zn2þ ion.

Fig. 2. Effect of cobalt salts on the thermolysin-catalysed
hydrolysis of FAGLA. The hydrolysis was carried out in buffer
B in the presence of 0–18 mM cobalt salt (CoCl2 or CoSO4),
at 258C. The initial concentrations of thermolysin and FAGLA in
the reaction mixture ([TLN]o and [FAGLA]o) were 0.10 mM and
0.10–0.32 mM, respectively. (A) Dependence of thermolysin
activity (kcat/Km) on cobalt salt concentration. Cobalt salts:
CoCl2 (open circle); CoSO4, (open square); and CoCl2 with 1 mM
ZnCl2, (filled circle). (B) Dependence of the CoCl2-dependent
increment [�(kcat/Km)] in thermolysin activity on the CoCl2
concentration. The �(kcat/Km), which is defined as the difference
between the kcat/Km values under the absence and presence of
CoCl2, was calculated from the data shown in panel A. The solid
line is a theoretically fitted curve to the experimental data using
Equation 3 with least-squares regression.
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ion activates Zn-thermolysin (or ZnTLN) (Scheme 2).
In this scheme, kcat/Km should correlate linearly with
the concentration of the Co2þ-bound thermolysin,
[ZnTLN-Co].

�
kcat

Km

� �
¼

kcat

Km

� �
x

�
kcat

Km

� �
o

ð2Þ

� kcat=Kmð Þ ¼ �ðkcat=KmÞmax=ðKd ðZnTLN�CoÞ þ ½Co2þ
�Þ ð3Þ

where �(kcat/Km)max and Kd (ZnTLN-Co) are the maximum
value of �(kcat/Km) and the dissociation constant for
the interaction between Co2þ and ZnTLN, respectively.
From Fig. 2B, the �(kcat/Km)max and Kd (ZnTLN-Co) values
were determined to be (75.8� 0.7) mM�1 s�1

and (62.8� 2.2) mM, respectively. The (kcat/Km)max

[¼ (kcat/Km)oþ�(kcat/Km)max] of (1.00� 0.04)�
102 mM�1 s�1 is in good agreement with the kcat/Km

(1.16� 102 mM�1 s�1) determined with the Co2þ-
substituted thermolysin (CoTLN) (32), which was pre-
pared by adding Co2þ ion to apo-thermolysin (ApoTLN)
but not to ZnTLN and the catalytic Zn2þ ion in the active
site was replaced with a Co2þ ion. Here, (kcat/Km)max is
the kcat/Km of ZnTLN-Co corresponding to (kcat/Km)zc in
Scheme 2 and the kcat/Km of CoTLN is shown by
(kcat/Km)c in Scheme 3. This suggests two possibilities.
In one possibility, a thermolysin species (ZnTLN-Co)
which is formed by the addition of Co2þ to thermolysin
(ZnTLN) is the same as cobalt-substituted thermolysin
(CoTLN), in which the catalytic Zn2þ ion of ZnTLN
is replaced with Co2þ ion. In the other possibility,
ZnTLN-Co has the same kcat/Km value with CoTLN
[(kcat/Km)zc¼ (kcat/Km)c].
Competitive Effect of Zn2þ ion on the Co2þ-induced

Activation of Thermolysin—Activity of thermolysin
(ZnTLN) enhanced by the addition of CoCl2 (0–18 mM)

was suppressed considerably in the presence of 1.0 mM
ZnCl2 (Fig. 2A). The (kcat/Km)max value in the
presence of 1.0 mM ZnCl2 was observed at 5.0 mM Co2þ,
and was (76.2� 0.5) mM�1 s�1. This value was 82% of
that [(92.0� 0.5) mM�1 s�1] obtained in the absence of
ZnCl2 at 5.0 mM Co2þ. The activity (kcat/Km) in the
presence of 1.0 mM ZnCl2 decreased with increasing
[Co2þ] from 2 to 17 mM, and the kcat/Km was 60 mM�1 s�1

at 17 mM Co2þ ion. This value is almost the same as
that observed at 17 mM Co2þ in the absence of Zn2þ

(Fig. 2A). On the other hand, thermolysin activity in
the presence of 1 mM Co2þ decreased with increasing
[Zn2þ] from 0 to 10 mM, and it shows a reversed
saturation curve (Fig. 3A). The ��(kcat/Km) increment

Scheme 2. Change in thermolysin activity by the addition
of Co21 ion. ZnTLN-Co: ZnTLN bound with Co2þ ion.

Scheme 3. Change in thermolysin activity by the addition
of Co21 ion to apo-thermolysin. ApoTLN: apo-thermolysin.

Fig. 3. Suppression of the Co21-dependent activation of
thermolysin by ZnCl2. The thermolysin-catalysed
hydrolysis of FAGLA was carried out in buffer B
containing 1 mM CoCl2 in the presence of 0–10 mM ZnCl2,
at 258C. [TLN]o¼ 0.10 mM and [FAGLA]o¼ 0.10–0.32 mM.
(A) Dependence of thermolysin activity (kcat/Km) activated
by CoCl2 on the ZnCl2 concentration. (B) Dependence of
the ZnCl2-dependent decrement [–�(kcat/Km)] in thermolysin
activity activated by CoCl2 on the ZnCl2 concentration.
The �(kcat/Km), which is defined as the difference between
the kcat/Km under the absence and presence of ZnCl2, was
calculated from the data shown in panel A. The solid line is a
theoretically fitted curve to the experimental data using
Equation 5 with least-squares regression.
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was defined as follows (Equation 4) for analysing
this curve.

��
kcat

Km

� �
¼

kcat

Km

� �
o

�
kcat

Km

� �
x

ð4Þ

where (kcat/Km)o and (kcat/Km)x are the kcat/Km values at
0 M and x M Zn2þ, respectively. The plot of ��(kcat/Km)
versus [ZnCl2] was fitted well to Equation 5 (Fig. 3B).
The equation was formulated by assuming that Zn2þ ion
binds to a thermolysin species (ZnTLN-Co), which is
activated with 1 mM Co2þ, to form another species
(ZnTLN-Co)-Zn with a decreased kcat/Km value.

�� kcat=Kmð Þ ¼ ��ðkcat=KmÞmax=ðKd ½ðZnTLN�CoÞ�Zn� þ ½ZnCl2�Þ

ð5Þ

Kd½ðZnTLN�CoÞ�Zn� ¼ ½ZnTLN � Co�½Zn�=½ðZnTLN � CoÞ � Zn�

ð6Þ

where Kd [(ZnTLN-Co)-Zn] is the dissociation constant for the
interaction of Zn2þ with a thermolysin species ZnTLN-Co
which is activated with 1 mM CoCl2 (Scheme 4).

The values of Kd[(ZnTLN-Co)-Zn] and –�(kcat/Km)max

were estimated to be (1.88� 0.17) mM and
(75.3� 2.0) mM�1 s�1, respectively. The value of
��(kcat/Km)max was in good agreement with the
�(kcat/Km)max value (75.8 mM�1 s�1) observed in the
activation of ZnTLN by Co2þ ion (Fig. 2B). This result
indicates that Zn2þ ion suppresses the Co2þ-induced
activation of thermolysin (ZnTLN). In order to examine
this suppression mechanism, the effect of ZnCl2 on the
Co2þ-induced activation of thermolysin activity was
measured at the CoCl2 concentration lower than
0.5 mM (Fig. 4). The �(kcat/Km) values are plotted
against [CoCl2] in the presence of various concentrations
of ZnCl2 (0–1.0mM). Saturation curves were observed
(Fig. 4A) as similar to that observed in Fig. 2B.
The curves at respective ZnCl2 concentrations were
analysed according to Equation 3. The activation of
thermolysin induced by CoCl2 was suppressed with
increasing [ZnCl2] added to the reaction mixture.
In the 1/�(kcat/Km) versus 1/[CoCl2] plot, linear lines
obtained at different ZnCl2 concentrations were
crossed on the vertical axis, indicating that Zn2þ ion
suppresses the activation induced by binding of Co2þ to
ZnTLN in a competitive manner (Fig. 4B). This suggests
that Zn2þ ion might bind to the same site of
thermolysin as Co2þ binds (Scheme 5). ZnTLN is

converted to ZnTLN-Co in the presence of Co2þ ion,

and ZnTLN-Co is converted possibly by the binding
with Zn2þ ion to either (ZnTLN-Co)-Zn or ZnTLN-Zn.
Considering the competitive inhibition by Zn2þ

Scheme 4. Change in thermolysin activity by the addition
of Co21 and Zn21 ions successively. (ZnTLN-Co)-Zn: ZnTLN
bound with Co2þ ion at the secondary site, and with Zn2þ at the
tertiary site.

Fig. 4. Competitive inhibition of Zn21 ion against the
Co21-dependent activation of thermolysin. (A) Effect of
various concentrations of Zn2þ ion on the increment of the
kcat/Km [�(kcat/Km)] induced by the addition of Co2þ ion.
The reaction was carried out in buffer B in the presence of
0–20 mM CoCl2, and 0–1 mM ZnCl2, at 258C. [TLN]o¼ 0.1 mM.
The ZnCl2 concentrations are 0 M (open circle); 0.1 mM (open
triangle); 0.2 mM (open square) and 1.0 mM (open diamond).
Solid lines are the theoretical curves drawn by fitting the data
to Equation 6. (B) The double reciprocal plot of the �(kcat/Km)
values induced by Co2þ ion at various concentrations of Zn2þ ion
against the concentration of Co2þ ion. The ZnCl2 concentrations
are 0 M (open circle); 0.1 mM (open triangle); 0.2 mM
(open square) and 1.0 mM (open diamond).

Scheme 5. Replacement of Co21 ion with Zn21 at the
secondary site.
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against the Co2þ-dependent activation, formation of
(ZnTLN-Co)-Zn might be declined and ZnTLN-Co
could be converted to ZnTLN-Zn (Scheme 5). Presently,
we have no evidence if the thermolysin species
designated as ZnTLN-Co is the same as the species
CoTLN, but if it was so as suggested in Fig. 2, Zn2þ

ion at the concentration of 0–1.0 mM could replace
the Co2þ ion bound at the active site of thermolysin
(Scheme 6).
Replacement of the Catalytic Zn2þ ion in the

Thermolysin Active Site by Co2þ ion—The (kcat/Km)max

value [(1.00� 0.04) � 102 mM�1 s�1] obtained by adding
2.0 mM CoCl2 to thermolysin (ZnTLN) (Fig. 2) was
essentially the same as that (116 mM�1 s�1) of CoTLN
(22), indicating that (kcat/Km)c is the same as (kcat/Km)zc

in Schemes 2 and 4. Zn2þ ion inhibits competitively
the binding of Co2þ ion to thermolysin (Fig. 4). These
results suggest two possibilities. One is that the
catalytic Zn2þ ion of thermolysin (ZnTLN) can be
replaced by Co2þ ion on the addition of 2.0 mM
CoCl2 and CoTLN is formed (Scheme 5). The other is
that the catalytic Zn2þ ion of ZnTLN was not replaced
from the active site on the Co2þ addition, and ZnTLN-Co
is formed (Scheme 4). In this case, ZnTLN-Co and
CoTLN should have the same (kcat/Km) values
[(kcat/Km)zc¼ (kcat/Km)c], and also ZnTLN and ZnTLN-Zn
should have the same (kcat/Km) values
[(kcat/Km)z¼ (kcat/Km)zz]. We examined whether the
catalytic Zn2þ ion of ZnTLN can be replaced with Co2þ

ion on the addition of Co2þ ion and released into
the solution. Zn2þ ion, if any was released from the
active site, can be detected by a Zn2þ-specific fluoro-
phore, ZnAF-2, and the Zn2þ concentration remaining
in the active site is estimated as the difference
between the total thermolysin concentration [ZnTLN]
and the increment of Zn2þ concentration on the
addition of Co2þ ion determined by ZnAF-2. The ratio
of the Zn2þ concentration released to the total
thermolysin concentration increased with increasing
the Co2þ ion concentration added to the reaction
mixture (Fig. 5). The behaviour of the increase in the
Zn2þ ion concentration ([�Zn2þ]) observed with increas-
ing [Co2þ] was in good agreement with that of the
increase in thermolysin activity [�kcat/Km)] induced
by the addition of Co2þ ion (Fig. 4). This result
suggests strongly that the catalytic Zn2þ ion is
replaced directly when Co2þ ion is added to ZnTLN,

and that CoTLN but not ZnTLN-Co is formed.
In other words, ZnTLN-Co and CoTLN must be the
same (Schemes 5 and 6).
Estimation of KdCo Using Apo-thermolysin—The

dependence of thermolysin (ZnTLN) activity on [CoCl2]
shows a saturation curve (Fig. 2), and the Kd(ZnTLN-Co)

of Co2þ ion for its interaction with ZnTLN was
determined to be (62.8� 2.2) mM. However, it should be
noted that the value was determined under the
condition where Zn2þ ion (at the concentration equal
to that of ZnTLN) was contained in the reaction
mixture. When ZnTLN-Co is assumed to be formed
in the interaction between ZnTLN and Co2þ ion, the
Zn2þ ion must stay as a bound-form in the active site
of the enzyme, and when CoTLN is assumed to be
formed, it must be released from the active site into
the reaction mixture. Thus, the Kd(ZnTLN-Co) should not
be the same as the Kd for the interaction of Co2þ with
apo-thermolysin where no Zn2þ ion exists in the reaction
mixture, even if the species ZnTLN-Co formed in
the interaction between ZnTLN and Co2þ ion is CoTLN.
In order to estimate the Kd for the interaction
between Co2þ and apo-thermolysin, the dependence of
kcat/Km for apo-thermolysin on [Co2þ] was examined in
the absence of Zn2þ ion (Fig. 6). Apo-thermolysin
was shown to have a small activity due to the slightly
remained Zn2þ ion in the active site of the enzyme,
and the kcat/Km value was (0.181� 0.026) mM�1 s�1,
which is 6.6% of that (27.0 mM�1 s�1) of the native
thermolysin (ZnTLN). The activity of apo-thermolysin
increased with increasing [CoCl2], and the maxi-
mum activity [(kcat/Km)c] observed was (1.05� 0.07)
� 102 mM�1 s�1, which is essentially the same as that

Scheme 6. Replacement of Co21 ion with Zn21 at the
catalytic site.

Fig. 5. Release of Zn21 ion from the active site of
thermolysin on the addition of Co21 ion. Thermolysin
(ZnTLN, 1.0 mM) and CoCl2 (0–1.0 mM) were incubated in
buffer B at 258C. Zn2þ ion released from the active site of
thermolysin was estimated by determining Zn2þ ion in
the reaction mixture using a fluorescent probe. Thermolysin
activity was measured for the mixture of thermolysin
and CoCl2 at their concentrations of 0.1 mM and 0–1.0 mM,
respectively, in buffer B. The amounts of Zn2þ ion
released (open circle) and the increment of kcat/Km (open
square) induced by the addition of Co2þ ion were plotted against
[CoCl2].
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[(kcat/Km)zc¼ (1.00� 0.04)� 102 mM�1 s�1] observed when
CoCl2 was added to ZnTLN (Fig. 2A).

The binding of Co2þ ion to apo-thermolysin was
analysed by Scheme 3, where the activity (kcat/Km) is
described as follows:

kcat

Km
¼

ðkcat=KmÞc½CoTLN�

½ApoTLN�o
ð7Þ

where [CoTLN], [ApoTLN]o and (kcat/Km)c are the
concentrations of the Co2þ-substituted thermolysin
(CoTLN), the initial concentration of apo-thermolysin
and the maximum kcat/Km which is the kcat/Km obtained
when all apo-thermolysin molecules carry the catalyti-
cally active Co2þ ion at the active site, respectively.
The dissociation constant (KdCo) for the interaction of
Co2þ ion with thermolysin is defined as follows:

KdCo ¼
½ApoTLN�½Co2þ

�

½CoTLN�
ð8Þ

where [ApoTLN], [Co2þ] and [CoTLN] are the concentra-
tions of apo-thermolysin (ApoTLN), free Co2þ and
CoTLN, respectively. The initial concentrations of ther-
molysin and Co2þ ion ([ApoTLN]o and [Co2þ]o) are given
as follows.

½ApoTLN�o ¼ ½ApoTLN� þ ½CoTLN� ð9Þ

½Co2þ
�o ¼ ½Co2þ

� þ ½CoTLN� ð10Þ

Substituting for [ApoTLN] and [Co2þ] in Equation 8 by
those in Equations 9 and 10 gives

KdCo ¼
ð½ApoTLN�o � ½CoTLN�Þð½Co2þ

�o � ½CoTLN�Þ

½CoTLN�

This is converted to the following equations:

KdCo½CoTLN� ¼ ½CoTLN�
2
� ð½E�o þ ½Co2þ

�oÞ½CoTLN�

þ ½ApoTLN�o½Co2þ
�o

0 ¼ ½CoTLN�
2
� ðKdCo þ ½ApoTLN�o

þ ½Co2þ
�oÞ½CoTLN� þ ½ApoTLN�o½Co2þ

�o

when [Co2þ]o¼ 0, [CoTLN] must be zero, and thus,
the concentration of CoTLN is expressed as
Equation 11.

½CoTLN� ¼ ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � 4�

p� �
=2 ð11Þ

where a and b are given by

� ¼ KdCo þ ½ApoTLN�o þ ½Co2þ
�o

� ¼ ½ApoTLN�o½Co2þ
�o

The right side of Equation 11 was substituted for
[CoTLN] in Equation 7. In Equation 11, [ApoTLN]o was
set in the experimental conditions, and [Co2þ]o was
determined from the a and b values. Thus, kcat/Km can
be expressed with unknown parameters, KdCo and
(kcat/Km)max [namely (kcat/Km)c], in Equation 7. From
the best fitting as shown by the solid line in Fig. 6, the
values of KdCo and (kcat/Km)max were estimated to be
(27.3� 6.1) nM and (1.08� 0.01)� 102 mM�1 s�1, respec-
tively, by assuming that one mole of Co2þ ion binds to
one mole of thermolysin.
Estimation of the Affinity of Zn2þ ion in Thermolysin

by Analysing the Competitive Binding of Zn2þ and Co2þ

ions to Apo-thermolysin—It is considerably difficult to
estimate the Kd (KdZn) for the interaction of Zn2þ ion
with apo-thermolysin by measuring the change in
thermolysin activity with changing [Zn2þ] added to apo-
thermolysin because of too small Kd values. Therefore,
thermolysin activity (kcat/Km) was measured by changing
[Zn2þ] with the coexistence of Co2þ ion, and the KdZn

value was evaluated by analysing competitive binding
of Co2þ and Zn2þ ions to apo-thermolysin. When Zn2þ

and Co2þ ions are added to the reaction mixture, the
activity (kcat/Km) can be described using the concentra-
tions of ZnTLN, CoTLN and the total thermolysin
species (ZnTLN, CoTLN and ApoTLN), which are
designated [ZnTLN], [CoTLN] and [TLN]o, respectively,
as follows:

kcat=Km ¼ kcat=Kmð Þz ZnTLN½ �= TLN½ �o

þ kcat=Kmð Þc CoTLN�½ = TLN½ �o
ð12Þ

where (kcat/Km)z and (kcat/Km)c are kcat/Km values of the
thermolysin species (ZnTLN and CoTLN) accommodating
Zn2þ and Co2þ ions at the active site, respectively.
The dissociation constants of the interactions of thermo-
lysin with Zn2þ and Co2þ are defined, respectively, as
follows:

KdZn ¼ ½ApoTLN�½Zn2þ
�=½ZnTLN� ð13Þ

KdCo ¼ ½ApoTLN�½Co2þ
�=½CoTLN� ð14Þ

Fig. 6. Recovery of thermolysin activity of apo-
thermolysin by the addition of Co21 ion. Thermolysin
activity of apo-thermolysin was determined in the presence
of 0–0.86 mM CoCl2 in buffer B at 258C. The thermolysin
concentration in the reaction mixture was 0.3 mM. The solid
line is a theoretical curve drawn by fitting the data to
Equation 6 using the values of KdCo and (kcat/Km)c of
(27.3 � 6.1) nM and (1.08 � 0.01) � 102 mM�1 s�1, respec-
tively, by assuming that one mole of Co2þ ion binds to one
mole of thermolysin. The dashed lines are asymptotes for the
theoretical curve.
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The initial concentrations of thermolysin, Zn2þ ion and
Co2þ ion ([TLN]o, [Zn2þ]o and [Co2þ]o) are given as
follows.

½TLN�o ¼ ½ApoTLN� þ ½ZnTLN� þ ½CoTLN� ð15Þ

½Zn2þ
�o ¼ ½Zn2þ

� þ ½ZnTLN� ð16Þ

½Co2þ
�o ¼ ½Co2þ

� þ ½CoTLN� ð17Þ

The initial concentration of Co2þ ion ([Co2þ]o) is much
higher than that of thermolysin ([TLN]o), and thus

½Co2þ
�o � ½Co2þ

� ð18Þ

Furthermore, the initial concentrations of Zn2þ and
Co2þ ([Zn2þ]o and [Co2þ]o) are much higher than the
values of Kd for each ions, namely, [Zn2þ]o 44 KdZn and
[Co2þ]o 44KdCo; and thus Equation 15 is transformed to

½TLN�o � ½ZnTLN� þ ½CoTLN� ð19Þ

The quotient of KdZn and KdCo are given from Equations
13 and 14 as follows:

KdZn=KdCo ¼ ð½Zn2þ
�½CoTLN�Þ=ð½Co2þ

�½ZnTLN�Þ ð20Þ

Substituting [Zn2þ], [Co2þ] and [CoTLN] in Equation 19
by those in Equations 16, 18 and 19 yields the following
equation.

KdZn=KdCo ¼ ð½Zn2þ
�o � ½ZnTLN�Þð½TLN�o

� ½ZnTLN�Þ=½Co2þ
�o½ZnTLN�

This is converted to

0 ¼ ½ZnTLN�
2
� ð½TLN�o þ ½Zn2þ

�o þ KdZn=KdCo½Co2þ
�oÞ

� ½ZnTLN� þ ½TLN�o½Zn2þ
�o

Thus, the concentration of ZnTLN is expressed as
follows:

½ZnTLN� ¼ � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � 4�

p� �
=2 ð21Þ

where g and d are given by

� ¼ ½TLN�o þ ½Zn2þ
�o þ KdZn=KdCo½Co2þ

�o

� ¼ ½TLN�o½Zn2þ
�o

As the solution of [ZnTLN] must be limited to the
condition of [ZnTLN] � [TLN]o, [ZnTLN] is expressed as
follows:

½ZnTLN� ¼ � þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�2 � 4�

p� �
=2 ð22Þ

The right side of Equation 22 was substituted for
[ZnTLN] in Equation 12. It was also substituted for
[ZnTLN] in Equation 19, and the resulting [CoTLN]
was substituted into Equation 12. Thus, Equation 12
was expressed with (kcat/Km)z, (kcat/Km)c, [Zn2þ]o, [Co2þ]o,
KdZn and KdCo. The experimentally obtained values of
27.4 and 108 mM�1 s�1 were substituted for (kcat/Km)z

and (kcat/Km)c, respectively, and the values of [TLN]o

(0.10 mM), [Zn2þ] and [Co2þ]o were set in the experi-
mental conditions in Equation 12. Subsequently, the
unknown parameter KdZn was tried to be determined
by best-fitting the data in Fig. 7 to Equation 12 by the
least-squares regression, although the fitting was
declined. This suggests that the estimation of the initial
concentration of Zn2þ ion ([Zn2þ]o) was inappropriate. It
should be improved so that the sum of the Zn2þ

concentration ([Zn2þ]TLN) accommodated to the active
site of the native thermolysin (ZnTLN) and the Zn2þ ion
concentration ([Zn2þ]Added) was added to the reaction
mixture in the form of ZnCl2. Accordingly, [Zn2þ]o is not
expressed with [Zn2þ]TLN but should be expressed as
follows:

½Zn2þ
�o ¼ ½Zn2þ

�TLN þ ½Zn2þ
�Added ð23Þ

The [Zn2þ]o value determined by Equation 23 was
substituted into Equation 12, and the best-fitting was
tried to the data of Fig. 7. Theoretically fitted curves
drawn by solid lines in Fig. 7 are well fitted to the data,
and the values of KdZn and [Zn2þ]TLN were estimated to
be (36.7� 0.1) pM and (0.136� 0.002) mM, respectively.
The [Zn2þ]TLN value is in good agreement with the
initial concentration of thermolysin (0.10 mM), suggesting
verification of the improved treatment used. Therefore,
the KdZn value obtained is the correct value by consider-
ing the Zn2þconcentration bound to thermolysin
([Zn2þ]TLN) in addition to the Zn2þconcentration added.
It should be noted that this procedure enables to
determine the KdZn value in the competitive binding of
Zn2þ and Co2þ ions to thermolysin.

Fig. 7. Estimation of the affinity constant (Kd Zn) of Zn21

ion in thermolysin (ZnTLN) from the competitive binding
of Zn21 and Co21 ions to thermolysin. The reaction
was carried out in buffer B in the presence of 0–20 mM CoCl2,
and 0–1 mM ZnCl2, at 258C. The thermolysin concentration for
activity measurement was 0.1 mM, and the ZnCl2 concentrations
were 0 M (open circle); 0.1 mM (open triangle); 0.2 mM
(open square) and 1.0 mM (open diamond). The experimental
data are the same as those shown in Fig. 4A. The solid lines
are the theoretical curves drawn by fitting the data to
Equation 12. The dashed lines, which are essentially the same
drawn by the dotted lines in Fig. 4A, are the theoretical curves
drawn by fitting the data to Equation 5. The KdZn value was
estimated to be (36.7� 0.1) pM.
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DISCUSSION

Difference in the Fashion of the Salt-dependent
Activation of Thermolysin between CoCl2 and NaCl—It
was shown that thermolysin is activated by the addition
of CoCl2 at the concentration of up to 2.0 mM (Fig. 2),
and this activating fashion is clearly different from that
of the remarkable activation observed with high concen-
trations (1–5 M) of neutral monovalent salts such as
NaCl, KCl, NaBr, KBr, etc. (15, 16). The enzyme activity
(kcat/Km) increases with increasing [CoCl2] in a saturat-
ing fashion, and this suggests that the Co2þ-dependent
activation might be due to the binding of Co2þ ion to
thermolysin. On the other hand, the activity increases
with increasing [NaCl] uniquely in an exponential
fashion, and not only Naþ ion but also Cl– ion is known
to contribute to the activation, although the mechanism
of this activation has not yet been clearly revealed
(15–22). The degree of activation between CoCl2 and
NaCl is also very different. The activity increases 3–4
times at 1–2 mM CoCl2, but 2 times and 12–15 times at
the NaCl concentrations of 1 and 4 M, respectively. This
difference in thermolysin activation between CoCl2 and
NaCl suggests the difference in their activation mecha-
nism. Because the solubility of CoCl2 is very low
compared with that of NaCl, the effect of high concen-
tration of CoCl2 on thermolysin activity could not be
examined, but it can be described that CoCl2 is a low-
concentration activator, whereas NaCl and other mono-
valent neutral salts are high-concentration activators.
Direct Substitution of Co2þ ion for the Catalytic Zn2þ

ion in the Active Site of Thermolysin—The effect of metal
substitution has been investigated with many metallo-
proteases; thermolysin (32–35), carboxypeptidase
A (36, 37), angiotensin converting enzyme (38), amino-
peptidases (39–41), deuterolysin (42), astacin (43), serra-
lysin (44), collagenases (45, 46) and dipeptidyl peptidase
III (47). These metalloproteases are activated by the
substitution of Co2þ ion for the catalytic Zn2þ ion except
for the case of angiotensin converting enzyme and
deuterolysin, but the degree of activation is different by
depending on enzyme species. In the present study,
it has been shown that the catalytic Zn2þ ion of
thermolysin (ZnTLN) is replaced directly with Co2þ ion
added to the enzyme solution. For this replacement, it is
not necessary to prepare apo-thermolysin by removing
the catalytic Zn2þ ion from the active site. Possibility of
this type of direct metal replacement has been only
suggested with thermolysin (34), carboxypeptidase A (36)
and collagenases (46) based on the activation observed
when cobalt salt was added to the enzymes. Only in the
case of carboxypeptidase A, the concentrations of Zn2þ

and Co2þ ions accommodated by the enzyme were
determined using radioactive Zn2þ and Co2þ ions, and
the substitution of a Co2þ ion for the catalytic Zn2þ ion
was shown explicitly (36, 48, 49). In the present study,
we indicated directly the substitution of Co2þ for the
catalytic Zn2þ in thermolysin using a Zn2þ-specific
fluorescent probe, and this method might be more
convenient and useful in comparison with the radioactive
method applied to carboxypeptidase A (33).
Binding Affinity of Zn2þ and Co2þ ions to the Active

Site of Metallopeptidases—The Kd values in the interac-
tions of thermolysin with Zn2þ and Co2þ ions (KdZn and
KdCo respectively) were estimated to be
(36.7� 0.1) pM and (27.3� 6.1) nM, respectively, at
pH 7.0 in the present study. They were also reported to
be 0.24 pM and 0.3 nM, respectively, at pH 7.2 based
on the inhibition studies (33). These values are about
100-fold smaller than those obtained in this study.
The cause of this difference is not currently clear,
but probably due to the difference in the reaction
conditions. On the other hand, the ratio (KdZn/KdCo)
estimated in this study is similar to that reported
previously (33). The Kd values with other metallopro-
teases were also reported (Table 1). Carboxypeptidase
A (28) and angiotensin converting enzyme (38) have
similar KdZn values and also KdCo values as well, and
these values are 100 times larger than those of thermo-
lysin. The (KdZn/KdCo) values for carboxypeptidase A and
angiotensin converting enzyme are similar to that of
thermolysin. The KdZn and KdCo values of dipeptidyl
peptidase III, which has a unique zinc binding
motif HEXXXH (in reality, HELLGH) but not a
common HEXXH, are 0.19 pM and 0.82 pM, respectively
(47). It should be noted that the (KdZn/KdCo) value of 0.23
observed with dipeptidyl peptidase III is 1000 times
larger than the values [(5.3� 0.8)� 10�3] observed with
thermolysin, carboxypeptidase A and angiotensin con-
verting enzyme. The difference in the affinity of
metalloenzymes for Zn2þ and Co2þ ions might be due to
the difference in the size of the binding site to
accommodate the metal ions. The metal-binding sites of
thermolysin and dipeptidyl peptidase III bind Zn2þ ion
most tightly, among the enzymes examined, indicating
that the metal-binding sites of these enzymes have the
most suitable configuration for binding Zn2þ ion.
Thermolysin recognizes well the difference between
Zn2þ and Co2þ ions, and dipeptidyl peptidase III binds
Co2þ ion strongly, as well. The ionic radius of Zn2þ ion
(72.0 pm) is slightly larger than that of Co2þ ion
(62.5 pm), but a significant difference between them
might be that Zn2þ has a stable four-coordination in
the ground state, and Co2þ ion has a five-coordination,

Table 1. Comparison of dissociation constants of Zn21 and Co21 ions for various metallopeptidases.

Kd Zn (M) Kd Co (M) Kd Zn/Kd Co

Thermolysina 3.7�10�11 2.7�10�8 1.4�10�3

Thermolysinb 2.4�10�13 3�10�10 0.8�10�3

Carboxypeptidase Ac 4.7�10�9 1.5�10�6 3.1�10�3

Angiotensin converting enzymed 2.4�10�9 4.5�10�7 5.3�10�3

Dipeptidyl peptidase IIIe 1.9�10�13 8.2�10�13 0.23
aThis study; bFeder et al. (33); c Colemen and Vallee (36); d Bünning and Riordan (38); e Hirose et al. (47).
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which is believed to be similar to that of Zn2þ ion in the
transition state (32). A thermolysin variant, in which
the Zn2þ-binding HEXXXH motif (H142ELTH146) of
the native thermolysin was converted to H142ELTGH
by mimicking that (H450ELLGH455) of dipeptidyl pepti-
dase III, has no proteolytic activity (Hashida and Inouye,
unpublished results), suggesting that the structural
geometry of the active-site zinc-binding motif is crucial
for thermolysin activity. It should be reminded that the
Co2þ-substituted dipeptidyl peptidase III has 3–4 times
higher activity than the Zn2þ-type, native enzyme (47),
as has been observed also with carboxypeptidase A,
thermolysin and so on (32). This suggests that the
unique Zn2þ-binding motif of dipeptidyl peptidase III
can bind Co2þ ion as well as the common motif does.
It is also interesting to note that the difference in the
affinity of various peptidases for Zn2þ and Co2þ ions
might be ascribed to the difference in the undefined
amino acid designated as XX or XXX residues in the
Zn2þ-binding motif. The factors determining the binding
affinity and specificity of the catalytic metal ion to the
active site of the metalloenzymes have not yet been
studied well. Recently, we have found that higher
concentration (mM-level) of Co2þ ion inhibits thermolysin
activity in dual manner (50). Namely, the Co2þ-dependent
inhibition is composed of Ca2þ-insensitive and Ca2þ-
sensitive parts, and Co2þ ion plays as a competitive
inhibitor in the former part, and induces autolysis in
the latter one. In the present study, we proposed a
convenient method to evaluate the binding affinity of
the catalytic metal ion to the active site of the enzymes,
which enables us to examine more precisely the mecha-
nism of the metal-ion recognition and control of the
enzyme activity of the metallopeptidases.

In the present paper, we have demonstrated the
activation-and-inhibition dual effect of Co2þ ion on
thermolysin activity. The catalytic Zn2þ ion in the
active site of thermolysin (ZnTLN) is replaced with
Co2þ ion when 2 mM cobalt salt is added to
thermolysin with accompanying the activation of the
enzyme. The competitive binding of Zn2þ ion at this site
is 1000 times as strong as that of Co2þ, although the
Zn2þ-thermolysin (ZnTLN) is less active than Co2þ-
enzyme (CoTLN). When higher concentration of Zn2þ

ion (40.1mM), ZnTLN activity decreases severely.
Similarly, the activity of CoTLN decreases with higher
concentration (45 mM) of Co2þ ion. This suggests that
there is the second binding site(s) for Zn2þ and Co2þ ions
on the surface of thermolysin, and their binding at the
site(s) reduces the activity. These lines of evidence
provide a strategy for regulating thermolysin activity
with Co2þ and Zn2þ ions.
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