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Hiroshi Oneda and Kuniyo Inouye1

Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502

Received September 22, 2000; accepted December 19, 2000

The effects of the metalloproteinase inhibitors thiorphan and R-94138 on the matrilysin-
catalyzed hydrolysis of (7-methoxycoumarin-4-yl)acetyl-L-Pro-L-Leu-Gly-L-Leu-[A'3-(2,4-
dinitrophenyl)-L-2^-diamino-propionyl]-L-Ala-L-Arg-NH, [MOCAc-PLGL(Dpa)AR] were
examined. The inhibitor constants (£,) of thiorphan and R-94138 for matrilysin at pH 7.5,
25"C were determined to be 11.2 and 7.65 (iM, respectively. From the temperature depen-
dence of the £, values at pH 7.5, the standard enthalpy change (AH") values for the bind-
ing of matrilysin with thiorphan and R-94138 were determined to be -(18.2 ± 0.9) and
(1.65 ± 1.07) kJ-mol"1, respectively. The binding of matrilysin to thiorphan is exothermic
and the free energy change in the complex formation depends mainly on the change hi
enthalpy, while the binding to R-94138 is endothermic and typically entropy-driven. Hy-
drophobic interactions are suggested to contribute significantly to the binding of matril-
ysin to R-94138 as well as to the substrate. The pH dependence of the £, value suggests
that at least two ionizing groups with pKB values of 4.5 and 9.1-9.3 are involved in the
binding. The matrilysin activity is regulated by ionizing groups with pX, values of 4.3
and 9.6. Both inhibition and hydrolysis are suggested to be controlled by the same resi-
dues in matrilysin, most likely Glu 198 and Tyr 219, respectively.
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Matrix metalloproteinases (MMPs) comprise a family of
zinc endopeptidases that are believed to degrade extracellu-
lar matrix and take part in both normal and pathological
processes, including development, reproduction, mainte-
nance, tissue destruction, and fibrotdc diseases (2,2).

Matrilysin (MMP-7) [EC 3.4.24.23] is the smallest MMP,
consisting of a signal peptide, propeptdde, and a catalytic
domain; the molecular mass of the latent pro-form is 28
kDa and that of the mature form is 19 kDa (3, 4). X-ray
crystallographic analysis of recombinant human matrilysin
in complex with inhibitors demonstrated that matrilysin is
composed of a five-stranded (i-sheet and three ot-helices,
and contains a zinc ion essential for enzyme activity, as
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well as another zinc ion and two calcium ions that are
regarded as necessary for enzyme stability (5). Matrilysin
has been detected in lesions in prostate (6), colon (7), brain
(8), stomach (9), lung (20), and breast (11), and it degrades
extracellular matrix components such as type I, HI, IV, and
V gelatins, type IV basement membrane collagen, fibronec-
tin, vitronectin, proteoglycan, laminin, and elastin (4, 12-
14). This suggests that matrilysin may play a role in tumor
invasion and metastasis. From this viewpoint, the develop-
ment of matrilysin inhibitors is considered to be of thera-
peutic benefit.

Preparing large quantities of human matrilysin is indis-
pensable for studying its structure-function relationships
and for developing inhibitors that may be useful for cancer
therapy. We have previously proposed an effective proce-
dure to prepare active matrilysin from inclusion bodies
expressed by Eschericia coli in good yield and at reasonable
cost (15). We have studied the stability and denaturation of
matrilysin, the states of the tryptophyl residues (26) and
the effects of dimethyl sulfoxide, temperature, and sodium
chloride on matrilysin activity (17), and reported the halo-
philic properties of matrilysin in comparison with those of
thermolysin (26). The data suggest the significance of hy-
drophobic interactions at the active site of matrilysin with
substrate and inhibitors (17).

In the present study, we demonstrate the inhibitory
effects of the characteristic metalloproteinase inhibitors
phosphoramidon, zincov, thiorphan, and a synthetic MMP
inhibitor (R-94138) on matrilysin. The effects of tempera-
ture and pH on the binding of matrilysin to effective inhibi-
tors, thiorphan, and R-94138, are further examined. Phos-
phoramidon and zincov are representative thermolysin in-
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hibitors and their inhibition has been studied spectrophoto-
metrically and kinetically (18). Thiorphan was designed as
a potent and specific enkephalinase (or neprilysin) inhibitor
(19, 20) and also inhibits thermolysin (21, 22). It is a
pseudopeptide and a so-called "right-hand side inhibitor"
that binds on the right-hand side (the S' subsites) of the
catalytic site in the active center (23) with its thiol group
positioned to bind the catalytic zinc (Fig. 1). R-94138 was
designed as a gelatinase inhibitor based on matrystatin B
(23). Structurally, it is also a right-hand side inhibitor, and
its hydroxamic acid chelates the catalytic zinc (Fig. 1). It
has been reported that R-94138 inhibits MMP-2 and MMP-
9 strongly (24) and prevents the peritoneal dissemination
of gastric cancer (25). The development of effective inhibi-
tors against MMPs is eagerly desired for cancer therapy.
Here, we provide new insights into the structural and func-
tional characteristics of matrilysin and the significance of
the hydrophobic interactions of effective inhibitors.

MATERIALS AND METHODS

Materials—Recombinant human pro-matrilysin was pre-
pared according to the method previously reported (25).
Pro-matrilysin was incubated with 1 mM p-axninoplieuyl-
mercuric acetate at pH 7.5, 37"C for 30 min, and dialyzed
against 50 mM Tris-HCl buffer (pH 7.5) containing 10 mM
CaClj and 0.05% Bry-35 (buffer A) at 4'C. The preparation
was subjected to metal chelation chromatography HPLC on
a TSKgel Chelate-5PW [7.5 mm (inner diameter) X 75 mm]
(Tosoh, Tokyo) equilibrated with buffer A containing 0.5 M
NaCl at 25'C. After charging with 1 mM ZnCL,, a linear
gradient was generated from 0 to 0.5 M glycdne over 30 min
at a flow-rate of 1 ml/min at 25°C. Matrilysin was eluted at
0.24 M glycine, and the fractions were collected for further
analysis. The concentration of matrilysin was determined
using the molar absorption coefficient at 280 nm of 31.8
mM'^cin"1 calculated from the amino acid composition (3)
with a Shimadzu UV-2200 spectrophotometer (Kyoto).

(7-Methoxycoumarin-4-yl)acetyl-L-Pro-L-Leu-Gly-L-Leu-
[iV3-(2,4-dinitrophenyl)-L-2,3-diamino-propionyl]-L-Ala-L-
Arg-NHj [MOCAc-PLGL(Dpa)AR, Lot 480429], MOCAC-L-
Pro-L-Leu-Gly (MOCAc-PLG, Lot 471218), and phosphora-
midon (Lot 220901) were purchased from the Peptdde Insti-
tute (Osaka). MES (Lot 53H745) and DL-thiorphan (Lot
118H4063) were from Sigma (St. Louis, MO). AMPSO (Lot

7058A) was from Wako Pure Chemical (Osaka). Zincov (Lot
293085) was from Calbiochem (San Diego, CA). R-94138
was a generous gift from Sankyo (Tokyo). A substrate of
matrilysin, MOCAc-PLGL(Dpa)AR, is known to be cleaved
between glycine and leucine residues (26). The concentra-
tions of MOCAc-PLGL(Dpa)AR and MOCAc-PLG were
determined using the molar absorption coefficients E410 =
7.5 mM"'-cm'' and t324 = 12.9 mM'1-cm"1, respectively
(26). All other chemicals were of reagent grade and pur-
chased from Nacalai Tesque (Kyoto). The HPLC apparatus
consisted of a solvent-delivery system CCPM-II, a UV mon-
itoring system UV-8020, a computer-control system PX-
8020, a degasser SD-8020, a column oven CO-8020, and an
integrator Chromatocorder 21 purchased from Tosoh.

Effects of Inhibitors on the Matrilysin-Catalyzed Hydroly-
sis of MOCAc-PLGL(Dpa)AR—-The matrilysin-catalyzed
hydrolysis of MOCAc-PLGL(Dpa)AR was performed by
mixing 1,232 p.1 of matrilysin solution (10.2 nM) in 50.7
mM HEPES buffer containing 10.1 mM CaCL,, 10 pi of
inhibitor (3.75 JJLM-12.5 mM) dissolved in DMSO, and 8 JJJ
of MOCAc-PLGL(Dpa)AR (117-234 JJJVO dissolved in
DMSO at pH 7.5, 25°C. The hydrolysis of MOCAc-
PLGL(Dpa)AR was measured by following the increase in
the fluorescence intensity at 393 nm with excitation at 328
nm with a JASCO FP-777 fluorescence spectrophotometer
(Tokyo). The reaction was performed under pseudo-first
order conditions, where the substrate concentration ([S]) is
much lower than the Michaelis constant (JC^) in order to
avoid absorptive quenching effects. Under these conditions,
the reaction velocity, v, is expressed as k^lE^lSVK^ where
k^ is the catalytic constant, and [E]o is the initial enzyme
concentration in the reaction mixture.

Thermodynamic Analysis of the Binding of Matrilysin to
Thiorphan and R-94138—The effect of temperature on the
inhibitor constants <JQ of thiorphan and R-94138 against
matrilysin was examined in 50 mM HEPES buffer (pH 7.5)
plus 10 mM CaCLj and 1.4% DMSO. The standard enthalpy
change (AH") for the binding of matrilysin to the inhibitors
was determined from the slope (—AH"/R) of the plot of
-In i£, against VT (Van't Hoff plot). The standard Gibbs free
energy change (AG") and the standard entropy change
(AS") for the binding of matrilysin to inhibitors were deter-
mined according to the following equations (27):

AG" = -RT\n(yKi)
AS" = (AH" - AG"YT

(1)
(2)

thiorphan

Fig. 1. Molecular structures of thiorphan and R-94138.

where R and T are the gas constant and temperature in
Kelvin, respectively.

Effect of pH on the Matrilysin-Catalyzed Hydrolysis of
MOCAc-PLGL(Dpa)AR and the Inhibitor Constants (KJ of
Thiorphan and R-94138—The following buffers were used
to study the effect of pH on the enzyme activity and inhibi-
tion: 50 mM sodium acetate buffer at pH 3.6-5.8, 50 mM
MES buffer at pH 6.0-6.8, 50 mM HEPES buffer at pH
6.8-S.5, and 50 mM AMPSO at pH 8.5-10.0, all of which
contained 10 mM CaCl; at 25*C. The DMSO concentrations
were 0.6 and 1.4% in the absence and presence of the inhib-
itors, respectively (17). The pK, values of the matrilysin-
catalyzed hydrolysis of MOCAc-PLGL(Dpa)AR were deter-
mined from the plot of log kaJKm versus pH by fitting to the
following equation (Eq. 3):

lo&k JKJ = \o£kJKJo - log(l + \H+VK.1+KJUi+})
(3)
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where (k^JK^^ is the intrinsic (k^K^ value that is inde-
pendent of pH (28). The Kcl and K& values are the ioniza-
tdon constants (K.) of the ionizing groups of matrilysin that
are involved in the formation of the enzyme-substrate com-
plex. Hereinafter, suffices 1 and 2 of Ktl and K& indicate
the ionizatdon constants (KJ of the acidic and basic sides,
respectively. The pK, values of the inhibitor constants of
thiorphan and R-94138 were determined from the plot of
—log /Q against pH by fitting to the following equation (Eq.
4):

-log X, = -log (JQ0 - log(l + [HT/fi^+K/TH+D (4)

where (K)o is the intrinsic and pH-independent K^ value,
and Kx and .K, are the ionization constants (Km) of the ioniz-
ing groups that control the inhibition.

RESULTS

Effects of Phosphoramidon, Zincov, Thiorphan, and R-
94138 on Matrilysin Activity—The inhibitory effects of the
four inhibitors on the matrilysin-catalyzed hydrolysis of
MOCAc-PLGL(Dpa)AR were examined (Fig. 2). No inhibi-
tion was observed with phosphoramidon in the concentra-
tion range examined (3 x 10~8 - 1 X 10~4 M). The ICM

values (namely, the inhibitor concentration giving 50% in-
hibition) of zincov, thiorphan, and R-94138 were estimated
to be 197, 10.9, and 7.76 uM, respectively. Thiorphan and
R-94138 were shown to be 18 and 25 times stronger than
the hydroxamate inhibitor, zincov, and the inhibitions by
thiorphan and R-94138 were further examined. When \Jv is
plotted against [I]o (Dixon plot for determining IQ at two
different substrate concentrations, the two lines cross
apparently at a point on the P]o axis (27, Fig. 3). The 1/v
and U|o values of the crossing point are, respectively, 1/Vmltx

and -X; in the case of competitive inhibition, and zero and
—K̂  in the case of non-competitive inhibition. Therefore, we
can discriminate whether the inhibition is competitive or
non-competitive from the position of the crossing point.
However, it should be noted that competitive inhibition can
not be discriminated from non-competitive inhibition when
the v value observed is much smaller than the Vmxx value,
or when the inhibitor constant (K) is much smaller than
the substrate constant (K.) that is close to the Michaelis
constant (KJ (29, 30). Thiorphan and R-94138 are consid-
ered to be competitive inhibitors (19, 20, 24). Their concen-
trations in the present conditions were set to be lower than
the K^ value (36 JJLM) because of their low solubilities (17).

Accordingly, the v values observed were much lower than
the m̂M value, and the plots in Fig. 3 suggest the inhibition
manner to be apparently non-competitive, although they
could be competitive inhibitors. From the intersecting point
of the two lines, the if, values of thiorphan and R-94138 at
pH 7.5, 25"C were determined to be 11.2 and 7.65 [iM,
respectively. In the same way, the K^ values at pH 7.5,37*C
were determined to be 15.0 and 7.65 JJLM, respectively.

Effects of Temperature on the Binding of Matrilysin to
Thiorphan and R-94138—The temperature dependence of
the K, values of thiorphan and R-94138 were examined at
pH 7.5 at temperatures between 20 and 45*C. From the
slope of the van't Hoff plot, the standard enthalpy change
(AH") values for the binding of matrilysin to thiorphan and
R-94138 were determined to be (-18.2 ± 0.9) and (1.65 ±
1.07) kJ-mol"1, respectively (Fig. 4). The standard Gibbs
free energy change (AG") and the standard entropy change
(AS") values for the formation of matrilysin-thiorphan and
matrilysin-R-94138 complexes are summarized in Table I.
The thermodynamic parameters determined for the bind-
ing of matrilysin and the MOCAc-PLGL(Dpa)AR substrate
(17) are also listed in the table. The binding of matrilysin to
thiorphan gave large negative AH" values, and the binding

>.

iv
e 

A
ct

iv
it

H
el

at
1 .£.

1.(X

0.8

0.6

0.4

0.2

'—

-

-

108

i

8

10'

ft

1

8
D

i

Q

o
D

106

[inhibitorlo

i

Q

O

i

105

(M)

o
A
£A

[

I

o -

A

-

:> ~
3B
104

Fig. 2. Effects of phosphoramidon, zincov, thiorphan, and R-
94138 on matrilysin activity. The reaction was performed in 50
mM HEPES buffer plus 10 mM CaCl, and 1.4% DMSO at pH 7.5,
25"C. The initial concentrations of matrilysin and MOCAc-PLGL-
(Dpa)AR were 10.1 nM and 1.5 piU, respectively. The kJKm value of
matrilysin was 0.13 iiM"'^1 , and this value was taken as 100% ac-
tivity. Inhibitors: phosphoramidon, O; zincov, A; thiorphan, o; R-
94138, D. The ICW values for zincov, thiorphan, and R-94138 were
determined to be 197, 10.9, and 7.76 \tM, respectively.

-15 -10 -5 0 5 10 15 20
[thiorphanjo (uM)

-15 -10 -5 0 5 10 15 20
[R-94138]o(uM)

Fig. 3. Dixon plot of the inhibi-
tion of matrilysin activity by
thiorphan (A) and R-94133 (B).
The reaction was performed in 50
mM HEPES buffer plus 10 mM
CaCl, and 1.4% DMSO at pH 7.5,
25'C. The initial concentration of
matrilysin was 10.1 nM, and those of
MOCAc-PLGUDpa)AR were 0.75 (o)
and 1.5 (A) (AM. The inhibitor con-
stants (JQ for thiorphan and R-
94138 were determined to be 11.2
and 7.65 JJLM, respectively.
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was found to be exothermic. The AG" value was mainly
contributed by the AH" value, and the binding of matril-
ysin to thiorphan is considered to be enthalpy-driven. On
the other hand, the binding of matrilysin to R-94138 was
slightly endothermic with a large positive AS" value, sug-
gesting that the binding is driven by a large increase in
entropy. It is noted that the binding of matrilysin to the
substrate differs from binding to inhibitors, and is slightly
exothermic and entropy-driven. The binding modes of

10.8

1/7"x103(K"
Fig. 4. Effect of temperature on the inhibitor constants (K,) of
thiorphan and R-94138. The reaction was performed in 50 mM
HEPES buffer plus 10 mM CaCL and 1.4% DMSO at pH 7.5. The
initial concentration of matrilysin was 10.1 nM, and those of
MOCAc-PLGL(Dpa)AR were 0.75 and 1.5 |xM. Standard enthalpy
change (AH") for the formation of the matrilysin-thiorphan (o) and
matrilysin-R-94138 (A) complexes were determined to be (-18.2 ±
0.9) and (1.65 ± 1.07) kJmol"1, respectively.

matrilysin to R-94138 and substrate might be similar,
because the free energy change for the binding in both
cases is contributed mostly by a large increase in entropy.
This large increase in entropy suggests that hydrophobic
interactions play a significant role in the binding of matril-
ysin to R-94138 and MOCAc-PLGL(Dpa)AR.

Effects of pH on the Matrilysin-Catalyzed Hydrolysis of
MOCAc-PLGL(Dpa)AR—Figure 5A shows the pH depen-
dence of the specificity constant (k^/KJi for the matrilysin-
catalyzed hydrolysis of MOCAc-PLGL(Dpa)AR in the pH
range of 3.6 to 10.0, at 25°C. The maximal kJK^ value [or
intrinsic k^JK^, (k^/KJiJ was observed over a wide pH
range, pH 5.5-8.5, and was determined to be 1.5 X 105

Mr'-s"1. The plot of log k^JK^ versus pH (Dixon plot for
determining pKJ was fitted to Eq. 3, and the pKK values
(piiCol and pK^) were determined to be 4.3 and 9.6. This
suggests that the enzyme activity is controlled by at least
two ionizing groups of pKK 4.3 and 9.6 that locate on the
enzyme molecule. Because K^ and kat cannot be deter-
mined separately under the present conditions, it is not
clear whether the ionizing groups control K^ or kM.

Effects of pH on the Binding of Matrilysin to Thiorphan
and R-94138—Dixon plots of the K^ values of thiorphan
and R-94138 show a good fit to Eq. 4 (Fig. 5, A and B), sug-
gesting that the binding between matrilysin and the inhibi-
tors is also controlled by at least two ionizing groups as in
the binding of matrilysin to substrate. The minimal X, val-
ues [or intrinsic K^, CK,)J for thiorphan and R-94138 were
determined to be 11.2 and 10.5 |xM, respectively. The pif,
values of the K^ value of thiorphan were determined to be
4.5 and 9.3, and those of R-94138 were 4.5 and 9.1. This

5.5

4.0

Fig. 5. Effect of pH on matrilysin activity and the inhibitor
constants CK,) of thiorphan and R-94138. The reaction buffers
used were 50 mM sodium acetate buffer at pH 3.6-5.8,50 mM MES
buffer at pH 6.0-6.8,50 mM HEPES buffer at pH 6.8-8.5, and 50 mM
AMPSO at pH 8.5-10.0 plus 10 mM CaCl, at 25*C. A: Effect of pH on
the specificity constant (k^JK^). The reaction was performed in reac-
tion buffer plus 0.6* DMSO at 25*C. The initial concentrations of
matrilysin and MOCAc-PLGL(Dpa)AR were 6.3 nM and 1.5 (JLM, re-
spectively. The pif, and pK, values were determined to be 4.3 and 9.6,

7 8 9 10 3 4 5 6 7 8 9 10
pH pH

respectively. B: Effect of pH on the inhibitor constant (K) of thior-
phan. The reaction was performed in reaction buffer plus 1.4% DMSO
at 25'C. The initial concentration of matrilysin was 10.1 nM, and that
of MOCAc-PLGIXDpa)AR were 0.75. The ptf, and pXj values were de-
termined to be 4.5 and 9.3, respectively. C: Effect of pH on the inhibi-
tor constant (JQ of R-94138. The reaction conditions were the same as
described for panel B. The pK, and pK, values were determined to be
4.5 and 9.1, respectively.

TABLE I. Thermodynamic parameters for the binding of matrilysin to thiorphan and R-94138 at pH 7.5,25"C. AG", AH", and
AS" are standard free energy change, standard enthalpy change, and standard entropy change, respectively.

AG" (U-mol-1) AH" (kJmol-1) AS" (Jmol-'K"1)
Thiorphan
R-94138
MOCAc-PLGUDpa)AR>

-28.2 ±0.1
-29.2 ±0.1
-26.1 ± 0.1

-18.2 ± 0.9
1.65 ± 1.07

-1.90 ± 2.43

33.6 ± 3.0
104 ± 4

80.9 ± 8.6
1 values are cited from Ref 17.
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suggests that ionizing groups with pK, values of 4.5 and
9.1-9.3 are involved in the inhibition of matrilysin by both
inhibitors. It is noteworthy that the acidic and alkaline pKn

values obtained for the pH-dependence of the inhibitor con-
stant are similar to those for the enzyme activity, suggest-
ing that the ionizing groups involved in inhibition might be
the same as those controlling the hydrolysis of MOCAc-
PLGL(Dpa)AR.

DISCUSSION

Inhibition Potency of the Examined Inhibitors against
Matrilysin—The effects of four metalloproteinase inhibitors
on matrilysin activity have been examined. Phosphorami-
don is a transition state analogue of thermolysin (31) and
inhibits thermolysin with a K^ value of 10 nM, while zincov
inhibits thermolysin with a K^ value of 180 nM at pH 7.5,
25'C (18). Phosphoramidon does not inhibit matrilysin,
even at a concentration of 100 (xM, while zincov inhibits
matrilysin with an IC^ value 1,000 times higher than that
for thermolysin. Phosphoramidon at a concentration of 25
\xM does not inhibit rat matrilysin, while zincov at concen-
trations of 50 and 500 u.M inhibits it by 32 and 65%,
respectively (4). This indicates that rat and human matril-
ysins have a rather similar geography around the active
site.

Thiorphan inhibits neprilysin with a K^ value of 2.4 nM
at pH 7.4, 37'C, and also inhibits thermolysin with K, = 1.6
uM at pH 6.8, 37'C (21). The K^ value of thiorphan against
matrilysin is 15.0 \iM at pH 7.5, 37"C, indicating that thior-
phan inhibits neprilysin at least 6,000 more strongly than
matrilysin. Accordingly, the standard free energy change in
the binding of thiorphan to neprilysin is larger than that to
matrilysin by 22.5 kJmol"1 at 37'C, suggesting that one or
two hydrogen bonds or 110-140 A2 of hydrocarbonaoeous
surface area involved in the binding of thiorphan to nepril-
ysin might be lost upon binding to matrilysin (32).

R-94138 is a highly potent MMP inhibitor, but does not
inhibit thermolysin even at a concentration of 260 JJLM (24).
Assuming that the K^ value is close to the ICW value, the K^
value (7.65 uM) of R-94138 against matrilysin at pH 7.5,
37'C is much higher than those for MMP-2 (ICg,, = 38 nM)
or MMP-9 (ICM = 1.2 nM) (24, 25), and the matrilysin-R-
94138 complex is considered to be less stable than the
MMP-2- and MMP-9-R-94138 complexes by 13.7 and 22.6
kJ-mol"1, respectively. In the development of specific inhibi-
tors for individual MMPs, the depth of the SI' pocket often
appears to be a target. R-94138 was designed for the nonyl
group at the PI' position to fit successfully into the SI'
pocket of MMP-2 and MMP-9. Matrilysin has a tyrosyl resi-
due at position 193, which forms the bottom of the SI'
pocket and makes it shallower than those of other MMPs
(33), suggesting that the nonyl group at the PI' position of
R-94138 is too bulky to fit into the SI' pocket of matrilysin.

Thermodynamic Parameters for the Binding of Matril-
ysin to Inhibitors—Negative AH" and positive AS" values
were observed for the binding of matrilysin to thiorphan.
On the other hand, positive AH" and AS" values were ob-
served for the binding of matrilysin to R-94138, suggesting
that the binding involves mainly hydrophobic interactions.
As for the zinc binding groups, a hydroxamate group pro-
viding a bidentate ligand to the zinc is more potent than a
group providing only a monodentate ligand, such as sulfodi-

imine (5). When comparing the region except for the zinc
binding group, thiorphan is expected to show a higher bind-
ing affinity than R-94138, especially due to favorable fitting
at the SI' pocket of matrilysin.

Ionizing Residues Involved in the Binding of Matrilysin
to Substrate and Inhibitors—MMPs from mammalian tis-
sues are known to share some amino acid sequence homol-
ogy with thermolysin around thermolysin residue Glu 143
(34). This residue is thought to be involved in thermolysin
catalysis by a general base mechanism and to polarize the
water molecule that attacks the scissile bond during cataly-
sis; His 231 of thermolysin is considered to play a role in
stabilizing the tetrahedral intermediate during catalysis by
donating a hydrogen bond to the hydrated peptdde (35,36).
An equivalent of thermolysin residue His 231 cannot be
readily identified in matrilysin (34), and confirmation of the
catalytic mechanism must await further structural and ki-
netic studies. The reaction mechanism of thermolysin, how-
ever, has given rise to much controversy (35,37-39).

The pKel and pK^ values were determined to be 4.3 and
9.6, respectively, by the pH-dependence of k^JK^ for the
matrilysin-catalyzed hydrolysis of MOCAc-PLGL(Dpa)AR
(Fig. 5A). These values suggest that a carboxyl group might
be responsible for pKBl and either of a tyrosyl, an amino
group, or a zinc-bound water molecule might be responsible
for pKtf. Glu 198 in human matrilysin [the numbering of
amino acid residues of pro-matrilysin (27.9 kDa) is applied
to matrilysin beginning at 78 for the N-terminal tyrosyl
residue (40)] is a conserved residue among MMPs (41) and
is regarded to play an important role in catalysis on the
basis of mechanistic proposals for thermolysin and other
zinc proteinases (34, 35). Site-directed mutagenesis studies
of Glu 198 have implied that the ionization of this residue
is not responsible for pKcl, and thus the ionization of the
zinc-bound water may be responsible instead (42). The role
of Glu 198 in catalysis may be to stabilize the transition
state or to act as a general acid catalyst after the rate-
determining step. Matrilysin has Tyr 219 in the Met-tum,
and is located in the SI' substrate binding subsite (5). This
tyrosyl residue is conserved in all MMPs (41,43), and is the
most likely group responsible for the pK^ value (9.6).

The pKm values evaluated from the pH-dependence of the
X, values of thiorphan and R-94138 are in reasonable
agreement with the pKB values for matrilysin activity (kmj
K^), suggesting that the same ionizing groups may be con-
cerned in the binding of matrilysin to both inhibitors and
substrate. In general, enzyme reactions are expressed by
the Michaelis-Menten equation. The rate constants for the
processes from (E + S) to the ES complex, and the ES com-
plex to (E + S), and the ES complex to (E + P) are express-
ed by ku k_v and k^, respectively. The Michaelis constant
IKn = (£_! + kj/kj, which is assumed to be equal to the
substrate constant \K. = £_/£,], and the inhibitor constant
(IQ might be controlled by the same ionizing groups. The
X-ray crystallographic analysis of matrilysin bound to a
hydroxamate inhibitor has demonstrated that the hydrox-
amate group forms two hydrogen bonds with the e-oxygen
atoms of Glu 198 (5). The ionization of Glu 198 may be
favorable for matrilysin to bind R-94138, and the hydrox-
amate group (pK, = 9) is protonated simultaneously (44).
Therefore, the pKml value of the K^ value of R-94138 is con-
sidered to be attributable to Glu 198. If the pH-dependence
of the X, and A^ values is assumed to be controlled by the
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same residues with pKt 4.3 and 9.1-9.6, then the pH-
dependence of kJK^ of the hydrolysis of MOCAc-PLGL-
(Dpa)AR is suggested to be derived from only the pH-
dependence of K^. In this case, the kM value, which could
not be determined separately from the K^ under the pre-
sent conditions, should be constant in a pH-range from 4.3-
9.6, and be controlled by a group with pKa >9.6 or <4.3.
The most plausible candidates are a zinc-bound water mol-
ecule and a carboxyl group, respectively, and the former is
considered to be more likely than the latter from the re-
sults so far reported. Examination of the roles of Glu 198
and Tyr 219 in the catalysis is currently under way by site-
directed mutagenesis and chemical modification.

Strategy for the Development of Effective Inhibitors
against Matrilysin—The interactions of R-94138 and the
substrate MOCAc-PLGL(Dpa)AR with matrilysin are en-
tropy-driven, and are mainly derived from the hydrophobic
interaction at the SI' pocket of the active site (Table I).
Therefore, a better PI ' group on the inhibitor would give a
larger entropy change. On the other hand, the inhibition by
thiorphan is enthalpy-driven. The origin of the enthalpy
change is not known, but one possibility is hydrogen bond-
ing. From these lines of evidence, it is suggested that an
effective matrilysin inhibitor could be designed to bind
matrilysin through hydrophobic interactions and as many
hydrogen bonds as possible. The observations reported in
this paper may lead to the development of effective inhibi-
tors useful for cancer therapy.

We thank Dr. K. Tanzawa (Sankyo Co. Ltd., Tokyo) for providing
the R-94138 inhibitor and for helpful discussion.
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