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Abstract—We have demonstrated that thiol-bearing analogues of a-chymotrysin (a-CT) substrates such as (S)-(1-benzyl-2-thiol-
ethyl)-carbamic acid, benzyl ester (3) inhibits a-CT, a prototypical serine protease, in the presence of Zn(II) ion. They constitute a
novel class of small molecule inhibitors for a-CT believed to inhibit the enzyme by forming a ternary complex consisting of a-CT,
Zn(II) ion, and the inhibitor.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Serine proteases have received increasing attention in
recent years because of their roles in the pathology of
numerous diseases such as rheumatoid arthritis, throm-
bosis, and pulmonary emphysema.1 These enzymes are
characterized by having a catalytic triad consisting of
Ser, His, and Asp as the essential catalytic machinery.
The serine hydroxyl group in the catalytic triad in colla-
boration with the His and Asp residues attacks the scissile
peptide or ester bond of the enzyme bound substrates,
generating an acyl-enzyme intermediate which, in turn, is
hydrolyzed by the active site water molecule to yield the
second product with regeneration of the free enzyme.
a-Chymorypsin (a-CT) is a much studied serine protease
whose structure and catalytic mechanism have been well
established.2 There is present at the active site of a-CT a
large hydrophobic pocket (S1 subsite), the primary func-
tion of which involves accommodation of the P1 residue
having a bulky hydrophobic side chain such as Phe. As
a prototypical enzyme for a large family of proteases,
a-CT has served as a model target enzyme for the
development of design strategies that can be utilized to
inhibit serine proteases of medicinal interest. As a con-
sequence, numerous design protocols for a-CT inhibi-
tors are known and a vast number of a-CT inhibitors
have been reported.3 We wish to report herein a new
class of inhibitors that bind strongly to a-CT in the
presence of Zn(II) ion. These inhibitors are substrate
analogues that bear a methylmercapto moiety in place
of hydrolysable peptide bond in the substrate of a-CT.

Recently, Katz et al. have developed a novel strategy for
designing inhibitors that are highly effective against
trypsin and other serine proteases.4 The design proto-
col takes advantage of the high propensity of Zn(II)
ion to form a tetrahedrally coordinated complex. The
binding affinity of bis-(5-amidino-2-benzimidazolyl)-
methane (BABIM) toward trypsin was enhanced by as
much as 1.7�104-fold in the presence of Zn(II) ion.
The X-ray crystallographic structural analysis of the
complex of trypsin formed with BABIM revealed that
the Zn(II) ion is coordinated by one nitrogen from each
of the two benzimidazoles in BABIM, the hydroxyl of
Ser-195, and the imidazole of His-57 of the catalytic
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triad of the enzyme, thus to bridge the inhibitor and
trypsin.

It has been well established that a mercapto group has a
high tendency to form a coordinative bond to Zn(II)
ion.5 In fact, this property of mercapto group has been
extensively utilized in the design of inhibitors for zinc-
containing metalloenzymes.6 We have envisioned that
appropriately modified mercapto-bearing analogues of
a-CT substrate would bind strongly to a-CT in the pre-
sence of Zn(II) ion, forming a ternary complex, as
depicted in Figure 1. The phenyl ring in such inhibitors
is expected to anchor in the primary substrate recogni-
tion pocket (S1 pocket) and the thiol group would ligate
the zinc ion that is held by the side chains of Ser-195
and His-57 present at the active site of a-CT. A water
molecule is thought to bind the metal ion as the fourth
ligand. It is known that when sulfur is bound, the Zn(II)
ion prefers to have the coordination number of 4.7,8 The
water molecule may be coordinated to the Zn(II) in a
deprotonated form. It has been known that the pKa

value of the water molecule coordinated to Zn(II) can
be lowered as much as 9 units.9
2. Results and discussion

2.1. Synthesis

Compound 6 that was prepared by the literature10

method was treated with hydrochloric acid, then the
product was allowed to react with acetic anhydride to
give 7 which was treated with potassium carbonate in
an aqueous methanol solution to obtain inhibitor 111

(Scheme 1). In a similar fashion, inhibitor 2 was
synthesized.11 In the synthesis of 3, the hydroxyl group in
5 that was obtained by the reduction of 8 was converted
into the corresponding bromide using tetra-
bromomethane and triphenylphophine,12 then the pro-
duct was subjected to thioacetylation using potassium
thioacetate to give 10. Hydrolysis of the latter compound
afforded 313 (Scheme 2). Inhibitor 4 was synthesized
starting with 2-(1-benzyl-2-hydroxy-ethylcarbamoyl)-
pyrrolidine-1-carboxylic acid, benzyl ester,14 whose
hydroxyl group was converted directly into the thioace-
tate by the modified Mitsunobu reaction,15 and the
product thus obtained was hydrolyzed to yield 4.16

The a-CT inhibition potencies are expressed by the IC50

value which is estimated from the plot of the percent
enzymic activity remaining in the presence of an inhibitor
and Zn(II) ion versus concentration of the inhibitor, as
exemplified by Figure 2. The assay was performed using
Suc-Ala-Ala-Pro-Phe-p-NO2-anilide17 as substrate in a
Tris buffer solution of pH 7.5. The IC50 values18 thus
obtained are listed in Table 1. None of the inhibitors
exhibited inhibitory activity against a-CT up to the
Figure 1. Schematic representation of inhibitor design rationale: mer-
capto-bearing substrate analogues inhibit a-chymotrypsin in the pre-
sence of Zn(II) ion by forming ternary complexes.
Figure 2. Plot of the percent enzymic activity remaining in the presence
of an inhibitor and Zn(II) ion versus concentration of the inhibitor (S)-3.
Scheme 1.
Scheme 2.
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concentration of 2 mM when tested in the absence of
Zn(II) ion, suggesting that the metal ion plays a critical
role in the inhibition, most likely by bridging the inhi-
bitor to the enzyme with the formation of a ternary
complex as depicted in Figure 1. Since some proteases
such as carboxypeptidase A are known to be inactivated
by Zn(II) ion,19 we have investigated the effect of Zn(II)
ion alone on a-CT to find that the enzymic activity is
essentially unchanged by Zn(II) ion up to the concen-
tration of 2 mM. These results suggest strongly that in
the inhibitions of a-CT both the thiol and Zn(II) ion are
involved, which is in line with the proposed design
rationale depicted schematically in Figure 1.

As can be seen in Figure 3, the extent of Zn(II) medi-
ated inhibition of a-CT by (S)-3 is dependent on the
concentration of Zn(II) ion. The enzymic activity is
essentially abolished when the concentration of Zn(II)
ion reaches 150 mM. We were interested in knowing the
effect of other metal ions than Zn(II) on the a-CT inhi-
bitory property of the thiol-bearing inhibitors, and eval-
uated four different metal ions including Zn(II) ion to
find that Cu(II) ion is as effective as Zn(II) ion in med-
iating (S)-3 to inhibit the a-CT. Although the extent of
the inhibition caused by the two metal ions is compar-
able, Cu(II) ion is much more efficient than Zn(II) ion.
That is, the maximum inhibition is achieved by a much
smaller amount of Cu(II) ion than Zn(II) ion (Fig. 3).20

The limited structure–activity relationships study on the
Zn(II) ion mediated inhibition of a-CT by thiol derivatives
revealed that (S)-3 that carries a Cbz moiety on the
amino group is most potent, suggesting that the phenyl
ring in the Cbz may play a role in binding of the inhi-
bitor to the enzyme, possibly the phenyl group being
accommodated in the S2 pocket. It has been known that
the S2 pocket of a-CT prefers a large residue.21 Segel
and others showed that substrates of a-CT having a
proline at the P2 position bind the enzyme with high
affinity by virtue of its hydrophobic interactions possi-
bly with the side chain of Ile-99 as well as a smaller
entropy decrease upon binding to the enzyme due to its
restricted rotational freedom, in addition to hydrogen
bondings between the substrate and active site back-
bone residues of the enzyme.22 Accordingly, we have
synthesized 4 and evaluated it as an a-CT inhibitor in
the presence of Zn(II) ion. Contrary to the expectation,
4 was found to be less effective than 3. The replacement
of the thiol group in (S)-3 with a hydroxyl essentially
abolishes the a-CT inhibitory activity in accordance
with the proposition that the enzyme inhibition is effec-
ted via the formation of the metal-centered ternary
complex, and indicates that the thiol group coordinates
the metal ion much more strongly than a hydroxyl.
Recently, Vahrenkamp and associates have demon-
strated that a thiol has a stronger coordination power
toward Zn(II) than a hydroxyl in forming the tetra-
hedral Zn(II) complex.23

Zn(II) ion has a filled d-shell and thus is redox-inert
which is a desirable feature for the metal ion being used
as a cofactor of proteolytic enzymes. In fact, Zn(II) ion
is the most abundantly and widely distributed transition
metal ion next to Fe(II) and Fe(III) ions in the biologi-
cal systems: The concentrations of Zn(II) ion in human
tissue and blood amount to 60–120 mM.24 Comparative
trace metal analyses of cancerous and noncancerous
human tissue have revealed that the concentration of
Zn(II) ion in cancerous cell such as breast carcinoma is
much higher by 700% compared with that in normal
breast cells.25 Hence, the design protocol reported in this
communication may be applied for developing inhibitors
that selectively inhibit serine proteases in cells of high
Zn(II) ion concentrations. In employing the present pro-
tocol in designing inhibitors that are effective in the living
system, there is a strong possibility of the inhibitors may
undergo dimerization with loss of the inhibitory activity.
Use of the inhibitors in a form of prodrug such as
S-acylated derivatives may circumvent the problem.
3. Conclusion

We have demonstrated that thiol-bearing analogues of
a-CT substrate functions as inhibitors for a-CT in the
presence of Zn(II) ion. In the inhibitions, the Zn(II) plays
a mediating role by bridging the inhibitors to the enzyme,
forming the ternary complexes: The Zn(II) ion is coordi-
nated with the thiol of the inhibitors, the hydroxyl of Ser-
195 and the imidazole of His-57 in a-CT, and a water
molecule. In addition to the high selectivity towards ser-
ine proteases in cells of high Zn(II) ion concentrations,
this type of inhibitors are thought to manifest high
inhibition power in light of the fact that coordinative
Table 1. Kinetic parameters for the inhibition of a-CT in the pre-

sence of Zn(II) (500 mM)
Inhibitor
 IC50 (mM)
1
 >800

2
 23

(S)-3
 3.8

(R)-3
 6.0

4
 8.0

(S)-5
 >3000

(R)-5
 >3000
Figure 3. Inhibition of a-CT by (S)-3 (5.0 mM) in the presence of dif-
ferent metal ion (0–500 mM) in Tris buffer 7.5 (substrate, Suc-Ala-Ala-
Pro-Phe-p-NO2-anilide (300 mM); [E]=0.4 mg/mL).
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bonds to a metal ion are in general much stronger than
hydrogen bonds or hydrophobic interactions that are
involved in the binding of inhibitors to enzymes.
Furthermore, these compounds are structurally simple
having an amino acid structural frame, and hence there
is an ample room for structural modifications for the
activity improvements.
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