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ABSTRACT: Caspase-3 is a prototypic executioner caspase that plays a central role in apoptosis. Aza-
peptide epoxides are a novel class of irreversible inhibitors that are highly specific for clan CD cysteine
proteases. The five crystal structures of caspase-3-aza-peptide epoxide inhibitor complexes reported here
reveal the structural basis for the mechanism of inhibition and the specificities at the S1′ and the S4
subsites. Unlike the clan CA cysteine proteases, the catalytic histidine in caspase-3 plays a critical role
during protonation and subsequent ring opening of the epoxide moiety and facilitates the nucleophilic
attack by the active site cysteine. The nucleophilic attack takes place on the C3 carbon atom of the epoxide
and results in an irreversible alkylation of the active site cysteine residue. A favorable network of hydrogen
bonds involving the oxyanion hole, catalytic histidine, and the atoms in the prime site of the inhibitor
enhance the binding affinity and specificity of the aza-peptide epoxide inhibitors toward caspase-3. The
studies also reveal that subtle movements of theN-terminal loop of theâ-subunit occur when the P4 Asp
is replaced by a P4 Ile, whereas theN-terminal loop and the safety catch Asp179 are completely disordered
when the P4 Asp is replaced by P4 Cbz group.

Caspases are a family of cysteine aspartate specific
proteases that have essential functions in apoptosis and
cytokine activation (1, 2). On the basis of their biological
functions, they are classified as initiators (caspase-8, -9, and
-2) and executioners (caspase-3, -6 and -7). Caspase-3 is the
most abundant caspase in vivo (3-5), and it is the best
characterized family member. Apart from its established role
as a prototypic executioner caspase, several nonapoptotic
roles of caspase-3 are emerging (6-8). Currently, many
industrial and academic laboratories are engaged in the design
of specific inhibitors for caspase-3 to regulate its activity
for the therapeutic intervention of diseases, such as myo-
cardial infarction, Alzheimer’s, stroke, Parkinson’s, sepsis,
and Huntington’s disease (9). Even though the executioner
caspases-3 and -7 share high sequence similarity and
substrate specificity, they have distinct roles in apoptosis (10).
Thus specific inhibitors for caspases would assist in deci-
phering the precise role of each caspase in the execution
phase of apoptosis. Caspases demonstrate stringent specificity
for an aspartic acid residue in P1 position of a substrate.

Within the caspase family, substrate selectivity is highest
for the P4 residue (11). Apart from P4, the prime site could
also be utilized to gain specificity among caspases. Although
considerable effort has been devoted to the optimization of
the interactions of caspase inhibitors in the S1-S4 subsites
(9, 12), only a few studies exist that analyze the interactions
of substrates or inhibitors at the prime site (13-16).

Initial studies using fluorescent peptidyl substrates indi-
cated a preference for small residues (Gly, Ala, Ser) at
position P1′ for caspase-1, -3, -6, and -8. A few peptido-
mimetic compounds that bind to the prime site were
identified for caspase-3 and were characterized structurally
(13). The halogen methyl ketones and aldehydes are the most
commonly used electrophilic groups (warheads), which were
coupled with the preferred tetra/penta peptide recognition
sequence of caspases (9). Because these warheads are highly
reactive and tend to inhibit other clan CA cysteine proteases
(17-20), the search for potential warheads that are highly
selective for caspases becomes increasingly important. To
overcome the problem of a lack of selectivity, we have
recently reported the identification and characterization of
aza-peptide epoxide and Michael acceptors as a new class
of irreversible caspase inhibitors that are highly specific for
clan CD cysteine proteases (21-23). In this article, we report
the crystal structures of caspase-3 in complex with five of
the aza-peptide epoxides inhibitors, containing modifications
at the P1′ and P4 positions, to understand the specificity,
binding mode, and the mechanism of inhibition in these
regions of the active site. The modifications at the prime
site were intended to gain selectivity for caspase-3, whereas
the study with a tripeptide (-EVD-) derivative and a tetra-
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peptide (-IETD-) derivative, was aimed at understanding the
influence of the P4-residue interaction and ordering of the
N-terminal loop of theâ-subunit. The C2 carbon atom of
the epoxide moiety binds covalently to the thiol group of
the active site cysteine of caspase-3. This observation is in
contrast to the previous proposal where the covalent bond
was reported to occur between the C2 carbon atom of the
epoxide inhibitor and the thiol group of active site cysteine
in caspase-1 (23).

EXPERIMENTAL PROCEDURES

Materials and Methods

Caspase Purification. Human recombinant caspase-3 was
produced inEscherichia colias inclusion bodies, refolded,
and purified. Briefly, the cloned genes for theR-subunit
(Met-Ser29-Asp175) and theâ-subunit (Met-Ala-Ser176-His277)
were inserted in theNcoI/BamHI sites of the pET11d
plasmids (Novagen). For the separate expression of both
subunits,Escherichia coliBL21-CodonPlus (DE3)-RIL cells
(Stratagene) containing one of the two plasmids were grown
to a density ofA600 ) 0.5 at 37°C in a 0.5-L Luria-Bertani
medium. Expression was induced by the addition of IPTG
(1 mM), and the culture was shaken at 37°C for 4 h post-
induction. Cells were harvested, washed in PBS buffer, and
lyzed using a French press. Because of overexpression, the
protein was localized in the inclusion body portion. Refolding
was achieved by the rapid mixing of equimolar amounts of
each subunit to a final concentration of about 100µg of
subunit/L in the refolding buffer (100 mM HEPES at pH
7.5, 10% sucrose, 1% CHAPS, 100 mM NaCl, and 10 mM
DTT) and was incubated overnight at room temperature with
continuous stirring. Misfolded and aggregated proteins were
removed by centrifugation (5000g, 30 min), and the super-
natant was concentrated using an Amicon-stirred cell. To
reduce the salt concentration and to facilitate binding to an
anion exchange column (Resource-Q, GE Healthcare), the
protein solution was dialyzed against the anion exchange
buffer (20 mM Tris at pH 8.0, 30 mM NaCl and 10 mM
DTT) prior to chromatography. The protein was eluted using
a 300 mM NaCl gradient. The pure and active caspase-3
was further purified by size exclusion chromatography
(Superdex S200, GE Healthcare) with a buffer containing
20 mM Tris at pH 8.0, 50 mM NaCl, and 10 mM DTT. The
fractions containing pure and active caspase were pooled and
concentrated by ultrafiltration to a final concentration of 10
mg/mL, and the final yield was about 5-7 mg/L of culture.
The purified caspase was subsequently inhibited with a 3-fold
molar excess of the inhibitor.

Crystallization and Data Collection.Cocrystals of the
complex between recombinant human caspase-3 and aza-
peptide epoxide inhibitors were grown from 2 to 4µL of
hanging drops formed by mixing equal volumes of protein
(10 mg/mL in 20 mM Tris/HCl at pH 8.0 and 10 mM DTT)
and the reservoir solution. The reservoir solution consisted
of 15% (w/v) poly(ethylene glycol) 6000 and 100 mM
sodium citrate at pH 5.0. Crystals (∼300× 200× 100µm3)
grew within 2-3 days. For data collection, the crystals were
frozen in a nitrogen stream after a short soak in the reservoir
solution containing 20% glycerol. The crystals belong to the
space groupI222, and the typical unit cell dimensions were
a ) 67.2, b ) 83.3, andc ) 96.0 Å. Diffraction data for

inhibitors1, 2, 3, and5 were collected using a rotating anode
generator (Bruker-Nonius, FR591) at 100 K. Images were
integrated with MOSFLM (24) and scaled with SCALA (25)
from the CCP4 suite of programs. Diffraction data for
inhibitor 4 were collected at the Swiss Light Source
synchrotron (Paul Scherrer Institute, Villigen, Switzerland).
Data processing was done with the program XDS (26).

Structure Solution and Refinement.The structure was
solved by the difference Fourier technique. Structure refine-
ment and automated water addition were performed using
the program CNS (27), and model building was done with
the program O (28). Iterative cycles of refinement and model
building were performed. To simplify the dictionary of
restraints for aza-peptide epoxide inhibitors, the molecule
was treated as three parts, theN-terminal blocking group
(Cbz), tripeptide portion (DEV), and the P1-Asp1 along with
P1′ peptidomimetic. The final crystallographicR and freeR
factors were in the range of 16-19% and 19-22%,
respectively. The final model consisted of residues 29-174
of the R-subunit and 176-277 of theâ-subunit in the case
of 1, 2, 3, and5, and the residues 176-185 of theâ-subunit
were disordered in case4. A summary of the crystallographic
data processing and refinement statistics for the caspase-3-
aza-peptide epoxide inhibitor complexes are given in Tables
1 and 2, respectively.

RESULTS

Inhibitor Design.Inhibitor potency critically depends on
the structure of the peptide moiety and the chemical reactivity
of the warheads. Inhibitors such as E-64 and their synthetic
analogues containing an epoxysuccinyl moiety as the war-
head are specific inhibitors for clan CA cysteine proteases
(29). Epoxysuccinyl dipeptides without an aspartic acid
residue do not inhibit caspase-1 (30), and a variety of
epoxysuccinyl peptides containing aspartate do not inhibit
other caspases (Powers, J. C., and O¨ zlem Dogan Ekici,
unpublished results). The reason for the inertness of the E-64
derivatives against caspases might be the unparalleled
selectivity for an aspartic acid residue in the S1 subsite or
the location of the warhead. The design strategy for the
inhibitors presented here was to place an epoxide group at
the C-terminus of a P1 aza aspartate and also to retain an
additional carbonyl group at the prime site by using the
epoxysuccinyl moiety (Figure 1).

Structure-Based Mechanism of Inhibition.Epoxides are
weak electrophiles, but they tend to become highly electro-
philic upon protonation. Protonation is critical for the ring
opening and subsequent alkylation of the active site thiol
group of Cys163. When the epoxides are flanked by carbonyl
groups on either side, they are preactivated and referred to
as epoxysuccinyl inhibitors. This strategy has led to the
identification of compounds that are potent inhibitors of
caspases (21, 23). These inhibitors possess a dual advantage
as a result of the combination of the high reactivity of the
activated epoxides coupled with enhanced binding properties
of regular substrate-like peptides.

In general, the inactivation of cysteine proteases by
epoxide inhibitors proceeds through the nucleophilic attack

1 Abbreviations: AAsp, Aza-aspartic acid; AMC, 7-amino-4-methyl
coumarin; LBHB, low-barrier hydrogen bond; Z/Cbz, benzyloxycar-
bonyl; E-64,L-trans-epoxysuccinyl-leucylamide-(4-guanidino)-butane.
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of the active site thiol group on either the C2 or C3 carbon
atom of the oxirane ring. This irreversible thioalkylation
could follow two different pathways (Figure 2). In a previous
study, it was proposed that the nucleophilic active site thiol
group of caspase-1 reacts on the C2 carbon atom of an aza-
peptide epoxide inhibitor (23). In contrast, the high resolution
crystal structures of caspase-3 complexes presented here
clearly demonstrate that the nucleophilic attack is on there
face of the C3 carbon atom, creating a covalent thioether
bond (typically C-Sγ ) 1.8 Å) between the C3 carbon and
the sulfur atom of the active site cysteine (Cys163) (Figure
3a). Aza-peptides with good leaving groups will inhibit both

serine and cysteine proteases with the formation of stable
acyl enzyme derivatives (30, 31). The acyl enzyme com-
plexes formed by the reaction of aza-peptides with cysteine
proteases are thiocarbamates and are generally more stable
than the thioesters formed from normal peptide substrates.
The reason is the inability of a water molecule to nucleo-
philically attack the thiocarbamyl group of the acyl enyzme

Table 1: X-ray Data Collection Statistics of Caspase-3/Aza-Peptide Epoxide Complex Crystalsa

1 2 3 4 5

caspase-3/
Cbz-DEVaD

-(S,S)
EP-CO-N
(CH2Ph)2

caspase-3/
Cbz-DEVaD

-(S,S)
EP-COO
-CH2Ph

caspase-3/
Cbz-DEVaD

-(S,S)
EP-CO-NH

-CH2Ph

caspase-3/
Cbz-EVaD

-(S,S)
EP-CO-NH
-Ch2CH2Ph

caspase-3/
Cbz-LETaD

-(S,S)
EP-CO-Ala
-NHCH2 Ph

space group I222

unit cell dimensions (Å) a ) 65.9 a ) 66.8 a ) 67.7 a ) 69.1 a ) 67.9
b ) 83.4 b ) 83.8 b ) 84.0 b ) 83.5 b ) 83.7
c ) 96.4 c ) 96.5 c ) 96.2 c ) 95.8 c ) 96.2

resolution range (Å) 20.0-1.70 20.0-1.75 20.0-1.67 20.0-2.05 20.0-1.69
(1.79-1.70) (1.84-1.75) (1.76-1.67) (2.15-2.05) (1.78-1.69)

unique reflections 28860 (3974) 27485 (3983) 31449 (4313) 16966 (2257) 30129 (3591)

redundancy 4.1 (3.8) 3.8 (3.6) 4.4 (4.3) 4.5 (5.9) 4.6 (4.3)

Rmerge(%) 4.8 (29.9) 5.6 (24.6) 6.4 (32.6) 2.5 (3.6) 6.6 (28.1)

completeness (%) 97.7 (93.0) 99.7 (100) 98.1(93.4) 95.4 (97.7) 97.8 (85.5)

average I/σ 18.8 (3.9) 17.0 (5.5) 17.3(3.8) 31.9 (25.3) 19.3 (4.3)
a The values in parentheses refer to that of the highest resolution shell.

Table 2: Refinement Statistics of Caspase-3/Aza-Peptide Epoxide Crystal Structures

1 2 3 4 5

caspase-3/
Cbz-DEVaD

-(S,S)
EP-CO-N
(CH2Ph)2

caspase-3/
Cbz-DEVaD

-(S,S)
EP-COO
-CH2Ph

caspase-3/
Cbz-DEVaD

-(S,S)
EP-CO-NH

-CH2Ph

caspase-3/
Cbz-EVaD

-(S,S)
EP-CO-NH
-Ch2CH2Ph

caspase-3/
Cbz-LETaD

-(S,S)
EP-CO-Ala
-NHCH2 Ph

resolution (Å) 20.0-1.70 20.0-1.75 20.0-1.67 20.0-2.05 20.0-1.69
R 17.4 16.2 18.5 16.4 18.0
Rfree 20.1 18.9 21.4 19.4 20.4

Number of atoms
protein 2004 1996 2004 1931 1996
ligand 62 55 55 48 60
water 363 403 361 299 348

Average B-factors
protein(Å2) 18.2 13.1 18.8 14.2 16.9
ligand (Å2) 31.6 22.5 30 41.0 35.6
water (Å2) 38 34.3 37.7 31.1 36.0

FIGURE 1: Design of aza-peptide epoxide inhibitors based on the
structure of caspase substrates. Selectivity was achieved by the
introduction of an epoxide moiety at theC-terminus of the P1-aza
aspartic acid residue.

FIGURE 2: Two possible pathways for the mechanism of inhibition
of caspase by aza-peptide epoxides involving either a C2 attack or
a C3 attack resulting in the epoxide ring opening and formation of
a thioether adduct.
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complex (32). The increased stability of thiocarbamates is a
consequence of the unique conformational and electronic
properties of the aza-amino acid residue containing an
R-nitrogen atom.

As a consequence of the nucleophilic attack by the active
site thiolate following an SN2 reaction mechanism, the
stereochemistry of the enzyme inhibitor adduct undergoes
an inversion in configuration. The configuration changes
from 2S,3S to 2R,3R(Figure 3a). The change at the C2
carbon atom is due to the nucleophilic attack, whereas the
change at the C3 carbon atom is due to the alteration in the
ranking order of the substituents. The high resolution and
well-defined electron density map allowed us to make an
unambiguous interpretation of the chiralities at the C2 and
C3 atoms. The stereochemical changes observed in our
structural studies are similar to those observed in other

cysteine protease-epoxysuccinyl inhibitor complexes (29,
31, 33).

In the case of clan CA cysteine proteases, the critical
protonation event of the epoxide ring is driven by water
molecules (34). The enzyme-inhibitor structures with
compounds (1-5) show that the nascent hydroxyl group
formed as a result of the epoxide ring opening is oriented
toward the active site His121, forming a hydrogen bond
(hydrogen bond distance ranging from 2.7 to 2.9 Å) (Figure
4). This strongly indicates that in caspases (or at least
caspase-3), unlike in clan CA cysteine proteases, the catalytic
His121 plays a key role in the protonation and subsequent
ring opening of the epoxide ring.

Structure and Binding Mode of Caspase-3: Aza-Peptide
Epoxide Inhibitors.We have determined five crystal struc-
tures of caspase-3-aza-peptide epoxide inhibitor complexes.

FIGURE 3: Close-up view of the active site of caspase-3. (a) The nucleophilic attack resulted in the formation of a covalent bond between
Sγ and C3, and the stereochemistry of the enzyme inhibitor2 adduct underwent an inversion in configuration from2S,3S to 2R,3R. The
prominent hydrogen bond interactions include the P1 carbonyl with the oxyanion hole and the catalytic His121 with the prime site hydroxyl
group (C2 carbon) (Figure 4a-e). (b) A low barrier hydrogen bond (bond length 2.4 Å) is observed between the P4 Asp of inhibitor2 and
the safety catch Asp179 from theN-terminal loop of theâ-subunit. (c) The superposition of the active site residues of caspase-3 in complex
with compound5 and the Ac-DEVD-CHO complex (green, pdb code: 1PAU). The catalytic His121 of compound5 complex is rotated
approximately 15° about itsø1 andø2 angles, resulting in a hydrogen bond formation with P1 Asp while retaining its interaction with
Thr62. The electron density map was contoured at 1.0σ, and the hydrogen bond interactions are drawn as red dashed lines. The residues
belonging to the other monomer are indicated by an asterisk.
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The interactions of the P1-P4 moieties of the aza-peptide
epoxide inhibitors in the substrate binding cleft of caspase-3
are similar to those observed for peptidyl aldehyde or halogen
methyl ketone inhibitors (35, 36), thus closely mimicking
substrate-like binding. The inhibitors used for the structural
studies were all trans (2S,3S) stereoisomers. The tetrapeptide
(-DEVD-)-based inhibitors are theN,N-dibenzyl amide
derivative1, theN-benzyl amide derivative2, and the benzyl
ester derivative3. The tripeptide (-EVD-)-based inhibitor is
a N-phenethyl amide derivative4, and compound5 is a
tetrapeptide (-IETD-)-based inhibitor containing an alanine
residue blocked by aN-benzyloxycarbonyl group at the
C-terminus. The chemical structures, along with the key
hydrogen bond interactions in the prime site of the caspase-
3-aza-peptide epoxide inhibitor complexes, are illustrated
in Figure 4a-e. A hydrogen bond between the prime site
carbonyl group and a water molecule is conserved in all the
complexes (Figure 4).

The overall structure of the enzyme in the complexes
analyzed here is similar to other known crystal structures of
caspase-3 (35, 36). TheR- andâ-subunits fold into a central
six-stranded mixedâ-sheet that is flanked on both sides by

5 R-helices. This architecture, which is designated as the
caspase hemoglobinase fold, is conserved throughout all
caspase structures. Superposition of the CR atoms of different
caspase-3 inhibitor complexes resulted in a root-mean-square
deviation of 0.3 Å (35, 36). This indicates that large scale
conformational changes do not occur upon binding of the
prime site substituents. However, rearrangements occur in
residues that directly interact with the inhibitor. The geom-
etries of the epoxide inhibitors bound to caspase-3 were well
defined in the electron density maps, allowing an unambigu-
ous interpretation of the atoms of the inhibitor located in
the prime site (Figure 3a).

Influence of Inhibitor Structure on Binding and Rate of
InactiVation. Aza-peptides are analogues of peptides in which
theR-CH group is exchanged by a nitrogen atom (37-39).
This substitution has a profound effect on the reactivity and
results in the loss of the chiral center. The presence of the
free electron pair on the aza-nitrogen atom leads to an
extension of the area of planarity in comparison to a normal
peptide linkage (40). The additional limitation of free rotation
seems to allow the side chains to adopt a configuration that
is between theD andL configuration (37, 38). Consequently,

FIGURE 4: Chemical structures and hydrogen bond networks at the prime site for caspase-3 in complex with aza-peptide inhibitors1-5.
The nascent hydroxyl group at the C2 carbon atom formed as a result of nucleophilic attack is involved in a hydrogen bond formation with
catalytic His121. The P1-carbonyl group is stabilized with hydrogen bond interaction of the oxyanion hole, whereas the P1 prime carbonyl
group is stabilized with a conserved water molecule. The interaction between the P1 Asp and His121 in the case of the structure of caspase-3
in complex with compound5 implies, apart from its implications in catalysis, that His121 plays a role in substrate binding.

Specificity of Caspase-3 Analyzed Using Aza-Peptide Epoxides Biochemistry, Vol. 45, No. 30, 20069063



there is an increase in acidity of the NH group attached to
the aza-nitrogen atom, which strengthens the P1-amide
hydrogen bond to the backbone carbonyl group of Ser205

(Figure 3c). The importance of the backbone intermolecular
hydrogen bond interaction was studied previously (41). A
dramatic decrease in potency was observed for caspase-1
when the P1-amide proton was replaced by a methyl group
underscoring the significance of this interaction for binding
and potency. In the current structures, the inhibitor moiety
extends along the primed and nonprimed subsites of the
enzyme, and it is stabilized by a series of hydrogen bonds
and hydrophobic interactions (Figure 4).

Interactions at the Prime Site of Caspase-3.The structural
and chemical properties of the prime site region of caspase-3
indicate a preference to bind hydrophobic moieties of an
inhibitor. Inhibitors containing such prime site residues might
bind with higher affinity and would offer higher selectivity
for caspase-3. The prime site in caspase-3 is predominantly
hydrophobic and is delineated by four loop regions: the 179-
loop (between strandâ1 and helix R2), the 240-loop
(between strandâ3 and helixR3), theC-terminal loop from
the R subunit, and by a loop (between helixR3 and strand
â4) from theâ subunit. The interactions of the P2 and P3
residues of the inhibitor are similar to the ones reported in
other caspase-3 structures (35, 36). In all crystal structures
reported here, the P1 carbonyl group, which is a part of the
aza-aspartic acid, extends toward the oxyanion hole and is
stabilized by hydrogen bonds to the backbone amide nitro-
gens of Gly122 and Cys163 (Figure 4). These interactions are
similar to those observed in the crystal structures of caspases
in complex with halo methyl ketones (35, 42). These
interactions contribute to the stabilization of the enzyme
inhibitor complex and also help to ideally orient the inhibitor
for the subsequent nucleophilic attack by the active site
Cys163 Sγ atom. A unique feature of all crystal structures of
caspase-3 aza-peptide epoxide complexes is the rotation of
the catalytic His121 around C1 and C2 by approximately 15°.
During this rotation, the hydrogen bond between the His121

Nε atom and the backbone carbonyl of Thr62 (putative third
residue of the catalytic triad) stays intact because the
geometry of this hydrogen bond is nearly collinear with the
CR-Câ bond (Figure 3c). The movement of His121 is required
because otherwise, a steric clash with the newly formed
hydroxyl group at the C2 carbon atom would occur. This
movement results in the formation of a hydrogen bond with
the P1 Asp residue in the case of the structure of caspase-3
in complex with5. The interaction between the catalytic
His121 and P1 Asp implies that His121, apart from its
implications in catalysis, plays a role in substrate binding.

Inhibitor 1 is the most potent inhibitor used in this
structural study. It possesses a bulky dibenzyl moiety that
best fits the large cavity in the prime site and effectively
buries altogether about 740 Å2 of the enzyme accessible
surface on binding. The order of reactivity correlates well
with the calculated buried surface area upon the binding of
the inhibitor (Table 3). While one of the phenyl rings is
involved in hydrophobic interaction with Tyr204, Thr166, and
Glu123, the other phenyl ring fits the hydrophobic pocket
formed by Met61 and Phe128 of the prime site (Figure 5a).
The monobenzyl derivative3, unlike its dibenzyl counterpart,
has a proton donating amide group and forms a hydrogen
bond with the backbone carbonyl group of Gly122. Despite

this additional hydrogen bond, the absence of the second
phenyl ring resulted in a 50% decrease in the observedk2

value (Table 3). Moreover, the phenyl ring is not placed
ideally in the hydrophobic pocket; rather, it is oriented in
an unfavorable position toward the carboxyl group of Glu123

(Figure 5a). A superposition of the benzyl ester derivative2
with 1 shows, that its phenyl ring occupies the same pocket
as one of the phenyl rings of compound1. Compound2 is
as potent as compound1 as it effectively buries the residues
Tyr204, Thr166, and Glu123 delineating this pocket (Figure 5a).
The decreased affinity for compounds4 and5 is predomi-
nantly due to the nonoptimal residues in the P4 position. In
addition, the extension of the aliphatic chain by one carbon
in compound4 does not seem to improve the affinity in the
prime site. The terminal phenyl ring is very flexible because
it is destabilized because of the presence of a charged side
chain of Glu123. However, the presence of an alanine residue
in the prime site in the case of compound5 appears to be
favorable because its methyl group is stabilized by the side
chain of P2 threonine residue (Figure 5b).

Specificity of Caspase-3 in the S4 Pocket.Caspase-3 and
caspase-7 are highly selective for an aspartic acid as the P4
residue (11). In the case of caspase-3, the affinity for an Asp
in P4 is 100-fold higher than that for a Glu/Asn at this
position (16). The structural basis for this observation was
revealed recently (43). The N-terminal loop consisting of
residues 176-185 of theâ-subunit plays a vital role in the
substrate recognition, particularly at the subsites S4 and S5.
The predominant factors contributing to the binding affinity
of an inhibitor are (i) a low-barrier hydrogen bond (LBHB)
between the P4 Asp (in the case of1, 2 and3) and the safety
catch Asp179, and (ii) a cluster of hydrophobic interactions
between Val178, Phe250, Phe248, and P5-Cbz group. In contrast
to the former observation (43), the P5-Cbz group is well-
ordered in all of the crystal structures reported here (Figure
3b). The electron density map is well defined, and the
B-factor values for the atoms of P5-Cbz are comparable to
the rest of the inhibitor moiety. The P5-Cbz group is
stabilized by the hydrophobic cluster formed by Val178,
Phe250, Phe252, and Lys229.

To study the influence of the P4 residue on the ordering
of theN-terminal loop and, in particular, the interaction that
prevailed between the P4 aspartate and the safety catch
Asp179, we have determined two crystal structures of
caspase-3 with suboptimal inhibitors containing an isoleucine
residue in P4 (IETD) and a tripeptide (EVD) based inhibitor.
Procaspase-3 exists as an inactive zymogen, and it is
activated through proteolytic cleavage by the initiator
caspase-8/-9 during apoptosis to separate theR- and the

Table 3: Second Order Inactivation Rate Constants (k2) and Buried
Surface Area for Aza-Peptide Epoxide Inhibitors against Caspase-3

aza-peptide epoxide inhibitorsa
k2

(M-1 s-1)b

buried
accessible
surface area

(Å2)

1 Cbz-DEVaD-(S,S) EP-CO-N(CH2Ph)2 2170000 742
2 Cbz-DEVaD-(S,S) EP-COO-CH2Ph 1910000 682
3 Cbz-DEVaD-(S,S) EP-CO-NHCH2Ph 1090000 619
4 Cbz-EVaD-(S,S) EP-CO-NH-CH2CH2Ph 27300 614
5 Cbz-LETaD-(S,S) EP-CO-Ala-NH-CH2Ph 1280 618

a The aza-aspartic acid residue is represented by aD.b Thek2 values
were compiled from ref 23 (23).
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â-subunits. The subunits then rearrange to produce an active
caspase-3 molecule. Autocatalytic activation of procaspase-3
by an active caspase-3 is a way to amplify the apoptotic
signal, and the cleavage occurs at Asp175, located at the
intersubunit linker region. The cleavage sequence (172-
IETD-175) matches the peptide sequence of compound5;
thus, the structure is a representation of the interactions of a
substrate and the enzyme during the autocatalytic activation.
In the case of compound5, the lower value for the second-
order inactivation rate constant (k2) emphasizes the impor-
tance of P4 Asp in comparison to the suboptimal P4 Ile
residue (23). The P4 Ile in compound5 topologically
occupies the same place as a P4 Asp. It is stabilized through
hydrophobic contacts to Trp206, Trp214, and Phe250 (Figure
6b). Large scale movements of the residues shaping the
substrate binding site are observed. The most dramatic
change occurs with Trp206, which rotates 15° aroundø1 and
is thus displaced by about 1.3 Å. The movement of Trp206 is
necessary to prevent steric clashes with the P4 Ile residue.
This also influences the neighboring hydrophobic residues,
such as Leu168, Phe256, Tyr204, and Trp214, all of which adapt
to the needs of accommodating the suboptimal P4 Ile. These
structural observations are in good agreement with the initial
hypothesis concerning the reorganization of tryptophan
residues during caspase-3 activation. The placement of an
isoleucine residue in the S4 subsite results in the drastic
decrease in affinity due to nonproductive binding. Conse-
quently, the main chain atoms of theN-terminal loop of the
â-subunit (residues 176-185) are displaced by about 0.5 Å
in comparison to the other crystal structures in complex with
compounds1, 2, and 3. No change in the side chain
conformations of residues 176-185 in theN-terminal loop
is observed. In the case of tripeptidic inhibitor4, the blocking
group Cbz occupies the S4 pocket, and it is stabilized by

hydrophobic contacts with residues Trp206, Trp214, and Phe250

(Figure 6a). An interesting feature of the structure in complex
with compound4 is that theN-terminal loop of theâ-subunit,
in particular residues 176-185, is completely disordered. No
interpretable electron density for theN-terminal loop residues
was observed. This is a consequence of the removal of both
the anchor points that prevailed in the crystal structure
complexes of compounds1, 2 and3.

DISCUSSION

Strategies to specifically target caspase-3 for therapeutic
intervention could be fruitful in the treatment of variety of
diseases. A large number of caspase/inhibitor complexes have
been studied by X-ray crystallography (12, 35, 36, 42, 44,
45). The caspase structures increased the understanding of
their important role in apoptosis and have revealed a wide
variety of binding modes and geometries. Most of the
inhibitors bind to the S1-S4 subsites of the active site,
whereas less is known about the binding at the S1′ subsite.
In this article, we describe the structural basis for the
mechanism of inhibition and the binding mode of aza-peptide
epoxides by caspase-3. Analysis of the crystal structures
reveals that the nucleophilic attack takes place on the C3
carbon of the epoxide ring; thus, additional substitution might
be tolerated at the C2 carbon. The binding of the aza-peptides
mimics the substrate-like binding in the S1-S4 subsites. In
sharp contrast to clan CA cysteine proteases, the epoxide
ring is protonated by the catalytic His121 in caspases. Our
aza-peptide epoxide inhibitors demonstrate very high selec-
tivity toward caspases. The prominent reasons for this is the
design strategy of placing the epoxide moiety at theC-
terminus of an aza aspartic acid residue resulting in the
overall stabilization of the charged groups, such as the
oxyanion hole, catalytic histidine, and P1 Asp of the inhibitor.

FIGURE 5: Surface representation of the active site of caspase-3. The active site and prime site residues are shown in stick representation.
(a) Superposition of compounds1 (blue), 2 (green), and compound3 (yellow). The biphenyl derivative effectively buries the residues
Tyr204, Thr166, Glu123, Phe128, and Met61 in the prime site. (b) Superposition of compound4 (green) and compound5 (yellow). The methyl
group of the alanine residue of compound5 in the prime site is stabilized through hydrophobic contacts with the P2 Thr residue.
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The other plausible reasons for selectivity might arise from
the mechanistic differences between clan CA and CD
cysteine proteases. The capability to recognize bothD andL

configurations of the substrates with similar reactivity is a
unique feature of caspases (46). The P1 aza manipulation to
form the aza-peptide results in a change in the configuration
of the P1 residue fromL to intermediate planarD/L geometry.
The difference in geometry prevents the nucleophilic attack
on the warhead group by other proteases, whereas caspases
recognize compounds with this geometry as normal peptidic
substrates with similar efficiency. Serine protease, like
granzyme B, having a preference for aspartic acid at the P1
position, might lack the nucleophilicity required for the
epoxide ring opening in an SN2-like displacement.

Selective inhibition of a particular caspase can be achieved
by exploiting the specificity at the prime site. The highly
homologous executioner caspases-3 and -7 possess prime
sites of slightly different size and shape. Although the prime
site in caspase-7 is a deep and narrow pocket, the prime site
in caspase-3 is more open and broad. We wanted to capitalize
on the affinity of hydrophobic residues at the prime site to
design some potent and specific inhibitors. Our inhibitors
show reasonable selectivity toward caspase-3 because of the
presence of the prime site constituent. The structural studies
with nonideal P4 substituents revealed that the ordering of
theN-terminal loop of theâ-subunit is dictated by two key
interactions: (i) the LBHB and (ii) the hydrophobic cluster
discussed above. A dramatic shift occurs in the observed k2
value, if a P4 Asp is replaced by a P4 Ile, which can be
explained by the large scale movements of the residues
shaping the substrate binding site. TheN-terminal loop of
theâ-subunit is completely disordered in the crystal structure
when both key interactions are missing. This leads to
insufficient charge compensation and a conformational

change that decreases the binding surface, implying a drop
in the binding affinity. Therefore, the S4 subsite in caspase-3
has a strong preference for an aspartic acid. In conclusion,
we have highlighted the structural basis for achieving the
selective inhibition of caspase-3 by utilizing the variations
and subtle differences, particularly in the S4 and S1′ subsites.
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