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Reducing the Peptidyl Features of Caspase-3 Inhibitors: A Structural Analysis
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Caspases are cysteine proteases that specifically cleave Asp—Xxx bonds. They are key agents
in inflammation and apoptosis and are attractive targets for therapy against inflammation,
neurodegeneration, ischemia, and cancer. Many caspase structures are known, but most involve
either peptide or protein inhibitors, unattractive candidates for drug development. We present
seven crystal structures of inhibited caspase-3 that illustrate several approaches to reducing
the peptidyl characteristics of the inhibitors while maintaining their potency and selectivity.
The inhibitors reduce the peptidyl nature of inhibitors while preserving binding potency by (1)
exploiting a hydrophobic binding site C-terminal to the cleavage site, (2) replacing the negatively
charged aspartyl residue at P4 with neutral groups, and (3) using a peptidomimetic 5,6,7-
tricyclic system or a pyrazinone at P2—P3. In addition, we have found that two nicotinic acid
aldehydes induce a significant conformational change in the S2 and S3 subsites of caspase-3,
revealing an unexpected binding mode. These results advance the search for caspase-directed
drugs by revealing how unacceptable molecular features can be removed without loss of potency.

Introduction

The caspase family comprises a family of highly
homologous cysteine proteases that play key roles in
inflammation and apoptosis.1 =2 They display an unusual
and strict specificity for cleavage after aspartyl residues.
Caspases are expressed as inactive proenzymes of 30—
50 kDa that include an amino-terminal domain of
variable length and sequence that is followed by two
domains of conserved sequences: a large subunit (ap-
proximately 20 kDa, designated p17 in caspase-3) and
a small carboxy-terminal subunit (approximately 10
kDa, designated pl2 in caspase-3). Activation is ac-
complished by proteolytic cleavage between these do-
mains and subsequent assembly of heterotetramers that
contain two copies each of the large and small subunits
but lack the amino-terminal domains. Caspases can be
divided into two main subfamilies by amino acid se-
qguence homology, and this classification is reflected in
the biological activities and substrate specificities of the
members of these groups.* One family, exemplified by
caspases-1, -4, and -5, is associated with inflammation,
and the other, which contains caspases-3, -8, and -9,
plays a key role in apoptosis. Within the second group,
caspases act as either initiators or effectors of apopto-
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sis: initiator caspases such as caspase-8 and -9 are
activated by apoptotic stimuli and subsequently relocate
within the cell to activate effector caspases such as
caspase-3. Activator caspases cleave peptide bonds
C-terminal to (V/I/L)EXD sequences, while effector
caspases cleave after DEVD. Once activated, effector
caspases carry out highly specific cleavage of target
proteins associated with cellular homeostasis resulting
in cell death. These processes are also affected by
cofactors and inhibitors that modulate caspase activity,
resulting in a highly regulated cascade of molecular
events that control cell death in both normal develop-
ment and disease.

Caspases are attractive targets for therapeutic inter-
vention in several diseases because of the central role
played by apoptosis in those conditions. Excessive,
uncontrolled apoptosis appears to be related to several
diseases that currently lack suitable treatment such as
neurodegenerative disease, ischemia-reperfusion injury,
and autoimmune disorders, suggesting that caspase
inhibition may offer a significant opportunity for thera-
peutic intervention. In contrast, stimulation of caspase
activity may represent a new path for approaching
diseases such as cancer that are characterized by
uncontrolled cell growth and that may be treated by
regulating cell death.

Knowledge of an enzyme’s specificity plays a key role
in the design and development of specific inhibitors that
can play a therapeutic role. Caspase substrate selectiv-
ity is regulated by recognition of the four amino acid
sequence amino-terminal to the cleavage site.# Several
three-dimensional structures of inhibited caspases have
been determined, and the detailed information they
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Figure 1. Caspase inhibitors used in this study. The structure, identifier, and ICs in a caspase-3 inhibition assay® are shown.

have revealed is a guide to understanding the molecular
features that affect the potency and selectivity of
potential drugs. Available caspase structures involve
complexes with both low molecular-weight ligands and
macromolecular inhibitors, including studies on caspase-
1,571 caspase-3,%12-15 caspase-7,215-17 caspase-8,%18-20
and caspase-9.2! For caspase-7, structures of both the
proenzyme?223 and the uninhibited mature enzyme??
are also available.

The available structures of caspase/inhibitor com-
plexes all involve peptide or protein inhibitors, with the
single exception of a highly electrophilic isatin.'* Pep-
tides, however, are poor candidates for in vivo use as
therapeutic agents because of poor metabolic stability
and poor cell penetration. The initial caspase-3 inhibitor
Ac-DEVD-aldehyde (1, Figure 1) has the additional
liability of bearing three carboxylic acid groups and an
aldehyde functionality, features that are expected to
exacerbate these faults. Accordingly, one faces the task
of removing the structural features that underlie these
undesirable properties while preserving or enhancing
the binding potency and selectivity of the peptide- or
protein-based inhibitors. Here, we report structural
studies on complexes between caspase-3 and inhib-
itors that were aimed at exploring a variety of ap-
proaches to solving this problem (Figure 1). These
approaches center on three key areas of the binding site
identified in previous work. First, we characterize
interactions made C-terminal to the canonical tetra-
peptide—aldehyde inhibitors when they are converted
to ketones bearing alkyl—aromatic substituents that

exploit a hydrophobic S1' binding site 24 (compound 2).
Second, we report neutral replacements for the nega-
tively charged P4 aspartyl residue, including a cinnamic
acid methyl ester (3), a p-bromomethoxyphenyl group
(5), and a furazan (6). We also describe two peptido-
mimetic groups that can be used to replace the P2—P3
dipeptide while preserving the bound conformation of
the tetrapeptide leads as well as their essential polar
interactions with the enzyme, a 5,6,7-tricyclic system
(4) and a pyrazinone (6). In addition, we describe two
nicotinic acid peptide replacements (7, 8). We found,
surprisingly, that these ligands produced significant
conformational changes in the S2 and S3 subsites of the
enzyme and make productive interactions with a previ-
ously unappreciated binding region.

Results and Discussion

Despite the variation in inhibitor and particularly in
crystal lattice, the seven structures presented here are
remarkably similar in tertiary and quaternary structure
to one another and to the structure of the complex with
1. When the eight independent p17/p12 homodimers are
individually aligned with the complex with 1, the rms
deviation between o-carbon atoms ranges from 0.18 to
0.44 A and the largest deviation is 1.70 A. The largest
deviations are at the ends of the loops near Lys175 and
Phe381D. The strong conservation of the global protein
fold is illustrated in Figure 2 (see also Table 1 in
Supporting Information). Another global feature of these
structures is the strong correlation of binding potency
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Table 1. Crystallographic Parameters
compound
2 3 4 5 6 7 8
space group 1222 P212,2 P21212 Cc2 P2; 1222 C2
unit cell params
a(A) 69.94 70.60 69.50 110.30 50.187 69.78 125.07
b (A) 84.66 98.18 98.00 96.90 68.764 83.76 70.90
c(A) 96.82 44.16 44.00 70.90 98.003 95.91 86.57
p (deg) 128.06 101.464 129.20
molecules/au 1 1 1 2 2 1 2
resoln (A) 25 3.0 25 3.0 2.2 25 25
reflns 17 568 7630 29312 15975 101 766 19 330 42 258
unique rflns 8371 5527 9,500 11487 30,288 9319 18547
Rmerge (%) 8.0 8.8 5.7 6.1 5.6 6.5 5.9
completeness (%) 81.6 84.1 88 96.8 95 92.9 89.5
Rmerge 36.2 19.2 19.3 16.3 16.4 26.1 24.9
(highest shell) (%) (2.59—2.50A) (3.11—-3.00A) (2.60—2.50A) (3.11-3.00A) (2.28—2.20A) (2.59-2.50A) (2.59—2.50A)
completeness 33.3 75.0 25.0 88.7 76.6 48.2 33.3
(highest shell) (%)
refinement software XPLOR 3.1 X-PLOR98.1 X-PLOR98.1 X-PLOR 3.843 CNX 2000 XPLOR 3.1 XPLOR 3.1
R 0.1737 0.2256 0.1657 0.2787 0.2039 0.1845 0.1942
(highest shell) 0.2800 0.3370 0.2110 0.3490 0.2250 0.2680 0.3250
Riree 0.2304 0.3266 0.2123 0.3577 0.2515 0.2486 0.2470
(highest shell) 0.3380 0.3640 0.2420 0.4110 0.2850 0.3310 0.3900
rmsd bond (A) 0.007 0.0095 0.007 0.009 0.006 0.006 0.007
rmsd angles (deg) 1.347 1.599 1.490 1.633 1.317 1.368 1.433
solvent molecules 77 34 100 24 (x2) 236 74 171
PDB code 1rhk 1rhr 1rhu 1rhq 1rhj 1rel 1rhm
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Figure 2. Schematic representation of the protein chains of
the eight caspase-3 complexes presented in this work. The
structures are aligned to the structure of the 1 complex, and
the statistics of the alignment are given in Supporting
Information Table 1. A model of 2 is shown in one molecule to
indicate the active site of the enzyme.

with the amount of solvent-accessible area covered by
the bound ligands (Figure 3). The log(ICsp) is strongly
linearly correlated (r2 = 0.95) with excluded area over
4 orders of magnitude and the wide chemical diversity
of the inhibitors studied.

S1'. In general, converting the P1 Asp-aldehyde in the
initial peptide-based inhibitors to ketones and adding
groups C-terminal to them afford an increase in binding
energy. For example, conversion of the tetrapeptide—
aldehyde inhibitor 1 to its phenylpropyl ketone 2 results
in more than a 50-fold increase in binding potency
(Figure 1). A less than 10-fold increase in potency of the
methyl ketone (data not shown) suggests that while
some of this increased binding energy is due to increased
binding of the ketone moiety compared to the aldehyde,

Area (A2)

Figure 3. Plot of log(ICso) vs area of caspase-3 solvent-
accessible surface covered by bound inhibitor for the eight
ligands listed in Figure 1. Excluded area was calculated with
the AREAIMOL program of the CCP4 suite,*” and linear
regression (r> = 0.95) was used to fit the graph.

most of the improvement apparently arises from inter-
actions with the S1' binding site (Figure 4). This large,
bowl-shaped, principally hydrophobic site is a C-termi-
nal extension of the surface groove that contains S4—
S1. Itis delimited by the side chains of Met176, Thr177,
Glu239, His237, Phe244, Cys285, Thr288, and Tyr338
and nearby peptide chains, and its shape offers little
opportunity for highly specific interactions. Examination
of S1' suggested that, in terms of medicinal chemistry
derivatization, considerable flexibility was allowed for
substitution of medium-sized hydrophobic moieties at
this site. The P1' alkyl chain of 2 is in a generally
extended configuration and covers an area of 107 A2
Conversion of the P1" alkyl linker to a thioether, as in
3—5, contributes additional binding energy: the all-
carbon analogue of 5 binds caspase-3 15-fold more
weakly than the thioether. The 2-Cl, 6-F aromatic
substitution in 3 is apparently disordered; the density
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Figure 4. Interactions at S1'. For the five ligands with P1' components, the inhibitor is shown in an electrostatic surface of the
binding site. At the top right, 2 is shown surrounded by the side chains of residues in the S1' subsite as well as the residues of
the hydrophobic “wall” extending through S2 and S3. A stereo version of this figure is available in Supporting Information.

for this group is significantly weaker than that for the
rest of the ligand (1.00—1.50 vs 2.00), and parallel
refinements failed to distinguish between a model with
the fluorine pointing toward the carbonyl oxygen atoms
of Gly238 and Gly287 and an alternative model with
the chlorine in this position. There are no other polar
contacts between caspase-3 and any atom of an inhibitor
in S1' indicating that the positive contributions to
binding energy shown by these inhibitors arise from
hydrophobic interactions. The relatively nonspecific
nature of these interactions is reflected in the atomic
mobility of the atoms in this subsite. For the two
inhibitors with aromatic P1' components whose indi-
vidual temperature factors could be refined, the P1’
temperature factors are higher than those in P1—-P4;
the difference is 7.5 A2in 2 and 12.9 A2 in 4. In contrast
with the alkyl aromatic moieties described above, the
alkylamine at P1' in 6 does not display a specific ordered
conformation: there is no significant electron density
for this chain despite the relatively high quality of the
diffraction data and clear density and low temperature
factors (approximately 25 A2?) for the rest of this ligand.
Consistent with these observations, the length of the
alkyl chain does not contribute significantly to binding

potency. For a series of compounds related to 6 with
alkyl chains ranging from one to six carbon atoms, 1Csg
varies from 8 to 26 nM in a nonsystematic manner (data
not shown).

S2—-S3 Replacements. Studies employing positional-
scanning peptide libraries demonstrated a strong pref-
erence for a glutamate side chain at P3,* but its polarity,
along with that at P1 and P4, would interfere with the
ability of potential drugs to penetrate their target cells.
Analysis of the complex with 1 suggested that, of these
three sites, P3 would be most likely to allow a neutral
replacement without significant loss of potency. This
side chain extends from the surface of the 1 and 2
complexes, making few hydrophobic contacts with the
enzyme, and the carboxylate is highly exposed to
solvent, suggesting that its contribution to binding
might be low and that it could simply be removed.
Stemming from this observation, conversion of the
glutamyl residue of 2 to alanine resulted in only a
roughly 2-fold decrease in ICsp. In addition, the removal
of this polar group resulted in a roughly 3-fold increase
in potency in a cell-based apoptosis assay (data not
shown), consistent with improved permeability into
cells. With this understanding of the S3 subsite, the
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Figure 5. Peptide replacement at P2—P3. 2 (yellow carbon
atoms) is superimposed on (A) 4 and (B) 6 (green carbon
atoms). In each case, the structures were aligned using the
o-carbon atoms of the enzyme, independent of the ligands.

medicinal chemistry effort left behind negatively charged
P3 substituents.

In two ligands studied here, 4 and 6, the P2—P3
peptide unit has been replaced with ring systems that
reduce the peptide nature of the ligand but preserve
significant binding potency (Figures 1 and 5), again with
no carboxylate in P3. The 5,6,7-fused ring system in 4
has been proposed as a peptide replacement that would
adopt a S-turn conformation,?® but in this instance, the
inhibitor displays the extended conformation shown by
the peptide inhibitors 1 and 2. To our knowledge, the
present work is the first observation of this peptide
replacement in a macromolecular complex. When the 2
and 4 complexes are aligned on the a-carbon atoms of
the enzymes, the a-carbon atoms (or their topological
equivalents) of the inhibitors show an rms deviation of
only 0.49 A (Figure 5A). In addition, the tricyclic system
preserves atoms equivalent to those that make key
peptide-specific hydrogen bonds between the ligand and
the enzyme, the P2 N, the P3 N, and the P3 O (see
Figure 4 of ref 12), so those hydrogen bonds are formed
in both complexes. In addition, the tricyclic system
makes extensive hydrophobic contacts with a hydro-
phobic “wall” comprising Tyr338, Trp340, and Phe381H
and extending through S2—S3 (Figure 4).

Like 4, 6 preserves the extended conformation of the
peptide-based inhibitors (Figure 5B) as well as the three
hydrogen bonds in P2 and P3, and it can be aligned
closely with 2 (rmsd = 0.86 A on a-carbon equivalents).
6 also makes significant hydrophobic contacts through
S2 and S3: the substituted pyrazinone and the ethyl
group at P2 make extensive contacts with the same
hydrophobic wall as 4 (Figure 4).

The crystal structure of the 5 complex offered new
insight into the medicinal chemistry effort by identifying
a completely novel structural determinant for potency.
The inhibitor makes the same interactions as peptide-
based inhibitors 1 and 2 from S1 through to the S3
o-carbon but lacks the polar interactions made by the
P3 glutamyl side chain, by the main chain P3 amide,
and by the P4 aspartyl side chains (Figures 6A, 7A, and

Becker et al.

7C). Instead, the bromoanisole moiety of 5 exhibits a
previously unknown binding motif, making an extensive
edge-to-face interaction with the side chain of Trp340
(Figures 4 and 7C). This contact lies on the opposite side
of the active site cleft from S3, and we designate it as
the “phenyl” site. The bromine atom of 5 protrudes into
S4: in the aligned structures, it is 0.6 A from the P4
carboxylate carbon of 1. Clearly, replacing the bromine
with short-chain elaborations into S4 with hydrogen-
bond acceptors would improve potency. A number of
successful replacements were found, of which 3 is an
example.

S4 Replacements. The S4 subsite is a key determi-
nant of binding selectivity among members of the
caspase family,* and the differences in S4 binding
specificities of caspases are reflected in the shape and
chemical nature of this site in their three-dimensional
structures.56:912181922 One of the earliest insights of-
fered to medicinal chemistry by the X-ray structure was
the contrast between S1 and S4. While the positional
scanning libraries showed equally strict preferences for
a negatively charged aspartyl side chain in both sites,*
the more open and uncharged structure of the S4 subsite
suggested that it would be the more promising target
for introduction of neutral alternatives to the aspartyl
carboxylate. In contrast, the highly constricted and
cationic S1 subsite presented a much more daunting
challenge for replacement of the carboxylate. This
analysis helped direct, and was consistent with, the
subsequent medicinal chemistry optimization strategy
directed at finding neutral replacements for carboxylic
acid groups. The compounds studied here present three
responses to this challenge that retain significant bind-
ing potency: the cinnamic acid methyl ester of 3 (7.95
nM), the p-bromomethoxyphenyl group of 5 (17.7 nM),
and the furazan of 6 (9.17 nM). Ultimately the medicinal
chemistry effort produced inhibitors retaining only one
carboxylate, at P1.

3 binds similarly to 5, with the anisole portion of the
p-ethoxycinnamic acid methyl ester group lying in the
phenyl site (Figures 4, 7C, and 7D). The ester group
extends farther along the binding site than does the P4
carboxyl of 1: when the complexes are aligned by their
a-carbon atoms, the central carbon atom of the ester
group of 3 is 1.66 A from the carboxylate carbon of 1
(Figures 4, 7A, and 7D). Whereas the P4 aspartyl side
chain hydrogen-bonds with the main chain amide proton
of Phe381B and the N°2 of Asn342 (Figure 7A), the ester
of 3 completely bypasses this interaction. Instead, the
carbonyl oxygen atom of the ester forms a hydrogen
bond with N¢! of Trp348 (Figure 7D).

In the 6 complex, the orientation of the P4 1,2,5-
oxadiazole ring was unambiguously established by
simulated-annealing-omit maps that clearly showed the
position of the methyl group. This ring lies in the center
of S4, but it does not make any of the contacts made by
the acetyl or aspartyl groups of 1. Its closest contacts
are with the main chain amide nitrogen (3.20 A) and
carbonyl oxygen (2.94 A) of Phe381B (Figure 7B). The
angles among these atoms indicate that these interac-
tions are not canonical hydrogen bonds. However, an
ordered water molecule makes a bridged hydrogen-bond
interaction between a furazan ring nitrogen atom and
the side chain oxygen atom of Ser381C. Despite not
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Figure 7. S4 subsites of caspase-3 complexes with (A) 1, (B)
6, (C) 5, and (D) 3 in aligned protein structures. The P4 moiety
is at the center of the inhibitor and is at the center of each
figure. S4 residues are indicated in (A), and hydrogen bonds
are depicted as dashed lines.

making the specific polar interactions of the P4 aspartyl
group, the furazan makes significant contributions to
binding strength. Its removal results in a 10-fold loss
in 1Csp, confirming that furazan is a potent neutral

replacement for the anionic P4 aspartyl side chain of
peptide-based inhibitors.

Nicotinic Acid Aldehydes. As part of a rapid-
analogue synthesis effort to develop a more cell-
penetrant series of inhibitors, compounds containing a
P1 aspartyl aldehyde or ketone and a nicotinic acid
derivative at P2—P3 were prepared.?® Although these
inhibitors (7 and 8, Figure 1) bound relatively weakly,
their potency correlated well with their low molecular
weights and the small area that they cover on the
enzyme’s surface (Figure 3). To optimize this lead, an
attempt was made to model the binding of these
compounds into the active site observed in the structure
of the 1 complex. However, these calculations did not
produce a satisfactory fit of the pyridyl ring into S2. The
modeled position, over the part of the site that binds
the P2—P3 amide carbonyl, passed in front of and
effectively blocked S2 while making no good hydro-
phobic interactions, and this conformation did not
explain the potency of this inhibitor compared to other
close analogues. To understand the potency of 7 and 8
as a guide to lead optimization, we determined the
crystal structures of the complexes with these two
ligands.
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Figure 8. Binding site of caspase-3 represented as an
electrostatic surface containing bound (A) 1 and (B) 8. In the
8 complex, Tyr338 moves to occupy the volume filled by P2
Val in the 1 complex (top center of panel B), and Phe381H
moves to make close contact with the p-carboxyphenyl ring of
8 (top left center of panel B). Compare with Figure 6 and the
top right panel of Figure 4. A stereo version of this figure is
available in Supporting Information.

As expected, the interactions in S1 are quite similar
in the 1, 7, and two independent 8 complexes. The
aspartic acid side chains at P1 make similar contacts
in this positively charged site in all four structures,
characterized by polar interactions with the side chains
of Argl79, GIn283, and Arg341. In every case, interac-
tion with the catalytic Cys285 results in a hemithio-
acetal, whose oxygen atoms point into the “oxyanion
hole” of the catalytic site, making hydrogen bonds with
the amide hydrogen atoms of Cys285 and Gly238 as well
as with N°1 of the imidazole ring of the catalytic His237
(Figure 6).

The key to the potency of 7 and 8 lies in an un-
expected and previously unobserved side chain move-
ment. The side chain of Tyr338 rotates approximately
70° about X; in both nicotinic acid aldehyde complexes,
from gauche+ to trans, into the volume occupied by the
P2 Val side chain of the 1 inhibitor, essentially filling
and thus obliterating S2 (Figures 6 and 8). The unsuc-
cessful modeling calculations were based on the complex
with 1 and had not predicted this side chain motion.
The Tyr338 side chain interacts favorably with the
pyridyl ring in both 7 and 8. The inhibitors’ pyridyl rings
extend past S2 toward S3, with their nitrogens making
excellent hydrogen bonds to the main chain amide of
Arg341, analogous to the hydrogen bond between the
P2—P3 amide carbonyl groups in the 1 complex. The
X-ray structure of the 7 complex thus offered several
insights to the medicinal chemistry effort. First, the
binding of 7 in S2 was no longer an issue because this
subsite no longer existed in the complex. Second, with
the Tyr338 side chain movement, the interactions with
the nicotinyl ring itself appeared optimal, and thus,
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additional potency would be sought only by elaborating
the pyridyl ring toward S3 or S4. Third, the most direct
access to S3 and S4 was via substitution para to the
amide substituent, and this approach was used as a
starting point for structure-based design.

The p-carboxyphenyl rings of 8 in both independent
molecules do not lie in any of the previously identified
subsites in caspase-3. Instead, the ring protrudes out
of the binding site and makes relatively few contacts
with the protein. The conformation of the p-carboxy-
phenyl ring differs in the two independent 8 complexes.
In one molecule, the dihedral angle between the pyridyl
and phenyl ring is approximately —40°, while in the
second, it is +10°; consequently their binding interac-
tions differ in the two molecules.

The primary contact is an aromatic interaction with
the side chain of Phe381H, which moves from its
position in the 1 and 7 complexes toward the bound 8
(Figures 6C and 8). This residue is in the nine-residue
inserted loop that is present in caspase-3 but not in
caspase-1. There are two independent molecules in the
asymmetric unit of this crystal structure, and this loop
moves toward the phenyl ring of 8 in both molecules,
resulting in a net movement of 1.0-2.3 A of the
Phe381H side chain. In one of these molecules, the
approximate distance between the phenyl ring and the
phenylalanine side chain is 4.0 A. In the second mol-
ecule, the distance is approximately 4.6 A, resulting in
productive interactions with the phenyl ring of 8, and
this contact probably accounts for most of the increased
binding strength of 8. The first molecule has one of the
carboxyl oxygens hydrogen-bonded to the terminal
nitrogen (N¢) of the side chain of Lys175 of a symmetry-
related second protein molecule. The second inhibitor
molecule has one of the carboxyl oxygens making an
intramolecular hydrogen bond to the side chain oxygen
(O”) of Ser331C. The other carboxyl oxygen is hydrogen-
bonded to the side chain oxygen (O?) of Serl175A of the
symmetry-related first protein molecule.

The unexpected binding mode and ligand-induced
conformational changes in the nicotinic acid aldehyde
complexes make clear the importance of obtaining
structures representative of any new ligand class. They
also revealed a previously unsuspected region of
caspase-3 near Phe381H that can make productive
binding interactions that do not require peptide-like
structural elements. The location and nature of this site
also raise the possibility of designing inhibitors that are
branched off the nicotinyl ring in order to exploit the
opportunities for binding potency offered by the new site
as well as the previously known S4.

In the work presented here, we report the structural
details of multiple approaches to removing undesirable
formal charges and peptide bonds from initial, substrate-
based inhibitors of caspase-3. Converting charged pep-
tide leads such as those arising from early caspase
research to therapeutically acceptable agents requires
the simultaneous solution of multiple problems: the
peptide bonds and charges must be removed while
potency is maintained or increased. At the same time,
appropriate absorption, metabolic, distribution, and
excretion properties must be obtained. To meet these
multiple goals, it is important to investigate multiple
pathways of ligand modification and to understand the
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structural, chemical, and pharmaceutical properties of
these modifications. Our work has revealed the struc-
tural details of modifications that improve the proper-
ties of the initial peptide leads at several sites. We show
the details of how alkyl—aromatic substituents at P1’
can add binding potency to caspase inhibitors by inter-
acting with a shallow hydrophobic S1' subsite but that
purely alkyl substituents at this location do not enhance
binding. Even though a negatively charged aspartyl
group is strictly required at P4 in peptide-based inhibi-
tors, our results reveal how uncharged groups including
a cinnamic acid methyl ester, a p-bromomethoxyphenyl
group, and a furazan can form productive interactions
with the S4 subsite of caspase-3. We also show the
structural basis for the successful reduction of the
peptidyl character at P2—P3 through use of a 5,6,7-fused
ring system or a pyrazinone. A previously unobserved
phenyl binding site provides an alternative route to S4
without using S3 at all, an approach that proved
particularly useful because S3 offered little potential for
increasing potency. Both of these peptide replacements
preserve the extended conformation of the original
peptide inhibitor as well as the crucial protein—ligand
hydrogen bonds, and they provide productive van der
Waals interactions with a hydrophobic surface that
defines the substrate-binding groove of caspase-3. To our
knowledge, the present work represents the first de-
tailed structural analysis of the tricyclic ring system or
a pyrazinone as part of a macromolecular ligand, as well
as of the use of non-aspartyl groups in S4 of an effector
caspase. Finally, our work has revealed an unexpected
mobility in the S2 subsite of caspase-3. We found that
the potency of two nicotinic acid aldehydes could only
be understood by accounting for the induced conforma-
tional changes in this region of the enzyme and the
ensuing changes to the protein—ligand interactions.

Experimental Section

Caspase-3 was prepared by refolding active enzyme from
its constituent pl7 and pl2 subunits, followed by affinity
purification with the ligand of interest and/or ion exchange
chromatography as described.’>?” Expression and purifica-
tion of His-tagged caspase-3 was performed essentially as
described in Xanthoudakis et al.?® Briefly, the coding region
of procaspase-3 flanked by Ndel and Xhol restriction sites at
the N- and C-termini, respectively, was subcloned in the Ndel
and Xhol sites of the prokaryotic expression vector pET20b+,
placing the procaspase-3 coding region in frame with a His
tag at the C-terminus. After transformation into the protease-
deficient strain of Escherichia coli, BL21 (DE3) (Novagen), a
single colony was used to inoculate M9 medium containing 100
ug/mL carbenicillin. The culture was first incubated at 37 °C
until it reached an ODgo of 0.6—0.8, after which the culture
was cooled to 27 °C and protein expression was induced with
1 mM isopropyl -b-thiogalactoside for 90 min. Bacterial pellets
were harvested by centrifugation and stored at —80 °C. All
the purification steps were carried out at 4 °C. The cell pellets
were thawed in buffer A (20 mM Tris-HCI, pH 8.0, 20 mM
imidazole, 2.5 mM S-mercaptoethanol) containing 1% Triton
X-100 and lysed by sonication. The extract was clarified by
centrifugation at 10000g for 30 min, and the supernatant
solution was filtered through 0.22 um syringe driven filters
(Millipore) and loaded onto a column (bed volume = 1 mL of
gel per liter of cell culture) of Ni-NTA agarose (Qiagen)
equilibrated in buffer A. The column was extensively washed
with this buffer, and the protein was eluted from the resin
using a linear gradient from 20 to 250 mM imidazole in buffer
A. Fractions were collected and analyzed for purity by SDS—
PAGE on 10% Tricine gels (Invitrogen) and for protein
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concentration using BSA as a standard.?® Caspase-3 activity
was monitored in a fluorometric assay as described,®® with
DEVD-AMC as a substrate. Fractions showing the highest
purity and activity were pooled, dialyzed against 100 mM
HEPES-NaOH, 10% sucrose, 0.1% CHAPS, 10 mM DTT, pH
7.5, and used for crystallographic studies. The overall yield of
active caspase-3 was 2—6 mg of purified protein per liter of
culture.

Caspase-3/ligand complexes were crystallized by hanging-
drop vapor diffusion using the conditions described in Sup-
porting Information Table 2. In each case, equal volumes of
protein and well solutions were mixed to initiate crystalliza-
tion. Although the crystallization conditions were quite similar
for each complex, the seven complexes produced five different
crystal forms (Table 1). With one exception, diffraction data
were collected at room temperature using a Siemens multiwire
area detector and Cu Ka radiation produced by a Rigaku RU-
200 rotating-anode X-ray generator. These data were processed
with the SAINT software package,3! and the statistics of data
collection and reduction are listed in Table 1. Data from the 6
complex were collected at beamline 17-1D at the facilities of
the Industrial Macromolecular Crystallographic Association
Collaborative Access Team at the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL) using a Mar CCD
detector. For this experiment, a crystal was soaked in 25%
glycerol and vitrified in a vapor stream from a liquid nitrogen
source. These data were processed with HKL2000.32 All
structures were solved by molecular replacement, using the
protein portion of the caspase-3/1 structure!? as probe. Models
of the bound ligands were constructed in QUANTAS2® and
refined using CHARMM .3* Refinement restraints based on the
resulting models were generated in XPLO2D.% As listed in
Table 1, X-PLOR? and CNX®” were used for the molecular
replacement and refinement calculations. During the refine-
ment of each complex, at least one round of simulated
annealing refinement was performed to remove model bias,®
and a final round of refinement was performed using CNX.
Low-resolution and weak-intensity rejection criteria were not
applied in refinement and map calculation. For cross-valida-
tion,% 10% of the data were set aside and never used in any
refinement. Individual atomic temperature factors were re-
fined in all refinements with the exception of the 3 and 5
complexes where only two temperature factors per residue, one
for main chain and one for side chain atoms, were employed.
Strict noncrystallographic symmetry constraints were applied
in the refinement of the 5 complex, and these constraints
played a crucial role in the interpretation of this relatively low-
resolution structure. The current models were built by interac-
tive model building using CHAIN“® and O,**? adding water
molecules based on peak heights in difference electron density
maps and appropriate contacts with hydrogen-bonding part-
ners. Each model contains p17 (residues 150—295) and p12
(residues 320—401) chains, bound inhibitor, and solvent. In
each structure, the inhibitor forms a hemithioacetal or hemi-
thioketal with the active-site cysteine residue. Final refine-
ment statistics are listed in Table 1. Coordinates and structure
factors have been deposited in the Protein Data Bank*® (access
codes 1rel, 1rhj, 1rhk, 1rhm, 1rhqg, 1rhr, 1rhu) for release upon
publication. Figure 2 was prepared with RIBBONS,* and
Figures 4, 5, 7, and 8 were prepared with PyMOL.** The
electrostatic surfaces in Figures 4 and 8 were calculated with
GRASP.46
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Supporting Information Available: Statistical compari-
son of the alignment of the structures presented here, detailed
crystallization conditions, and stereo versions of Figures 4, 7,
and 8. This material is available free of charge via the Internet
at http://pubs.acs.org.
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