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Alcohols inhibit the thermolysin-catalyzed hydrolysis of iV-[3-(2-furyl)acryloyl]-Gly-L-
Leu-NHj, and decrease the NaCl-induced activation of thermolysin in a concentration-
dependent manner [K. Inouye et al. (1997) J. Biochem. 122, 358-364]. In this study, the
inhibitory effects of alcohols on thermolysin activity were examined in detail using 10
different alcohols and a fluorescent substrate, (7-methoxycoumarin-4-yl) acetyl-L-Pro-L-
I^u^ly-l^L«u-IAp-(2,4-dinitrophenyl)-l^2^^amino-propionyl]-L-Ala-L-Arg-NH2. The inhi-
bition by all alcohols examined is completely reversible, and thermolysin activity is
recovered by dilution. The inhibitor constants (K,) are in the range of 35-430 mM, and
the order of the inhibitory effect is 1-pentanol, 1-propanol, 2-butanol, 2-methyl-l-pro-
panol > 1-butanol > 2-propanol > ethanol, tert-amyl alcohol 3> ferf-butyl alcohol » meth-
anoL Linear and secondary alcohols whose mains chains consist of more than 3 carbons
inhibit thermolysin effectively. Thermolysin activity is decreased by decreasing the
dielectric constant, D, of the reaction medium containing the alcohol, and the decrease
depending on the D value was almost the same manner for all alcohols except methanol,
ferf-butyl alcohol, and tert-amyl alcohoL Alcohols may inhibit thermolysin activity both
by binding to the active site, most possibly to the SI' subsite, of thermolysin and by
altering the electrostatic and hydrophobic environment around the thermolysin mole-
cule.

Key words: alcohol, dielectric constant, inhibitor, metalloproteinase, thermolysin.

Thermolysin [EC 3.4.24.27] is a thermostable neutral met-
alloproteinase produced in the culture broth of Bacillus
thermoproteolyticus (1, 2). It requires one zinc ion for en-
zyme activity and four calcium ions for structural stability
(3-5), and catalyzes specifically the hydrolysis of peptide
bonds containing hydrophobic amino acid residues (6, 7).
The amino acid sequence (8, 9) and three-dimensional
structure (20) are known, and the reaction mechanism has
been proposed (11,12).

We previously reported the remarkable activation as well
as stabilization of thermolysin by high concentrations (1—4
M) of neutral salts (13-15). The peptidase activity of ther-
molysin increases in an exponential fashion with increas-
ing salt concentration, and the degree of activation at x M
NaCl is expressed by 1.9* (7). The activation is brought
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about solely by an increase in AMt, and the Michaelis con-
stant is not altered (7,13), although a report appeared later
that suggested that the activation mechanism might be dif-
ferent depending on the substrate examined (16). hi the
case of N-[3-(2-furyl)acryloyl] (FA)-glycyl-L-leucine amide
(FAGLA) as a substrate, the degree of activation induced by
NaCl shows a bell-shaped pH dependence with an opti-
mum pH around 7, and decreases significantly with
increasing temperature. Alcohols inhibit the thermolysin-
catalyzed hydrolysis of FAGLA, and the activity decreases
to 30% in the presence of 5% (v/v) methanol (17). The
degree of activation by salt defined as (k^JK^ at 4 M NaCl)/
(k^JK^ at 0 M NaCl) is 12 in the absence of alcohols, but
decreases with increasing alcohol concentration in the reac-
tion medium reaching 5 in the presence of 5% (v/v) metha-
nol (17). It is obvious that alcohols attenuate the activating
effectof salts. Thermolysin is known to be a robust enzyme,
and is resistant to denaturation thermally and by denatur-
ants. To our knowledge, however, the sensitivity of thermol-
ysin to alcohols as observed in the inhibition of FAGLA
hydrolysis is one of the highest, and is of the same level
reported for Streptococcus neuraminidase which is inhib-
ited to 30% by 5% methanol, ethanol or 2-propanol (18).
Considering that a-chymotrypsin and subtilisins are acti-
vated 4-5 times by 30% methanol (H. Nagai (1999) Mas-
ter's Thesis, Kyoto University), the inhibition of
thermolysin by alcohols as well as neuraminidase could be
a key to their structure-activity relationship.

The objective of this study was to evaluate the inhibitory
-effects of-alcohols-on -the_peptidase-.activity of thermolysin
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in detail and its mechanism. FAGLA has been vised widely
as a suitable substrate for thermolysin (3-7, 13, 16). The
hydrolysis of FAGLA is measured by following the decrease
in absorbance at 345 nm, and the amount of FAGLA hydro-
lyzed is estimated using the molar absorption difference on
hydrolysis, Ae^g = -310 M-'-cnr1 (13). A difficulty in using
FAGLA is that the value of the molar absorption difference
(A%,6) must be confirmed or determined at the conditions
used. In order to avoid this difficulty in the presence of var-
ious concentrations of various alcohols, a fluorescent sub-
strate, (7-methoxycoumarin-4-yl)acetyl-L-Pro-L-Leu-Gly-L-
I^u-[A^-{2,4-diriitrophenyl)-L-2,3-dianiino-propionyl]-L-Ala-
L-Arg-NR, [MOCAc-PLGL(Dpa)AR] was applied in this
study. This substrate has been commonly used for studies
on matrix metalloproteinases (MMPs) and the peptide
bond between glycine and leucine residues is known
cleaved by MMPs (19-21). In the present study, we describe
the possibility of using MOCAc-PLGL(Dpa)AR as a sub-
strate for thermolysin. The thermolysin-catalyzed hydroly-
sis of this substrate is strongly inhibited by increasing
alcohol concentrations, and the structure of the alcohol mol-
ecule and dielectric constant of the reaction medium play
important roles in the inhibition. We will also discuss the
size and shape of the alcohol binding site(s).

MATERIALS AND METHODS

Materials—A three times crystallized and lyophilized
preparation of thermolysin (Lot T5CB491; 8,360 PU/mg
according to the supplier) was purchased from Daiwa Kasei
(Osaka). The preparation was used without further purifi-
cation. The thermolysin solution was filtered through a Mil-
lipore membrane filter, Type HA (pore size, 0.45 |xm), be-
fore use. The concentration was determined spectrophoto-
metrically using an absorbance value, A (1 mg/ml), at 277
nm of 1.83 (13) and a molecular mass of 34.6 kDa (8).

A fluorescent substrate, MOCAc-PLGL(Dpa)AR (Lot
490418, 480429), and MOCAc-L-prolyl-L-leucyl-glycine
(MOCAc-PLG, Lot 471218), were purchased from the Pep-
tide Institute (Osaka), and their concentrations were deter-
mined using the molar absorption coefficients Ae410 = 7.5
M-'cm"1 and Ae^ = 12.9 M^cnr1, respectively (19, 22, 23).
All other chemicals were of reagent grade and purchased
from Nacalai Tesque (Kyoto).

The HPLC apparatus consisted of a solvent-delivery sys-
tem CCPM-II, a UV monitoring system UV-8020, a com-
puter-control system PX-8020, a degasser SD-8020, a col-
umn oven CO-8020 and an integrator Chromatocorder 21,
and was purchased from Tosoh (Tokyo).

HPLC of the Thermolysin-Catalyzed Hydrolysis of
MOCAc-PLGL(Dpa)AR—The hydrolysis of MOCAc-PLGL-
(Dpa)AR by thermolysin was detected by HPLC to confirm
the cleavage site following the method developed for MMP
(20). The reaction was initiated by adding 30 pi of the sub-
strate solution (670 \iM) dissolved in DMSO to 970 jjd of
the thermolysin solution (19.1 nM) in 50 mM Tris-HCl
buffer containing 10 mM CaCL, at pH 7.5. The initial con-
centrations of thermolysin and MOCAc-PLGL(Dpa)AR in
the reaction solution were 18.6 nM and 20 pM, respectively.
The reaction was stopped by mixing 100 (jJ of the reaction
solution with 400 fxl of 1% trifluoroacetic acid (TFA). The
mixture (100 p.1) was applied to HPLC on a TSKgel ODS-
8OTs column [4.6 mm (inner diameter) x 150 mm](Tosoh)

equilibrated with 0.1% TFA (20). A linear gradient was gen-
erated from 20 to 70% acetonitrile from 5 min for 15 min at
a flow-rate of 1 ml/min. The absorption at 335 nm was mea-
sured at 25°C.

Fluorometric Analysis of the Thermolysin-Catalyzed Hy-
drolysis of MOCAc-PLGL(Dpa)AR—The thermolysin-cata-
lyzed hydrolysis of MOCAc-PLGL(Dpa)AR was performed
by mixing 1,242 p.1 of the thermolysin solution in 50 mM
Tris-HCl buffer containing 10 mM CaCL, with 8 pi of
MOCAc-PLGL(Dpa)AR (234 or 117 nM) dissolved in
DMSO at pH 7.5, 25°C. The hydrolysis of MOCAc-PLGL-
(Dpa)AR was measured by following the increase in fluo-
rescence intensity at 393 nm with excitation at 328 nm
using a JASCO FP-777 fluorescence spectrophotometer
(Tokyo). The initial concentrations of thermolysin and
MOCAc-PLGL(Dpa)AR were 10 nM and 1.5 pM (or 0.75
p,M), respectively. The reaction was carried out under
pseudo-first order conditions, where the substrate concen-
tration is much lower than the Km value, in order to avoid
absorptive quenching effects (21, 22). The initial reaction
rate, v, of the production of MOCAc-PLG was evaluated by
comparing the fluorescence intensity with that of an
authentic MOCAc-PLG (0.44 pM) solution. Activity is
expressed by the specificity constant (k^JK^, which was
determined by the method of Sakoda and Hiromi (24, 25).

Effects of Alcohols on the Thermolysin-Catalyzed Hydrol-
ysis of MOCAc-PLGL(Dpa)AR—A fluorometric analysis of
the thermolysin-catalyzed hydrolysis of MOCAc-PLGL-
(Dpa)AR was performed in the presence or absence of alco-
hols (methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,
2-butanol, 2-methyl-l-propanol, tert-butyl alcohol, 1-pen-
tanol, and tert-amyl alcohol). The effect of 1,4-dioxane was
also examined. The reaction was carried out in 50 mM Tris-
HCl buffer (pH 7.5) containing 10 mM CaCL, and 0.6%
DMSO at 25°C. The initial concentrations of thermolysin
and MOCAc-PLGL(Dpa)AR were 10 nM and 1.5 pM (or
0.75 pM), respectively. The inhibitory effects of the alcohols
were evaluated by Dixon plot to determine the inhibitor
constant, .K, (22, 25).

Evaluation of the Dielectric Constant of the Reaction Mix-
ture—The dielectric constant (D) of the reaction mixture
was determined by the following equation (17):

where fw, fn, and fD are the volume fractions of water,
alcohol, and DMSO, respectively (and thus /"w + fB+ fD = 1),
and Z)w, Dn, and DB are their respective dielectric constants
(26).

Dilution of the Alcohol—The effect of dilution after incu-
bating thermolysin with an alcohol was examined at final
concentrations of thermolysin and MOCAc-PLGL(Dpa)AR
of 10 nM and 1.5 pM, respectively, hi the case of methanol,
thermolysin (100 nM) in 50 mM Tris-HCl plus 10 mM
CaCL, buffer containing 3.0% methanol was incubated at
25°C for 15 min, and then diluted 10 times with buffer
without methanol. The thermolysin activity was measured
immediately after the dilution by fluorometric analysis. For
comparison, a thermolysin solution (100 nM) containing
0.3% methanol was incubated at 25°C for 15 min, diluted
10 times with buffer containing 0.3% methanol, and the
enzyme activity was measured. Tert-butyl alcohol and tert-
amyl alcohol were examined in the same way. In the case of
other alcohols (ethanol, 1-propanol, 2-propanol, 1-butanol,
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2-butanol, 2-methyl-l-propanol, and 1-pentanol), the alco-
hol concentration of the reaction mixture was 1.0% and
after dilution was 0.1%.

RESULTS AND DISCUSSION

MOCAc-PLGL(Dpa)AR as a Substrate for Thermolysin—
There has been no report so far in which MOCAc-
PLGL(Dpa)AR was used as a substrate for thermolysin (26,
27). It was examined whether MOCAc-PLGL(Dpa)AR can
be a thermolysin substrate. When the mixture of thermol-
ysin and MOCAc-PLGL(Dpa)AR was applied to HPLC, two
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Fig. 1. HPLC analysis of the products of MOCAc-PLGL-
(Dpa)AR hydrolysis catalyzed by thermolysin. The reaction was
carried out in 50 mM Tris-HCl buffer (pH 7.5) containing 10 mM
CaClj and 3% DMSO at 25°C. The initial concentrations of thermo-
lysin and MOCAc-PLGIXDpa)AR were 18.6 nM and 20 \iM, respec-
tively. The reaction times were a, 0 min; b, 3 min; and c, 10 min. Sep-
aration and determination of the products were performed by HPLC
with a TSKgel ODS-80Ts column. MOCAc-PLGL(Dpa)AR, MOCAc-
PLG and L(Dpa)AR eluted at peaks C (16.6 min), B (13.4 min), and
A (6.2 min), respectively.

peaks, in addition to the peak of MOCAc-PLGL(Dpa)AR at
16.6 min, appeared at 6.2 and 13=4 4nin4Fig. ih T4ieir
heights increased with incubation time of the mixture,
while the height of the MOCAc-PLGL(Dpa)AR peak de-
creased, suggesting that the two newly observed peaks are
products formed by the thermolysin-catalyzed hydrolysis of
MOCAc-PLGL(Dpa)AR. Using authentic compounds, the
products eluting at 6.2 and 13.4 min were identified as
I/Dpa)AR and MOCAc-PLG, respectively. Thus it has been
confirmed that thermolysin cleaves the peptide bond be-
tween glycine and leucine in MOCAc-PLGL(Dpa)AR, in the
same manner as it cleaves the Gly-Leu bond in FAGLA.
The dependence of the reaction rate (u) on substrate con-
centration ([S]^ was examined, and it was shown that the
Kn value of thermolysin for MOCAc-PLGL(Dpa)AR is be-
yond the maximum solubility (ca. 90 |xM) of the substrate
under the conditions used. Thus the Km value of thermol-
ysin for MOCAc-PLGL(Dpa)AR is much larger than that of
matrilysin, which has been determined to be 45 yM. (20).
Therefore, the following reaction was carried out under
pseudo-first order conditions where the substrate concen-
tration is much lower than the Km value, to avoid its
absorptive quenching effects (21, 22).

Effect of Alcohol on the Thermolysin-Catalyzed Hydroly-
sis of MOCAc-PLGUDpa)AR—The specificity constant
(kJKJ of the hydrolysis of MOCAc-PLGL(r)pa)AR by
thermolysin decreased with increasing concentrations of all
alcohols examined (Fig. 2). From the Dixon plot for deter-
mining the inhibitor constant, K^ of thermolysin for 1-pro-
panol (Fig. 3), K, was determined to be 0.28% (v/v) or 38
mM. The two lines obtained at different substrate concen-
trations crossed apparently at a point in the second quad-
rant, suggesting that the mode of inhibition was judged to
be competitive. For all alcohols examined other than 1-pro-
panol, the linear lines also crossed at a point in the second
quadrant, slightly above the [TJ0 axis (data not shown), and
the mode of inhibition was judged barely to be competitive.
However, it should be noted that competitive inhibition is
hardly discriminated from non-competitive inhibition when
the v value is much smaller than the V ^ value, or when
the .K, value is much smaller than a substrate constant (Ks)
that is close to the Km (22, 28). The reaction in the present
study was performed under conditions where the substrate
concentration was much lower than the K^ value, and thus

Fig. 2. Dependence of the thermolysin activity on alco-
hol concentration. The thermolysin-catalyzed hydrolysis
of MOCAc-PLGL(Dpa)AR was carried out in 50 mM Tris-
HCl buffer (pH 7.5) containing 10 mM CaClj and 0.6%
DMSO at 25°C, and the specific constant, k^lK^, was plot-
ted against the alcohol concentration of the reaction mix-
ture. Panel A; Effect of linear alcohols on thermolysin
activity. Alcohols: methanol, O; ethanol, A; 1-propanol, o; 1-
butanol, •; and 1-pentanol, •. Panel B: Effect of branched
alcohols on thermolysin activity. Alcohols: 2-propanol, o; 2-
butanol, A; 2-methyl-l-propanol, o; tert-butyl alcohol, n;
and teri-amyl alcohol, •.

0 1 2 3 4 5 6 0 1 2 3 4 5 6
[Alcohol]o (%, v/v) [Alcohol]o (%, v/v)
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it is difficult to define the mode of inhibition. Consequently,
the type of inhibition by the alcohols examined was consid-
ered to be competitive, which is consistent with the results
of X-ray crystallography (29, see below), al-though the pos-
sibility of non-competitive inhibition cannot be excluded.
Alcohols might bind to the active site of thermolysin and
inhibit the enzyme competitively. Since thermolysin cleaves
favorably peptides containing a hydropho-bic residue such
as leucine or isoluecine at the PI ' position, and even at the
PI position (6, 7), it is reasonable that small alcohol mole-
cules could fit into the SI' and SI pockets.

The K^ values of the alcohols examined ranged from 0.28
to 1.8% (v/v), or from 38 to 430 mM (Table I). In the case of
linear alcohols, the order of inhibitory effect (when com-
pared in molar concentration) is 1-propanol, 1-pentanol > 1-
butanol > ethanol 3> methanol. As the number of carbon
atoms increases from 1 to 3, the inhibitory effect as evalu-
ated by K^ is enhanced more than 10 times. When the num-

-0.4 -0.2 0
[1-Propanol]o(%, v/v)

Fig. 3. Dixon plots for determining £, of 1-propanol on the ther-
molysin activity. The thermolysin-catalyzed hydrolysis of MOCAc-
PLGL(Dpa)AR was performed in 50 mM Tris-HCl buffer (pH 7.5)
containing 10 mM CaCLj and 0.6% DMSO in the absence and pres-
ence of 1-propanol at 25°C. The initial concentration of thermolysin
was 10 nM. The initial concentrations of MOCAc-PLGL(Dpa)AB
were 0.75 |xM, o, and 1.5 JJLM, A. The 1-propanol concentration giving
50% of the activity observed in the absence of 1-propanol (IQy,) was
0.37%. The inhibitor constant, KIt of 1-propanol was determined to
be 0.28 ± 0.04% (v/v) or 38 ± 5 mM according to the value of the in-
tersection point of the lines obtained at different substrate concen-
trations.

ber of carbons increases from 3 to 5,however, the inhibitory
effect does not change much. This indicates that the length
of 1-propanol is sufficient to give maximum inhibition, hi
the case of branched alcohols, 2-butanol and 2-methyl-l-
propanol are the most effective inhibitors. When alcohols
with the same number of carbons are compared, the inhibi-
tory effect of 1-propanol is obviously stronger than that of
2-propanol, while 1-butanol is a little weaker than 2-
butanol and 2-methyl-l-propanol. The inhibitory effect of
bulky alcohols, such as tert-butyl alcohol and fert-amyl alco-
hol, is much weaker compared to other alcohols with the
same number of carbons. The results suggest that there
might be inhibitory binding site(s) for alcohols on the sur-
face of thermolysin, and that the size of the site(s) could be
large enough to accommodate 1-propanol (3 carbons) suffi-
ciently to inhibit the thermolysin activity. As for branched
alcohols, secondary alcohols are stronger inhibitors than
linear alcohols except for 2-propanol. Tertiary alcohols seem
to be too bulky to fit into the inhibitory binding site(s). Con-
sidering the inhibitory activities shown in Table I, it is sug-
gested that the inhibitory binding site could be a pocket
accommodating most suitably a carbohydrate moiety with
a linear three-carbon chain and a branched methyl chain,

TABLE I. The inhibitory effect of alcohols. Numbers in paren-
theses indicate the number of carbons. The Kt values in volume per-
cent (%, v/v) were evaluated from the Dixon plot to determine Kt
(Fig. 3). The Kt values in molar concentration (mM) were calculated
from the X, values of volume percent and the molecular weight.
Based on the results shown in Fig. 4, the alcohols could be classified
into two groups. Group I: ethanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, 2-methyl-l-propanol, and 1-pentanol. Group II:
methanol, tert-butyl alcohol, and terf-amyl alcohol. The i£j values
are shown with the standard deviations (SD).

Molecular Inhibitor constant CK,)

Methanol (1)
Ethanol (2)
1-Propanol (3)
2-Propanol (3)
1-Butanol (4)
2-Butanol (4)
2-Methyl-l-propanol (4)
tert-Butyl alcohol (4)
1-Pentanol (5)
tert-Amyl alcohol (5)

weight
32.04
46.07
60.10
60.10
74.12
74.12
74.12
74.12
88.15
88.15

%(v/v)
1.7 ± 0.2

0.60 ± 0.07
0.28 ± 0.04
0.50 ± 0.06
0.46 ± 0.06
0.37 ± 0.05
0.38 ± 0.03

1.8 ± 0.3
0.38 ± 0.05

1.2 ± 0.2

mM

430 ±60
100 ± 10
38±5
65 ±8
50 ±6
40 ±5
41 ±3

190 ± 30
35 ±4

110 ± 20
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Fig. 4. Dependence of the thermolysin activity on the
theoretically evaluated dielectric constant, D, of the
reaction mixture. The D value of reaction mixture was
evaluated from the following equation: D = fwDv + fm-Dm +
fDDD, where f^ /"„ and f0 are the volume fractions of water,
the alcohol and the DMSO, respectively (and thus fw + f,+
fD = 1), and Z)w, Dm, and DD are their respective dielectric
constants (16). The conditions for the thermolysin-cata-
lyzed hydrolysis of MOCAc-PLGL(Dpa)AR are the same as
those described in the legend to Fig. 3. Panel A: Effect of
linear alcohols on thermolysin activity. Alcohols: methanol,
o; ethanol, A; 1-propanol, o; 1-butanol, D; and 1-pentanol,
•. Panel B: Effect of branched alcohols on thermolysin ac-
tivity. Alcohols: 2-propanol, o; 2-butanol, A; 2-methyl-l-pro-
panol, O; tert-butyl alcohol, D; and tert-amyl alcohol, •.
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that is, similar to the side chains of leucine and isoleucine.
Effect of Dielectric-Constant on-the Reaction Medium—

The specificity constants, k^/K^, of thermolysin measured
in the presence of various concentrations of each alcohol
were plotted against the theoretically calculated dielectric
constant, D, of the reaction medium (Fig. 4). The thermol-
ysin activity and the D value of the reaction medium are in
good correlation, and the lower the D value, the lower the
activity, hi the case of linear and branched alcohols, except
for methanol, tert-butyl alcohol, and tert-amyl alcohol, the
same D values give the same k^JK^ values. It is evident
that the dielectric constant of the reaction medium is one of
the important factors for the activity of thermolysin, and
that a decrease in the dielectric constant suppresses the
activity. It is interesting that the alcohols with weak inhibi-
tory effects (methanol, fert-butyl alcohol and tert-amyl alco-

TABLE II. Effect of dilution of the alcohol on thermolysin ac-
tivity. The activity was measured at 10 nM thermolysin and 1.5 |xM
MOCAc-PLGIXDpa)AR in 50 mM Tris-HCl buffer containing 10 mM
CaCL, and 0.6% DMSO after dilution of the alcohol. The activity in
absence of alcohol was taken as 100% relative activity. The revers-
ibility is the percentage of activity recovered upon dilution (3.0->
0.3% or 1.0—>0.1%) of an alcohol compared to the activity at 0.3 or
0.1% of the alcohol. The activity measurements were carried out
five times under each condition, and the relative activity is shown
with the standard deviation (SD).

Relative activity (%) Reversibility
0 3% 3.0%

Methanol
tert-Butyl alcohol
tert-Amyl alcohol

86 ±4
92 ±2
76 ±5

42 ± 1
41 ±2
13 ± 1

87 ±2
96±3
79 ±4

101
105
104

Relative activity (%) Reversibility

Ethanol
1-Propanol
2-Propanol
1-Butanol
2-Butanol
2-Methyl-1-propanol
1-Pentanol

0.1%

94±5
87 ±3
89 ±4
86 ±5
86±2
87 ±5
88±2

10%

46±3
28± 1
41 ±2
34± 1
29 ±2
26 ± 1
32 ±2

96±
90 ±
91 ±
93 ±
88±
89 ±
92 ±

1
2
2
4
8
1
2

(%)

101
103
102
108
103
103
105

hoi) showed a different behavior in the relationship be-
tween D- value and thermoLysin_ activity,_suggesting._that
not only the D value but also the size and shape of the alco-
hol affects the inhibitory effects against thermolysin. Here,
the alcohols examined can be classified into 2 groups:
Group I comprises ethanol, 1-propanol, 2-propanol, 1-bu-
tanol, 2-butanol, 2-methyl-1-propanol, and 1-pentanol; and
Group II comprises methanol, tert-butyl alcohol, and tert-
amyl alcohol.

In order to examine the effect of the D value, the effects
of 1,4-dioxane CD: 2.1) and methanol {D: 32.6) were com-
pared. The relative activity in the presence of 2.5% dioxane
was 25% of that in the absence of the co-solvent (data not
shown), and similar to that in the presence of 4.0% metha-
nol. The D values of the buffer solutions containing 2.5%
dioxane and 4.0% methanol were almost the same (D:
76.3), and no activity was observed at 4.0% dioxane.
Accordingly, it has been shown that a co-solvent with a
smaller D value inhibits thermolysin strongly at a lower
concentration.

Effect of Dilution of Alcohol on the Thermolysin-Cata-
lyzed Hydrolysis of MOCAc-PLGL(Dpa)AR—A£ter incuba-
tion of thennolysin with an alcohol at 25°C for 15 min, the
alcohol was diluted, and the effect of dilution was examined
(Table IT). The thermolysin activities in the presence of 0.3
and 3.0% methanol were 86 and 32%, respectively, of that
obtained in the absence of methanol. When 3.0% methanol
was diluted to 0.3%, the activity recovered to 87%. The
effect of dilution of other alcohols was also examined, and
the activities were shown to recover completely. Thus the
inhibition of the thermolysin-catalyzed hydrolysis of
MOCAc-PLGL(Dpa)AE by alcohols is reversible for the
alcohol concentrations up to 3.0% for methanol, tert-butyl
alcohol and tert-amyl alcohol, and up to 1.0% for ethanol,l-
propanol, 2-propanol, 1-butanol, 2-butanol, 2-methyl-1-pro-
panol, and 1-pentanol.

Inhibitory Mechanism of Alcohols on the Thermolysin-
Catalyzed Hydrolysis of MOCAc-PLGL(Dpa)AR—Accord-
ing to the evidence that thermolysin activity is inhibited by
alcohols, it appears that electrostatic and hydrophobic in-

Leu
H H Q H H Q_u-Lu_L

O

C

H

H2

CH2

CH2

CHa

1-butanol

2-methyl-1 -propanol 1 -propanol

tert-butyl alcohol

Fig. 5. Schematic view of the binding of al-
cohols to the subsites of thermolysin.
Panel A; The SI and SI' subsites bind the
side-chains of phenylalanine and leucine, re-
spectively, most favorably (7). Panels B—F:
Speculative binding modes of 2-methyl-1-pro-
panol (B), 1-propanol (C), 1-pentanol (D),
methanol (E), and tert-butyl alcohol (F). Meth-
anol is too small and tert-butyl alcohol is too
bulky to fit the SI' subsite favorably. 2-Me-
thyl-l-propanol is considered to bind the sub-
site as the side-chain of leucine does.
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teractions between thermolysin and the substrate could
play significant roles in the inhibition. The observation that
alcohols in Group I show the same relationship between
the inhibitory effect and the D value (Fig. 4) suggests that
these alcohols inhibit thermolysin by the same mechanism,
probably by interrupting the interaction of the substrate
with the active site of the enzyme. It is noteworthy that
alcohols in Group II show a different behavior from alco-
hols in Group I in the relationship between the inhibitory
effect and the D value, suggesting that alcohols in Group E
might inhibit thermolysin by different principles from those
in Group I. The if, values for alcohols (Table I) can be inter-
preted reasonably by assuming an alcohol-binding pocket
that accommodates 1-propanol, 2-butanol, 2-methyl-l-pro-
panol, and 1-pentanol. The seven alcohols in Group I may
inhibit thermolysin by interacting favorably with the ac-
tive-site pocket and also by changing the electrostatic and
hydrophobic interactions on the surface of thermolysin and
the bulk medium as the result of reducing the D value of
the medium. On the other hand, methanol is supposed to
be too small and fert-butyl alcohol and tert-amyl alcohol too
bulky to bind the pocket. These three alcohols in Group II
might interact with the active site weakly and inhibit ther-
molysin mainly by reducing the D value.

The transition-state theory for reactions between ions
gives us an expression for the dependence of the rate con-
stant (k) on the D value (30). It is predicted that a linear
plot of log k against 1/D will have a negative slope if the
charges of the ions are the same sign and a positive slope if
the charges are of the opposite sign. The large decrease in
kat/Km, which is the second-order rate constant for the
binding between thermolysin [p/ = 5.1 {31)] and the sub-
strate [MOCAc-PLGL(DPa)AR] to form the transition-state
complex, accompanying a small decrease in the D value (D:
78.2 to 74.8) suggests that the enzyme reaction is con-
trolled by the interaction between ions of opposite sign with
large effective charges and at a short distance. The effect of
the dielectric constant of the medium on thermolysin activ-
ity has to be studied more precisely using various sub-
strates from the viewpoint of a collision between thermol-
ysin and the substrate and stabilization of the transition
state.

According to an X-ray crystallographic study conducted
using thermolysin crystals soaked in 2-100% 2-propanol
(29), only minor changes in the protein conformation were
observed, and an increasing number of 2-propanol-binding
sites were identified as the alcohol concentration increased.
At 5% 2-propanol, the alcohol binds preferentially at the
SI' subsite [the nomenclature used for subsites (S) of the
active site and for naming the amino acid residues (P) are
those of Schechter and Berger (32)], and occupies all four of
the main subsites in the active site when the alcohol con-
centration is very high. The SI' subsite binds leucine and
phenylalanine with the same affinity, and the SI and SI'
subsites bind phenylalanine with almost the same affinity
(7). On the other hand, the binding affinity of the SI sub-
site for leucine is one-tenth that for phenylalanine, al-
though the hydrophobicity parameters of leucine and phe-
nylalanine are very similar (re values are 1.81 and 1.95,
respectively), suggesting that the SI subsite prefers the
phenylalanine side chain to the leucine side chain (7).
Therefore, it is reasonable to speculate that alcohols in
Group I (such as 1-propanol, 2-butanol, 2-methyl- 1-pro-

panol, and 1-pentanol) bind primarily to the SI' subsite
and secondarily to the SI subsite (Fig. 5). The hydrophobic
interaction of the PI ' residue of the substrate at the SI'
pocket is considered to be a major factor, and that at the SI
subsite with the PI residue to be a secondary factor for
determining the substrate specificity of thermolysin. The
alcohol molecule bound at the SI' subsite interrupts the
binding of the leucine residue at the PI' position of
MOCAc-PLGIXDpa)AR and FAGLA. On the other hand,
we have observed that the relative activity of thermolysin
in the hydrolysis of A^-carbobenzoxy (Z)-aspartyl-phenylala-
nine methyl ester and its synthesis from Z-aspartic acid
and phenylalanine methyl ester is enhanced up to 130%
with increasing methanol concentration up to 20% (v/v),
after which the activity decreases to 10% with a further
increase in methanol concentration to 70% (v/v) (K. Inouye,
unpublished results). Recently, it has been reported that
the -K, value of an inhibitor of thermolysin decreases by up
to an order of magnitude when the ethanol concentration in
the medium is increased over the range 0-9% (v/v) (33).
This antihydrophobic effect of ethanol correlates with the
amount of hydrophobic surface area sequestered from the
solvent upon association of the inhibitor and thermolysin.
The results are consistent with the Lum-Chandler-Weeks
explanation for the size-dependence of the hydrophobic
effect (34), and it is not necessary to consider the specific
interaction of ethanol with thermolysin. These results sug-
gest that the effects of alcohols on the thermolysin activity
might be dependent on the structure and nature of the sub-
strate examined. Alcoholic solvents have been reported to
induce spectral changes and pKn shifts in the functional
residues of thermolysin (35). A study to examine exten-
sively the effects of alcohols on thermolysin activity using
various substrates and the thermolysin structure is cur-
rently underway.

We thank Drs. H. Oneda and K. Kuzuya for their support, advice,
and encouragement.

REFERENCES

1. Endo, S. (1962) Studies on protease produced by thermophilic
bacteria. J. Ferment. Ttxhnol. 40, 346-353

2. Matsubara, H. and Feder, J. (1971) Other bacterial, mold, and
yeast proteases in The Enzymes 3rd ed. (Boyer, P.D., ed.) Vol. 3,
pp. 721-795, Academic Press, New York

3. Latt, S.A., Holmquist, B., and Vallee, B.L. (1969) Thermolysin:
A zinc metalloenzyme. Biochem. Biophys. Res. Commun. 37,
333-339

4. Feder, J., Garrett, L.R., and Wildi, B.S. (1971) Studies on the
role of calcium in thermolysin. Biochemistry 10, 4552—4555

5. Tajima, M., Urabe, I., Yutani, K, and Okada, H. (1976) Role of
calcium ions in the thermostability of thermolysin and Bacillus
subtilis var. amylosacchariticus neutral protease. Eur. J. Bio-
chem. 64, 243-247

6. Morihara, K. and Tsuzuki, H. (1970) Thermolysin: Kinetic
study with oligopeptddes. Eur. J. Biochem. 15, 374-380

7. Inouye, K, Lee, S.-B., and Tonomura, B. (1996) Effect of amino
acid residues at the cleavable site of substrates on the remark-
able activation of thermolysin by salts. Biochem. J. 315, 133-
138

8. Titani, K., Hermodson, MA, Ericsson, L.H., Walsh, KA., and
Neurath, H. (1972) Amino-acid sequence of thermolysin. Nature
238,35-37

9. ODonohue, M.J., Roques, B.P., and Beaumont, A. (1994) Clon-
ing and expression in Bacilus subtilis of the npr gene from

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Inhibition ofThermolysin by Alcohols 951

Bacillus thermoproteolyticus Rokko coding for the thermostable
metalloprotease thermolysin. Biochem. J. 300, 599-603

10. Holmes, M. A. and Matthews, B.W. (1982) Structure of thermol-
ysin refined at 1.6 A resolution. J. Mol. Biol. 160, 623-639

11. Hangauer, D.G., Monzingo, A.F., and Matthews, B.W. (1984) An
interactive computer graphics study of thermolysin-catalyzed
peptide cleavage and inhibition by N-carboxymethyl dipeptides.
Biochemistry 23, 5730-5741

12. Mock, W.L. and Aksamawatd, M. (1994) Binding to thermolysin
of phenolate-containing inhibitors necessitates a revised mech-
anism of catalysis. Biochem. J. 302, 57-68

13. Inouye, K. (1992) Effects of salts on thermolysin: Activation of
hydrolysis and synthesis of AT-carbobenzoxy-L-aspartyl-pheny-
lalanine methyl ester, and a unique change in the absorption
spectrum of thermolysin. J. Biochem. 112, 335—340

14. Inouye, K., Kuzuya, K, and Tonomura, B. (1998) Effect of salts
on the solubility of thermolysin: A remarkable increase in the
solubility as well as the activity by the addition of salts without
aggregation or dispersion of thermolysin. J. Biochem. 123, 847—
852

15. Inouye, K, Kuzuya, K, and Tonomura, B. (1998) Sodium chlo-
ride enhances markedly thermal stability of thermolysin as
well as its catalytic activity. Biochim. Biophys. Ada 1388, 209—
214

16. Yang, J.J., Artis, D.R., and Van Wart, H.E. (1994) Differential
effect of halide anions on the hydrolysis of different dansyl sub-
strate by themolysin. Biochemistry 33, 6516—6525

17. Inouye, K., Lee, S.-B., Nambu, K., and Tonomura, B. (1997)
Effects of pH, temperature, and alcohols on the remarkable
activation of thermolysin by salts. J. Biochem. 122, 368-364

18. Inouye, K, Izawa, S., Saito, A., and Tonomura, B. (1995) Effects
of alcohols on the hydrolysis of eolominic acid catalyzed by
Streptococcus neuraminidase. J. Biochem. 117, 629-634

19. Knight, C.G., Willenbock, F., and Murphy, G. (1992) A novel
coumarin-labelled peptide for sensitive continuous assays of
matrix metalloproteinases. FEBS Lett. 296, 263-266

20. Oneda, H. and Inouye, K. (2000) Effects of dimethyl sulfoxide,
temperature, and sodium chloride on the activity of human
matrix metalloproteinase 7 (Matrilysin). J. Biochem. 128, 785-
791

21. Oneda, H. and Inouye, K. (1999) Refolding and recovery of
recombinant human matrix metalloproteinase 7 (Matrilysin)
from inclusion bodies expressed by Escherichia coli. J. Biochem.
126, 905-911

22. Oneda, H. and Inouye, K. (2001) Interactions of human matrix
metalloproteinase 7 (Matrilysin) with the inhibitors thiorphan

and R-94138. J. Biochem. 129, 429-435
23. Inouye, K., Tanaka, H., and Oneda, H. (2000} Statea of trypto-

phyl residues and stability of recombinant human matrix met-
alloproteinase 7 (matrilysin) as examined by fluorescence. J.
Biochem. 128, 785-791.

24. Sakoda, M. and Hiromi, K. (1976) Determination of the best-fit
values of kinetic parameters of the Michaelis-Menten equation
by the method of least squares with Taylor expansion. J. Bio-
chem. 80, 547-555

25. Siegel, I.H. (1975) Enzyme Kinetics, pp. 929-931, John Wiley
and Sons, New York

26. Mellan, I. (1959) Source Book of Industrial Solvents Vol. 3, pp.
199-200, Van Nostrand Reinhold, London

27. Gershkovich, AA. and Kholodovych, V.V. (1996) Fluorogenic
substrates for proteases based on intramolecular fluorescence
energy transfer (IFETS). J. Biochem. Biophys. Methods 33, 135-
162

28. Inouye, K., Tonomura, B., Hiromi, K, Sato, S., and Murao, S.
(1977) The stoichiometry of inhibition and binding of a protein
proteinase inhibitor from Streptomyces {Streptomyces subtilisin
inhibitor) against subtilisin BPN'. J. Biochem. 82, 961-967

29. English, A.C., Done, S.H., Caves, L.S.D., Groom, C.R., Hubbard,
R.E. (1999) Locating interaction sites on proteinase: The crystal
structure of thermolysin soaked in 2% to 100% isopropanol.
Proteins 37, 628-640

30. Frost, AA and Pearson, R.G. (1961) Kinetics and Mechanics,
Second Edition, pp. 142-150, John Wiley and Sons, Inc., New
York, NY

31. Inouye, K. (1991) Chromatographic behaviors of proteins and
amino acids on a gel filtration matrix, TSK-GEL Toyopearl.
Agnc Biol. Chem. 55, 2129-2139

32. Schechter, I. and Berger, A. (1967) On the size of the active site
in proteinases. I. Papain. Biochem. Biophys. Res. Commun. 27,
157-162

33. Barlett, PA., Yasuff, N., Rico, A.C., and Lindvall, M.K. (2002)
Antihydrophobic solvent effect: An experimental probe for the
hydrophobic contribution to enzyme -inhibitor binding. J. Am.
Chem. Soc 124, 3853-3857

34. Lum, K., Chandler, D., and Weeks, J.D. (1999) Hydrophobicity
at small and large length seals. J. Phys. Chem. B 103, 4570-
4577

35. Alam, M.N., Tadasa, K., and Kayahara, H. (1998) Organic sol-
vents cause spectral changes and pif. shifts of thermolysin in
peptide synthesis in aqueous-organic one-phase reaction sys-
tem. Biotechnol. Tech, 12, 115-118

Vol. 132, No. 6,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

