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ABSTRACT

Fifteen ketone-containing peptides were designed, synthesized, and used to probe the effect of substitution at the P1 ′ position on caspase-3
and -7 inhibition. Even with the large bias of Ac-Asp-Glu-Val-Asp at the P4 −P1 positions, certain peptides with cyclic functionality in the P1 ′
position show a dramatically reduced ability to inhibit these caspases. Additionally, trends toward isozyme selectivity were also uncovered for
particular P1 ′ substituents. The data indicate that substitution in the P1 ′ position can drastically affect both caspase inhibition and selectivity.

The identification of compounds that selectively inhibit
specific cellular enzymes is a major goal of modern medicinal
chemistry and chemical biology. Such compounds not only
have potential therapeutic value but can also be utilized as
in vivo probes of protein function. However, many enzymes
of interest exist as families of isozymes, and it is often
extremely difficult to preferentially inhibit an individual
isozyme in the presence of the others. An example of such
an enzyme family is the caspases. The caspases are critical
enzymes involved in signaling cascades that lead to both
apoptosis and inflammation,1 and it has proven to be difficult
to specifically inhibit individual caspase isozymes.2

Caspases are cysteine proteases that recognize a tetrapep-
tide motif and catalyze the hydrolysis of peptide bonds
C-terminal to aspartic acid residues in protein substrates.
There are at least 11 different known human caspase
isozymes, and these are typically categorized into three
groups on the basis of the P4-P13 recognition sequence in

the substrates that they cleave.4 Group I caspases (caspases-
1, -4, -5) catalyze the hydrolysis of substrates bearing a W/L-
E-H-D recognition sequence. Group II caspases (caspases-
3, -7) process D-E-V-D sequences, and Group III enzymes
(caspases-8, -9, -10) proteolyze after L/V-E-X-D sequences.5

In general, the Group I enzymes are thought to be critical to
the inflammatory response,6 whereas Group II and III
caspases are responsible for the execution and initiation of
apoptosis, respectively.

While caspase recognition of the P4-P1 residues has been
thoroughly investigated in both substrate and inhibitor
studies,4,7 there is less information with regard to the effect
of substitution at the position immediately after the scissile
bond, the P1′position.8,9 In group II caspases, the S1′site is
considered to be a “hydrophobic bowl” that will accept either
unbranched hydrophobic or aromatic amino acid sub-
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strates.10,11Recently reported inhibitors incorporate this type
of functionality at the P1′ position, and a structural examina-
tion of a series of these inhibitors defines a general trend
for caspase-3 of increasing inhibition with increasing surface
area.10 However, this trend was seen using inhibitors with
very similar P1′ groups and varied P4-P1 substituents. Thus,
to provide a clearer understanding of the P1′ position and
its importance to caspase inhibitor design, we report the
systematic substitution of the P1′ position and the effects of
the resulting peptides upon inhibition of caspase-3 and
caspase-7.

To systematically probe the effect of P1′ substitution on
inhibition, we designed a series of inhibitors of the general
structure shown in Figure 1 that hold the optimal Group II

caspase recognition sequence (DEVD) constant while chang-
ing only the P1′ position. In this design, a ketone replaces
the amide carbonyl of the scissile bond; the active site
cysteine of caspases is known to attack such ketones to
reversibly form thio-hemiacetals.11 A range of R groups can
then project from the ketone into the S1′ pocket. Convenient

access to the desired compounds was envisioned through the
coupling of variousâ-amino-γ-keto acids to an appropriately
protected DEV tripeptide, followed by deprotection.

The crystal structures of caspase-312 and caspase-713 bound
to aldehyde1 were used to guide selection of appropriate
P1′ substituents. The length of functionality in the P1′
position was limited to groups that would best interact with
the S1′pocket, shown in Figure 2. There are slight differ-

ences in the size and shape of the S1′ site between caspase-3
and caspase-7; caspase-3 appears to have a more shallow
yet broad S1′pocket, while caspase-7 has a deeper and nar-
rower S1′ site. It was envisioned that these differences might
allow for some isozyme selectivity in the caspase inhibition.

To synthesize the designed inhibitors, a common protected
peptide trimer was coupled to variousâ-amino-γ-keto acids.
The protected peptide DEV trimer5 could easily be obtained
in good yield and high purity using the FAAST solution-
phase peptide synthesis technique (Scheme 1).14 The requisite
â-amino-γ-keto acid modules6a-owere synthesized either
through a method previously developed in our laboratory
based on Grignard addition to protectedL-homoserine15 or
through a method based on the cuprate displacement of a
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(12) Rotonda, J.; Nicholson, D. W.; Fazil, K. M.; Gallant, M.; Gareau,
Y.; Labelle, M.; Peterson, E. P.; Rasper, D. M.; Ruel, R.; Vaillancourt, J.
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Figure 1. General ketone-containing Ac-DEVD peptide and its
interaction with the various substrate-binding sites (S4-S1′) of
caspase-3 and -7. By holding the P4-P1 amino acids constant, the
effect of substitutions in the P1′ position can explicitly be probed
and compared to aldehyde1.

Figure 2. X-ray crystal structures of peptide1 bound to caspase-3
and -7.12,13The S1′sites of these enzymes have differences in both
size and shape. Blue represents surface-exposed regions.
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thioester in protectedL-aspartic acid (see Supporting Infor-
mation).16 The coupling between theseâ-amino-γ-keto acid
building blocks and the protected DEV peptide5 furnished
fully protected products, which were deprotected to provide
the target molecules7a-o in >95% purity (Scheme 2).

Enzyme inhibition assays were then performed using
human caspases-3 and -7, which were recombinantly ex-
pressed inE. coli and purified as described.17 Real-time
assessment of the inhibition was carried out for all com-
pounds using the Ac-DEVD-pNA substrate. This substrate
provides thep-nitroaniline chromophore with aλmax at 405

nm after caspase-catalyzed hydrolysis. Assays were con-
ducted in triplicate in 384-well plates. ApparentKI values18

were obtained for all 15 compounds versus caspase-3 and
caspase-7, as well as for Ac-DEVD-aldehyde inhibitor1 for
a comparison control (Table 1).

Inspection of the data in Table 1 reveals several interesting
features about the inhibition properties of these peptidic
ketones. In the straight-chain aliphatic series7a-d, there is
a general trend of increasing inhibition with increasing chain
length, agreeing with previously reported data.10 Excluding
the phenyl derivative7o, the general trend for the unsubsti-
tuted aromatic P1′ inhibitors7f-h is increasing potency with

Scheme 1. Synthesis of Ac-DEV Trimer

Scheme 2. Coupling of Trimer toâ-Amino-γ-keto Acids

Table 1. Inhibition of Caspases-3 and -7 with Ketonic Peptides
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decreasing linker length. Both substituted derivatives7i and
7j have increased potency over the parent phenethyl deriva-
tive 7g, and the addition of a second methyl substituent
slightly enhances inhibition of caspase-3.

Unexpectedly, a large detrimental effect on inhibition was
observed for substituents possessingR or â branching in the
P1′position. For example, there is about a 500-fold difference
between the benzyl7f and phenyl7o. With the exception of
cyclobutyl7l, compounds7k-o with cyclic substituents in
the P1′position are between 20- and 800-fold less potent
than the parent aldehyde1. The dramatic lack of inhibition
of compounds such as7n was surprising, as the presence of
the Ac-DEVD peptide places a large bias on the system
toward caspase inhibition, and this effect has not been noted
in previous studies of the P1′site.19

Interestingly, a modulation in inhibition selectivity between
caspase-3 and caspase-7 can occur by simply varying the
functionality occupying the P1′ position. The parent aldehyde
1, and thus the incorporated Ac-DEVD recognition sequence,
has a∼4-fold selectivity for caspase-3. Through modulations
in the P1′ position, this selectivity could be elevated to∼20-
fold for caspase-3, as in the case of7j. A reversal of this
trend was found for the inhibitors possessing cyclic P1′
substituents (7k-m), although these compounds still inhibit
caspase-3 slightly better than caspase-7.

In an effort to understand the interesting effects of the
cyclic derivatives7k-n both in terms of their detrimental
effect on inhibition and their reduction of isozyme selectivity,
molecular modeling studies were conducted using the crystal
structures of1 bound to caspase-3 and caspase-7.20 Within
this framework, the ketonic side chains of7k-n were
constructed, and the complex was then minimized (see
Supporting Information for details). The modeling suggests
that these cyclic compounds are unable to reach the S1′
pocket and instead project above the active site over the
aspartic acid moiety (see Figure 3 for modeling with caspase-
3). This conformation likely minimizes the steric interactions
between the ring system and the cysteine/histidine active site
pair. The cyclopropyl7k ring system in this orientation has
the twoâ-carbons in the ring in close proximity to the active
site residues, thus hindering inhibition. While this is relieved
as the ring becomes larger, new steric interactions with
Tyr338, and the valine side chain in the P2 position begin
to hinder inhibitor interaction with the enzyme. The cy-

clobutyl ring in 7l thus appears to be optimal, minimizing
steric interactions and enabling significant caspase inhibition.

In conclusion, the P1′ position of the Ac-DEVD peptide
has been systematically probed for its effect on caspase-3
and caspase-7 inhibition. It was found that cyclic groups in
this position in general hinder inhibition, most likely due to
unfavorable steric interactions with amino acids in and above
the active site, and not in the S1′ pocket. Also, certain
substituents provide slight selectivity between the two
caspase isozymes. The data from these studies indicate that
substitution in the P1′ position could be used in synergy with
other elements to obtain highly potent and isozyme-selective
caspase inhibitors.
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Figure 3. Comparison of molecular models of inhibitors7n (top)
and 7l (bottom) minimized with caspase-3. The view is a partly
cut-away surface to facilitate visualization of the P1′ groups. In
compound7n, the cyclohexyl ring is forced into close proximity
with the nearby P2 side chain and amino acids His237 and Tyr338.
In contrast, the cyclobutyl ring of7l fits between His237 and Tyr338
with little steric interaction.
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