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A series of acyloxyalkyl and amidooxyalkyl ketones appended to a carbobenzyloxy aspartic acid core have
been prepared. The most potent of these new inhibitors was 4i with a Ki of 0.5 lM. These two series pro-
vide an improved understanding of the binding requirements for the hydrophobic prime side of ICE.
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Interleukin IL-1b (IL-1b) is a pro-inflammatory cytokine that
has been implicated in a number of pathophysiological states.1

Thus inhibitors of ICE, the key enzyme that converts the inactive
pro-IL-1b to the biologically active form, would be of pharmacolog-
ical value.2 Structurally, ICE inhibitors can be dissected into three
components: a core fragment, a P4-P2 peptidomimetic head-frag-
ment, and a prime side tail-fragment (Fig. 1). SAR campaigns but-
tressed by X-ray crystallography3 have revealed a key requirement
for Asp as the core fragment.4 While multiple scaffolds have been
disclosed for the peptidomimetic fragment, the prime side tail
has received limited attention. Most of these moieties have been
functionally designed as leaving groups, thus not taking full advan-
tage of all the available protein interactions.

The simplest prime side group is the corresponding Asp-CHO,
typically found in its masked acylal form, as exemplified by the
clinical candidates pralnacasan5 and VX-7656 (Fig. 2). Other varia-
tions found for the prime side moiety include halomethyl Asp ke-
tones (AcYVAD-CMK or MX-11227), halophenyl derivatives (Win-
676948 or IDN-75689), or heterocyclic derivatives (PTP10).

The first reported study of ligands projecting into the prime side
looked at the effect of methylene spacers on the binding of a phe-
nyl group.11 The authors identified the peptidomimetic AcY-
VAD(CH2)5Ph, 1, as a potent ICE inhibitor (Ki = 18.5 nM). Later,
our group12 reported sulfonamide derivatives having the potential
ll rights reserved.
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for intramolecular H-bonding effects that were able to rigidify the
backbone. Our analog 2 exhibited comparable potency (Ki = 4 nM)
to 1. These appear to be the only reports directed at fully accessing
the prime side binding pocket. From analysis of the X-ray crystal
structure of ICE and consistent with the observed SAR, it is evident
that the prime side pocket is hydrophobic in nature, since it is sur-
rounded by hydrophobic amino acid residues (Ile176, Pro177, and
Ile239).
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While providing valuable information related to the prime side
interactions, these reports left a great deal of questions unan-

swered. We wished to fill this knowledge gap in order to better de-
sign ICE inhibitors. To rapidly assess prime side SAR, a strategy of
optimizing this fragment on a truncated P side moiety was envi-
sioned. This was accomplished by utilizing a carbobenzyloxy aspar-
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Table 1
Comparison of binding affinity for select compoundsa
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Figure 1. General structural features of an ICE inhibitor.
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Figure 2. Representative ICE inhibitors illustrating the typical structural motifs
found on the prime side.
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tic acid core to construct a series of acyloxyalkyl and amidooxyalkyl
ketones. The advantage of using this single amino acid substrate
was that it increased the ease of synthesis and simplified the anal-
ysis of the final products since, for example, di- and tripeptide acy-
loxyalkyl ketones can lead to bimodal inhibitors.13 This strategic
approach was completed by appending the optimized prime side
fragment to the full length P side to afford ICE inhibitors with im-
proved potency.

Synthesis of the aspartyl acyloxyalkyl ketones 4 followed the
protocol outlined in Scheme 1.14 The known15 bromoketone 3
could be converted into the desired esters 4 by bromide displace-
ment with the corresponding carboxylic acid followed by depro-
tection of the aspartyl b-acid with TFA. Esters 4 were tested as
inhibitors of ICE using a recombinant form of the enzyme and
monitored by fluorescence (Table 1).13 Ketone 5 was synthesized,
based on our strategic design, as a reference standard to be analo-
gous with 1.

With compounds 4 in-hand, it was quickly observed that simple
acyloxyalkyl ketones, such as 4a, demonstrated improved activity
(14-fold) compared to 5. Phenylalkyl derivatives 4b and 4c probe
the depth of the prime side pocket and showed optimal binding
with two methylene spacers. The tolerability of heteroatoms in
the linker was examined with compounds 4d–f. While a nitrogen
atom (4f) is tolerated, oxygen (4d) and sulfur (4e) show a modest
Cbz
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CO2tBu

Br
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N
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Scheme 1. Preparation of aspartyl acyloxyalkyl ketones.
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Table 1 (continued)

Entry Compound Ki (lM)
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a For a description of the assay see Ref. 13. Ki values are the geometric mean of
two or more experiments.

Figure 3. X-ray structure of 1 (orange) and 4i (green) in ICE active site.

Figure 4. Docked overlay of 4i (white) and 4p (orange).
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2.6- and 4-fold, respectively, improvement in binding relative to
4b. A 2-naphthyl moiety (4g) modification of 4b shows the addi-
tional phenyl was tolerated. However, a 4.6-fold improvement in
binding was observed by shortening the chain by a single methy-
lene group (4h). Compound 4i maintains the shorter linker but
now changes the orientation of the naphthyl moiety by linking
through the 1-position. This modification provided a 12-fold in-
crease in potency relative to 4g. Inserting an oxygen atom into
the linker, as in 4j, was tolerated with only a slight twofold de-
crease in potency relative to 4i. In an attempt to restrict the confor-
mational space the naphthyl fragment could occupy, the
methylene spacer in 4i was methylated to afford 4k, which was
equipotent with 4j. While multiple compounds were prepared,
compounds 4l–o summarizes the naphthyl moiety substituent ef-
fects. Substitution at the 4-position (4m) and 5-position (4n) were
better tolerated than at the 2-position (4l) or 8-position (4o). Add-
ing a phenyl substituent to the linker chain of 4b generated 4p that
proved to be equipotent to 4i. Compound 4q is the result of addi-
tion of a pyridyl fragment to linker of 4b. This resulted in a slight
erosion of potency compared to 4i. Compounds 4r–u provided
additional examples that showed the prime side could tolerate
additional polarity. The indole moiety of 4r proved to be the most
potent, followed by benzofuran 4s, benzothiophene 4t, and benzo-
thiazole 4u.

These results strongly suggest that the principal feature needed
for optimal activity of the prime side ester is the juxtaposition of
the aryl group within the ICE prime side pocket. In order to study
this prime side interaction more fully, we obtained X-ray crystal
structures of 4i. This juxtaposition is displayed in Figure 3, which
shows the binding pose of 1 relative to ester 4i. The Asp b-carboxy
binds into the oxy-anion hole. The Cbz group of 4i reaches into the
S2 pocket, whereas 1 extends to fully interact with the P side. On
the prime side, the phenyl group of 1 and the naphthyl ring of 4i
occupy very similar positions in the hydrophobic pocket. This
was accomplished by the linker taking similar trajectories. More
specifically, the naphthyl group binds in the hydrophobic region
formed by the Ile176, Pro177, and Ile239 side chains. The naphthyl
group is oriented with its second phenyl ring binding edge-wise to-
wards Gly238 which is located in a beta strand.

Interestingly, the potent diphenyl derivative 4p docked with its
ester group oriented essentially 90� to the ester group of 4i (Fig. 4).
One prime side phenyl ring of 4p intersects almost perpendicularly
to the second ring of the naphthyl group in 4i, but still formed
hydrophobic contacts with Ile176 and Ile239. The second phenyl
group in 4p orients proximal to the Asp288 loop in the C-terminus
region of the p20 domain. Since this second phenyl group resulted
in more than a sevenfold enhancement in potency, relative to 4b,
this intriguing binding pose highlights an additional binding sub-
site that could be targeted by prime side groups.

Complementary to these studies and as part of our ICE inhibitor
project, a diverse combinatorial library was generated to fully ex-
plore the chemical space associated with the prime side pocket
of the protease active site. From this array, hydroxamic acid deriv-
ative 6 was determined to be an active compound. This hit was se-
lected for further optimization to probe the nature of the
hydrophobic pocket and explore the effect of the hydroxamic acid
functional group on ICE inhibition. Could the hydroxamate func-
tional group be isosteric with the ester group in this series of ICE
inhibitors?
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In order to determine which attributes of this compound imparted
it with such potency, an X-ray crystal structure of 6 bound in the

active site of the enzyme was determined (Fig. 5). Analysis of the



Figure 5. X-ray binding pose for 6.

Table 2
ICE enzyme inhibition dataa

Entry Structure Ki (lM)
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a For a full description of the assays see Ref. 8. Values are the geometric mean of
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structural data indicated that 6 made interactions, with respect to
the P1 position, as seen with other inhibitors. That is, the b-carboxyl
Asp group was bound to the oxy-anion hole formed by the Arg341,
Arg179, and Gln283 residues. Additional interactions observed were
the carbonyl of the Asp moiety H-bonding with His237 and the
amide nitrogen H-bonding to the backbone Ser339 carbonyl. A
unique feature of 6, captured by this structure, is the additional
H-bond with Gly238 residue from the carbonyl of the hydroxamic
acid moiety. The crystal structure also revealed that the carbome-
thoxy of the hydroxamic acid moiety was able to reach and presum-
ably make contacts in the S2 pocket, along with the Cbz protecting
group (Fig. 5).

Having made a preliminary attempt to rationalize which struc-
tural features of the hydroxamic acid moiety were utilized for its
binding, the next step was to vary these groups to gain greater in-
sight into these interactions. Hydroxamates 7 implement the same
strategy used to examine the ester SAR. These inhibitors main-
tained the truncated core fragment and the prime side moiety
was optimized for potency.

The hydroxamates 7 could be synthesized14 in a straightfor-
ward manner (Scheme 2) from the readily available aspartic acid
derivative 315 using a variation of the chemistry that was
employed in the preparation of the esters 4. Displacement of the
bromide now by appropriately substituted hydroxamic acids, fol-
lowed by deprotection with TFA afforded the desired target com-
pounds 7.

The series of compounds 7 were assayed for ICE inhibitory
activity and the results are summarized in Table 2. In addition to
6, compound 5 reprised its role as a reference compound as a way
to calibrate our strategic approach and relate these compounds with
esters 4. Thus, compound 6 was found to be eightfold more potent
Cbz
N Br
H O

CO2tBu

3

Cbz N O N R1

H O

R2CO2H

O

7

HO N R1
R2

O
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1. KF

Scheme 2. Preparation of aspartyl amidooxyalkyl ketones.

two or more experiments.
than 5. Compound 7a contains a minimally functionalized hydroxa-
mate fragment which proved to be 5.8-fold less potent than 6 but
equipotent with 5. Thus, the hydroxamate functional group was
making more productive interactions when compared to 5 and
different from those with 4. Compounds 7b and 7c provide some in-
sight into the substituents required for improved binding interac-
tions. These two compounds lack the pendant carbomethoxy
group found in 6 but exhibited approximately equivalent potency.
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Scheme 3. Preparation of tripeptide acyloxyalkyl ketones.
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Clearly, the carbomethoxy group was not contributing in a produc-
tive manner, to the binding interactions, thus giving rise to the
observed results. No increases in potency were observed with 7d
Table 3
Comparison of in vitroa and whole cellb inhibitory potency
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a For a description of the assay see Ref. 13. Ki values are the geometric mean of two o
b For a description of the assay see Ref. 16.
c Mechanistic change to irreversible inhibition (bimodal kinetics).
and 7e as the six-membered ring was made aromatic. Compounds
7f–j were designed to probe the hydrophobic characteristics of the
prime side region. Implementation of these moieties on the ester
variation proved to be a very successful approach for achieving
greater potency but this SAR did not translate to the hydroxamic acid
variation. Indeed, on the contrary, potency was negatively impacted.
Interestingly, improvements to potency (80-fold relative to 1) were
recovered with the oxa[2.2.1]bicyclo 7k. Presumably, the convex
nature of this group fills the hydrophobic pocket more effectively.

Having identified prime side fragments that greatly increased
binding efficiency relative to the reference compound 5, the time
to close the loop on the validation of our strategy arrived. Several
of the optimized prime side groups with demonstrated potency
improvements were combined with peptide P side fragments to
generate fully derivatized ICE inhibitors that were then evaluated
for overall improvement of binding efficacy. The commercially
available, orthogonally protected aspartic acid derivative 8 was
transformed using robust chemistry into the desired prime side
analogs 11 and 12 (Scheme 3).14 Elongation of 8 using standard
peptide chemistry afforded the Cbz-capped tripeptide acid 9 which
was converted to the corresponding bromoketone 10. Deprotection
Ki (lM) IC50 (lM) PBMC (lM)

0.011 0.078 0.9

0.134 0.976 4.9

0.003c 0.002 0.6

0.001c 0.005 4.3

0.002c 0.003 1.4

0.007 0.026 4.8

0.002 0.003 3.0

0.001 0.003 2.4

r more experiments.
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of the Asp b-carboxylic acid followed bromide displacement with
the appropriate carboxylic or hydroxamic acid (vide supra) to gen-
erate the desired targets 11 and 12.

With these compounds in-hand, their potency for ICE inhibi-
tion was determined and the data is presented in Table 3. Com-
pound 13 shows that the P4 substituent of 1 is more efficient
at binding compared to the Cbz group present in 12. The ester
analogs 11 and hydroxamates 12 are significantly more potent
than the reference compound 13. The analysis for these inhibitors
was complicated by the observation that these more potent pep-
tide derivatives of esters 11 could now serve as leaving groups.
This mechanistic switch is not unknown, since di- and tripeptide
acyloxyalkyl ketones can lead to bimodal inhibitors as previously
described.13

Comparison of these compounds in a functional assay using hu-
man peripheral blood mononuclear cells (PBMC) shows a much
different result. In this functional assay, esters 11b and 11c are
approximately equipotent with reference compound 13. In con-
trast 11a is about 10-fold more potent in the PBMC assay than
the other compounds. This poor correlation between enzymatic
inhibition and cell-based activity has been noted previously4a

and is problematic for the prediction and discovery of an ICE inhib-
itor with therapeutic potential. Since ICE is an intracellular en-
zyme, the loss of activity in going from the enzyme assay to the
cell-based assay may, in part, be a result of transport problems
across the cellular membrane. This explanation, however, seems
far too simplistic when structurally similar compounds such as
11a and 11b show divergent functional activity. A satisfactory
explanation of this poor correlation awaits future study.

Having examined the inhibitory activity of the esters 11, our
focus was directed towards the hydroxamic acid terminated pepti-
domimetics 12 (Table 3). Compound 12a, based on the original
library hit 6, was found to be almost 40-fold more potent, by
IC50, than reference compound 13. Of the three hydroxamates pre-
sented in Table 3, 12a proved to be the weakest. Compounds 12b
and 12c were found to be about eightfold more potent. Addition-
ally, hydroxamates 12 stand in contrast to esters 11. The former
did not display the change in mechanism, from reversible to irre-
versible enzyme inhibition, observed with the later despite them
both having comparable potency.

In summary, we have designed and synthesized a series of ICE
inhibitors with a variety of esters and hydroxamates that interact
with the prime side amino acid residues of the enzyme. These
inhibitors were designed and optimized using a protected aspartic
acid core and then the most potent groups were appended to a lar-
ger tripeptide producing low nanomolar ICE inhibitors. The results
demonstrate that, while potent inhibitors can be generated, one
must be cognizant of the nature of the binding interaction. This
is important to ensure the mechanism of inhibition does not
change. In sharp contrast to the ester variation, the hydroxamates
appear to have a narrower SAR trend. These two series have re-
sulted in an improved understanding of the binding requirements
of the lipophilic pocket on the prime side of the enzyme and this
information can now be utilized in the design of future ICE
inhibitors.
Supplementary data

Supplementary data (coordinate files (pdb) containing the ac-
tive site residues with the bound ligand for Figs. 3 and 5) associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.bmcl.2010.07.031.
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