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In order to investigate crystallographically the mechanism of inhibition of cysteine protease by a-methyl-
c,c-diphenylallenecarboxylic acid ethyl ester 3, a cysteine protease inhibitor having in vivo stability, we
synthesized N-(a-methyl-c,c-diphenylallenecarbonyl)-L-phenylalanine ethyl ester 4. Reaction of 4 with
thiophenol, the SH group of which has similar pKa value to that of cysteine protease, produced oxy-
gen-mediated radical adducts 6 and 7 in ambient air but did not proceed under oxygen-free conditions.
Catalytic activities of two thiol enzymes including cathepsin B were also lowered in the absence of
oxygen. These results suggest that cysteine protease can act through an oxygen-dependent radical
mechanism.

� 2008 Elsevier Ltd. All rights reserved.
Cysteine proteases are an important class of peptide-processing ment of the active site serine with cysteine in two serine proteases

enzymes and, as the name implies, are characterized by having a
cysteine residue within the active site.1 These proteases are also
ubiquitous enzymes that play important roles in many biochemical
processes.1,2 The presence of cysteine proteases in pathogenic
microorganisms and roles in facilitating metastases of tumors are
examples of many factors that make selective cysteine protease
inhibitors important targets for drug design.1 As a consequence
of the wide therapeutic potential of these compounds, many cys-
teine protease inhibitors have been developed.3 In much of the de-
sign of these inhibitors, it has been assumed that the catalytic
mechanism of cysteine proteases is similar to that of serine prote-
ases. Thus, the cysteinyl and histidinyl residues present in the ac-
tive site form a thiolate/imidazolium ion pair that promotes the
formation of an S-acyl-enzyme intermediate that is necessary for
cleavage of the peptide bond.4 However, despite the similarities
of the proposed catalytic mechanism of cysteine and serine prote-
ases, important differences have been revealed. Thus, the replace-
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(trypsin and subtilisin) abolished activity.5 This result implies that
cysteine proteases have another reaction mechanism, for example,
a radical reaction mechanism that has been found in several enzy-
matic systems.6

Allenyl esters 2 derived from the hydrolysis and decarboxyl-
ation of diethyl a-alkynylmalonates 1 have been shown to inhibit
the catalytic activity of cathepsin B in vitro, but do not inhibit
Figure 1. Structures of compounds 1–3 and inhibitory activities of 3.10

mailto:takeuchi@pha.u-toyama.ac.jp
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


Scheme 1. Synthesis of amide 4 and reaction of 4 with thiophenol under ambient
air.

Figure 3. ORTEP drawing of compound 6.
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in vivo (Fig. 1). This lack of in vivo inhibition was ascribed to deple-
tion of the inhibitor through competing reactions with endogenous
low molecular weight thiol compounds such as cysteine and re-
duced glutathione.7 As a result of our efforts to develop allene com-
pounds which would be stable and active in vivo, we found that a-
methyl-c,c-diphenylallenecarboxylic acid ethyl ester 3 could inhi-
bit the catalytic activities of cathepsin B8 (IC50 = 2.32 � 10�4 M)
and urease9 (IC50 = 1.1 � 10�6 M).10 Compound 3 was stable
in vivo and inhibited water immersion stress-induced ulcer forma-
tion in rats (Fig. 2).10b Thus we examined the reaction mechanism
of 3 with such thiol enzymes.

In order to simplify the understanding of results, we employed
low weight thiol compounds as model compounds of cysteine pro-
tease. The reactions of 3 with L-cysteine and reduced glutathione
did not proceed in aqueous ethanol at 37 �C as we expected from
the in vivo stability of 3. These results were attributable to the rel-
atively higher pKa values of cysteine (pKa 8.3)11 and reduced gluta-
thione (pKa 8.7)11 compared to cysteine proteases (pKa 2.5–8.0)12

which results from the formation of the ion pair with the histidine
of the active site. We thus tried to examine the reaction of the con-
jugated allene system with the more acidic thiophenol (pKa 6.6)11

and to clarify the structure of the products unambiguously by X-
ray crystallographic analysis. Since it was rather difficult to crystal-
lize 3, we designed amide 4 as a suitable model compound for this
study because introduction of the L-phenylalanine ethyl ester unit
through the amide bond was expected to make crystallization of
the products easy due to the presence of the amide bond and the
additional aromatic group.

Compound 3 was hydrolyzed with sodium hydroxide in aque-
ous EtOH to afford the corresponding carboxylic acid 5 in 60% yield
(Scheme 1). Condensation of 5 with L-phenylalanine ethyl ester
was carried out with 1,3-dicyclohexylcarbodiimide (DCC) in
dichloromethane to give amide 4 in 60% yield. Preliminary biolog-
ical evaluation of 4 showed that compound 4 has moderate inhib-
itory activity (56% at 10�3 M) toward cathepsin B. Reaction of 4
with thiophenol in benzene proceeded smoothly to give a mixture
of diastereomers 6 and 7 isolated as crystals, as expected, in 43%
and 23% yields, respectively.13 The structure of 6 was confirmed
by X-ray crystallographic analysis (Fig. 3).14 If the addition of thio-
phenol to 4 occurs by simple nucleophilic addition, a proton will
add to the a-carbon of the allene carboxylic acid moiety of the
product. The presence of the hydroxyl group at this position in
compounds 6 and 7 indicates that the reaction of 4 with thiophenol
is not a simple nucleophilic addition reaction. This product is indic-
ative of a radical reaction initiated by oxygen.

Based on the assumption that oxygen would be the initiator of
any radical process in this system, we next examined the same
reaction under an oxygen-free condition. Parallel reactions were
carried out, one under an oxygen-free argon atmosphere, and the
other in ambient air, and these were monitored by HPLC.15 After
6 h, there was no apparent reaction in the absence of oxygen,
Figure 2. Effect of 3 on ulcer formation induced by water immersion stress in
rats.10b
whereas the reaction under ambient air had gone to completion.
These results strongly indicate that the reaction of 4 with thiophe-
nol is, in fact, a radical process that is dependent on the presence of
oxygen. Indeed, Mueller and Griesbaum16 reported that addition
reaction of thiolate ions to allene derivatives may proceed via a
radical mechanism, not a nucleophilic mechanism, from the stud-
ies on reaction of thiolate ions with some allene derivatives. They
also indicated that reaction of thiolate ions to tetra-substituted al-
lene derivatives is somewhat difficult because, unlike mono-, di-,
and tri-substituted allene structures, a tetra-substituted allene
structure cannot be isomerized to an acetylene form, which is as-
sumed to be an active form to react with thiolate ions. Based on
this evidence, in vivo stability of our allene derivatives in contrast
to that of 2 may be due to their fully substituted structure.
Table 1
Catalytic activities of cathepsin B and urease under oxygen-free condition

SH-enzyme % Catalytic activitya

Cathepsin Bb 72 (±6.50)
Ureasec 60 (±10.5)

a Catalytic activity under ambient air taken as 100% (all values are means of at
least three experiments, standard deviation is given in parentheses).

b The activity was measured by the method of Inubushi et al.21

c The activity was measured by the method of Smith et al.22



Scheme 2. Proposed mechanism for inhibition of cysteine protease by allenyl ester 3 (R = OEt) and amide 4 (R = NHCH(Bn)COOEt).
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There are several reports describing the oxidative inhibition of
caspases,17 a family of cysteine proteases, with oxidants such as ni-
tric oxide,18 hydrogen peroxide,19 or peptidyl peroxide.20 However,
we have found no report that describes the oxidative activation of
cysteine proteases with an exogenous oxidant. Activation resulting
from the presence of oxygen should necessarily result from oxygen
functioning as an initiator of a radical-mediated reaction. However,
to our knowledge, such a radical-mediated reaction of cysteine
proteases previously has never been considered. If the reaction of
cysteine proteases with 3 were to proceed via a mechanism similar
that of thiophenol, then a decreased catalytic activity of the prote-
ase should be observed under oxygen-free conditions. Thus, we
examined the catalytic reaction of cathepsin B under an oxygen-
free argon atmosphere. Under the oxygen-free condition, the cata-
lytic activity of cathepsin B was, in fact, lowered, but not totally
lost (Table 1). This result strongly indicates that a radical interme-
diate, which is initiated with oxygen, is involved in the catalytic
reaction of cysteine proteases. The fact that oxygen depletion re-
sults in only partial inactivation also suggests that cysteine prote-
ases may include both radical and nucleophilic components to the
mechanism of the catalytic reaction, although it is also possible
that residual traces of oxygen in the solution may be a factor in this
result. It is also interesting that the catalytic activity of urease was
lowered under an oxygen-free argon atmosphere (Table 1).

In summary, based on similarity of the pKa value of the SH
group to cysteine protease, we employed thiophenol as a model
compound to investigate the mechanism of the inhibition of cys-
teine protease by allenyl ester 3. Reaction of amide 4, a more highly
crystalline derivative of allene compound 3, with thiophenol pro-
ceeded by a mechanism involving radical species, formation of
which was initiated by oxygen. It should be noted that the catalytic
activities of cathepsin B and urease also depended on the presence
or absence of oxygen. These results suggest that cysteine proteases
can act as radical catalysts using oxygen as an initiator. On the ba-
sis of these results and on information from the literature,23 we
propose the mechanism for inhibition of cysteine proteases by 3
and 4 in Scheme 2. Further studies on the involvement of radical
species in reaction of cysteine protease, including direct observa-
tion of radical intermediates by ESR, are currently underway.
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