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The production in vivo of the potent inflammatory
cytokine interleukin-13 (IL-18) requires proteolytic
processing of a biologically inactive IL-15 precursor
protein.! The cysteine protease, interleukin-18 convert-
ing enzyme (ICE), is now regarded as the processing
enzyme.? The correlation of IL-1 levels with the severity
of certain chronic inflammatory disease states has
implicated ICE as a compelling target for therapeutic
intervention.® We recently communicated that peptide
a-((2,6-dichlorobenzoyl)oxy)methyl ketones i derived
from aspartic acid are potent time-dependent inhibitors
of ICE.* It was established that the enzyme has a strict
preference for a P; aspartic acid residue in this class of
inhibitor.#5 We now describe aspartyl a-((1-phenyl-3-
(trifluoromethyl)pyrazol-5-yl)oxy)methyl ketones ii as
a completely novel class of peptide-based ICE inhibitor.
In addition, systematic incorporation of N-methyl amino
acids into the peptide inhibitor backbone Val-Ala-Asp
has enabled us to define the relative importance of the
P;—P3 amido nitrogens required for high-affinity bind-
ing.

During the course of our study of the peptidic aspar-
tyl ((arylacyl)oxy)methyl ketones,* we noted that the
second-order inactivation rates of these inhibitors ranged

" Department of Medicinal Chemistry.
¥ Department of Biochemistry.

0022-2623/94/1837-3863%04.50/0

02H CFS
| N
N@

some 3 orders of magnitude.® The variation in potency
was largely dependent on the type and pattern of aryl
substitution, while independent of (arylacyl)oxy leaving
group pK,.57 As a result, we elected to survey other
functionality, structurally distinct from phenols and aryl
carboxylic acids, for their ability to serve as leaving
groups. One class of heterocycle examined was the
5-hydroxypyrazoles, in particular 5-hydroxy-1-phenyl-
3-(trifluoromethyl)pyrazole.8 This heterocycle was in-
corporated into a selection of aspartic acid-containing
peptide scaffolds to afford a series of aspartyl ((1-phen-
yl-3-(trifluoromethyl)pyrazol-5-yl)oxy)methyl ketones
1-10.9%

The peptide a-(pyrazoloxy)methyl ketones 1—10 were
synthesized by one of two methods (Scheme 1).°* Bor-
rowing directly from the methodology previously de-
scribed for the synthesis of the aspartyl ((arylacyl)oxy)-
methyl ketones,* aspartic acid bromomethyl ketone tert-
butyl esters (1.0 equiv) were subjected to direct dis-
placement with 5-hydroxy-1-phenyl-3-(trifluoromethyl)-
pyrazole® (1.2 equiv) in the presence of potassium
fluoride (2.5 equiv, DMF, 12 h, 25 °C) followed by
treatment with trifluoroacetic acid (e.g., 11 — 12 — 1).
As an alternative method for inhibitor synthesis, peptide
coupling of Z-protected amino acids with amine hydro-
chloride 13 and then TFA-mediated deprotection was
readily achieved. This synthetic sequence is exemplified
by the preparation of tripeptide 6. Thus, amine 13 was
obtained from fert-butyl ester 12 by catalytic hydrogen-
ation in ethanol (10% Pd/C, 0.01 M solution of 12 in
absolute ethanol containing 4 equiv of 6 M aqueous HC],
1 atm Hp, 1 h, 25 °C). Subsequent TPTU-mediated
coupling!® of amine 13 to Z-(NMe)Val-Ala (1.1 equiv of
dipeptide acid, 3.5 equiv of diisopropylethylamine, 1.1
equiv of TPTU, 1.3 equiv of HOBT, CH;Cl;, 0—25 °C, 4
h) furnished tripeptide 14. Exposure of 14 to standard
peptide TFA deprotection conditions (0.1 M solution of
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Scheme 1. Synthesis of the o-((1-Phenyl-3-(trifluoromethyl)pyrazol-5-yl)oxy)methyl Ketones 1—10 (Absolute Stereo-

chemistry Is as Shown)
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Table 1. Evaluation of Inhibitors 1—10 against ICE

ICE=
inhibitor koos/[I1 (M1 371)
Z-Asp-CHPTP? (1) 11 000 £ 200
Z-Val-Asp-CHoPTP (2) 20 000 = 700
Z-Val-Ala-Asp-CH,PTP (8) 280 000 = 40 000

Z-Val-Ala-N(Me)Asp-CHoPTP (4) <300
Z-Val-N(Me)Ala-Asp-CH2PTP (5) 233 000 £ 700
Z-N(Me)Val-Ala-Asp-CHoPTP (8) 8 600 + 600
Z-Val-Aze-Asp-CH.PTP (7) 46 200 £+ 600
Z-Val-Pro-Asp-CHyPTP (8) 116 100 £+ 200
Z-Val-Pip-Asp-CH,PTP (9) 271 000 £ 35 000
Z-Pro-Val-Asp-CHPTP (10) <300

@ For a description of the assay, see ref 4. * PTP =
3-(trifluoromethyl)pyrazol-5-yl)oxy.

14 in 25% v/v TFA/CHCl,) gave inhibitor 6 (Scheme 1)
in ca. 60% overall yield from intermediate 12.

Potent time-dependent inactivation of ICE was seen
for the Z-Asp, Z-Val-Asp, and Z-Val-Ala-Asp peptide
inhibitors 1—3 containing the (1-phenyl-3-(trifluoro-
methyl)pyrazol-5-yl)oxy (or -PTP) leaving group (Table
1).11 The kqo/[1] of 11 100 M1 57! for 1 compares well
to the k.be/[I] of 7100 M~1 g1 for the corresponding
N-(benzyloxycarbonyl)-L-aspartic acid o-((2,6-dichlo-
robenzoyl)oxy)methyl ketone reported previously by us.*
Sequential increase in the number of the amino acids
present in the peptidic inhibitors affords an expected
increase in the rate of enzyme inactivation. Thus,
Z-Val-Asp-CHyPTP (2) and Z-Val-Ala-Asp-CHPTP (3)
possess second-order rate constants equal to 20 000 M ™!
s~! and 280 000 M1 s™!, respectively.

In further studies, an N-methyl scan of the Z-Val-Ala-
Asp backbone in inhibitor 8 was conducted to assist in
defining the relative importance of the P;, P3, and P3
amido nitrogens in ICE—inhibitor binding. The signifi-
cance of the amido nitrogens as well as a detailed
understanding of the overall enzyme—peptide inhibitor
binding geometry for both the papain superfamily!2a
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Figure 1. Comparative representation of the critical sites
along the peptide inhibitor backbone which are engaged in
hydrogen-bonding as observed for peptide inhibitor binding to
cysteine proteases (papain superfamily), serine proteases
(chymotrypsin superfamily), and ICE (arrows indicate sites of
hydrogen bonding).

(cysteine proteases, including papain, cathepsin B, and
calpain I) and the chymotrypsin superfamily!? (serine
proteases, including chymotrypsin and elastase) is
reviewed in Figure 1. Evidence gleaned from substrate/
inhibitor binding studies in conjunction with X-ray
crystal structures of cysteine protease— and serine
protease—inhibitor complexes reveals that these enzyme
families bind their peptide inhibitors through two
distinct hydrogen-bonding motifs. For the papain su-
perfamily, it is the inhibitor P; and P2 amido nitrogens
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which are necessary for productive enzyme binding. The
inhibitor P, and P3 amido nitrogens are the important
NH functionality engaged by many serine proteases
yielding an antiparallel 8-sheet structure.!* ICE is a
cysteine protease which bears no primary sequence
homology with any known cysteine or serine protease.
The purpose of the N-methyl scan of 3 was to determine
which hydrogen-bonding motif is utilized by ICE.

The inhibition data for the N-methylated inhibitors
4—6 against ICE are presented in Table 1. For inhibi-
tors 4 and 6, where the P; and the P3; amido nitrogens
have been independently methylated, there is a dra-
matic loss (ca. 30 to >1000x) in potency. However,
comparison of Z-Val-(NMe)Ala-Asp-CHyPTP (5) to 3, in
which the P NH hydrogen-bonding ability has been
removed through N-methylation, reveals that § is
essentially equal potent with the reference inhibitor 3
(kopo/T1] for 5 = 233 000 M1 s~1 versus 280 000 M~ s™!
for 3). These data clearly demonstrate the importance
of the P; and P3 amido nitrogens versus the P; amido
nitrogen for hydrogen bonding to the active site,1415

The inhibition constants obtained for 4—6 have led
us to postulate that a §-sheet type hydrogen-bonding
recognition pattern is employed by ICE to bind this class
of inhibitor (Figure 1). This hydrogen-bonding network
is unprecedented for the papain superfamily and is
reminiscent of the hydrogen-bonding interactions seen
in crystal structures of serine protease—inhibitor com-
plexes (Figure 1). Additional support for the S-sheet
model comes from incorporating cyclic amino acids at
positions Py and P;3 in inhibitors 7—10. Again the
analogous trend in the inhibitor profile is seen where
the P; Aze (L-2-azetidinecarboxylic acid), Pro and Pip
(L-2-piperidinecarboxylic acid) residues are tolerated
(kobs/I = 46 200, 116 000, and 271 000 M1 s~1, respec-
tively) by the enzyme, while the P3 Pro residue is
disfavored (koI = <300 M1 571)16 These data are
consistent with the fact that the Z-Pro at position P3 is
unable to offer a free NH group, a necessary require-
ment for high-affinity binding. Verification of this
putative 8-sheet model and complete assessment of the
hydrogen-bonding network must await an X-ray crystal
structure determination of an ICE—inhibitor complex.

In summary, aspartic acid a-((1-phenyl-3-(trifluoro-
methyl)pyrazol-5-yl)oxy)methyl ketones have been dis-
covered as a novel class of ICE inhibitor. The second-
order rate constants for enzyme inactivation of the
series 1—3 compare favorably to the analogous aspartic
acid o-((2,6-dichlorobenzoyl)oxy)methyl ketones re-
ported previously.* The results of the N-methyl scan
of the Z-Val-Ala-Asp-CHoPTP (8) peptide backbone have
revealed that the P; and P; amido nitrogens are criti-
cally involved in the hydrogen bonding of the inhibitor
to the active site of the enzyme. Demonstration of ICE
inhibition by crmA protein (a viral serpin),!” the aspartic
acid S; subsite specificity determinant,®4518 and now
the putative hydrogen-bonding inhibitor recognition
pattern (Figure 1) underscore the “serine protease-like”
character of this unique enzyme. The elucidation of the
B-sheet hydrogen-bonding motif exhibited between ICE
and inhibitor 3 has important ramifications for pepti-
domimetic design, and our research activities in this
area will be reported in due course.
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Note Added in Proof: After submission of our
manuscript, the X-ray crystal structures of ICE-(Ac-
YVAD-H) (Wilson, K. P.; et al. Nature 1994, 370, 270—
252) and ICE-(Ac-YVAD-CH;Cl) (Walker, N. P. C,; et
al. Cell 1994, 78, 343—352) were reported. The X-ray
diffraction studies substantiate our putative ICE—
inhibitor 5-sheet model.
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