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Abstract—The a-ketoamide warhead (e.g., 15) was found to be a practical replacement for aliphatic aldehydes in a series of HCV
NS3.4A protease inhibitors. Structure–activity relationships and prime side optimization are discussed.
# 2004 Elsevier Ltd. All rights reserved.
A replacement for the prototype aldehyde covalent
warhead was sought for our evolving HCV NS3.4A
protease inhibitor series. We describe the SAR of a series
of warheads situated on a previously described tetra-
peptide scaffold. An unusual a-ketoamide active-site
binding motif has been identified and is discussed in
detail.

The attractiveness of the NS3.4A protease as a target
for inhibiting hepatitis C viral replication has been dis-
cussed often over the last several years1a�b and the first
protease inhibitor, BILN 2061, has recently entered
clinical trials.1c�d We have recently reported on the
structure–activity relationships of a series of tetrapep-
tide aldehyde inhibitors (e.g., 1) of the hepatitis C virus
NS3.4A protease culminating in the identification of a
sub-mM inhibitor, 2 (Ki=0.89 mM).2 Although useful
tools, aliphatic aldehyde warheads are relatively
unstable and consequently unlikely to be suitable as
drugs. We now describe efforts aimed at replacing alde-
hyde warheads with functionality that allows for the
requisite covalent binding to the catalytic serine while
maintaining the necessary chemical stability. The a-
ketoamide warhead was found to possess the necessary
physicochemical and biochemical characteristics.
It has been established3 that the preferred P1 substituent
for three of the four natural substrate cleavage sites of
the NS3.4A is cysteine.4 A simple cysteine residue is
incompatible with an electrophilic warhead due to
intramolecular or intermolecular reactions. We chose
aminobutyric (Abu) acid as the initial cysteine replace-
ment providing an ethyl group at P1. A survey of
potential covalent warheads was subsequently per-
formed based on this Abu scaffold. The inhibitory
properties of these compounds are summarized in
Table 1.

Syntheses of various tetrapeptide inhibitors possessing
different electrophilic warheads are described in
Schemes 1 and 2.

The protected Abu-OH (3) was converted to the
corresponding ‘reduced’ warheads using standard
methodologies from aldehyde 4.5�12 and the resulting
reagents (5a–h) were used for subsequent coupling
reactions (Scheme 2).
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Due to the commercial availability of 4-OBn-hydroxy-
proline, compound 6 was used as a standard scaffold for
our warhead exploration and was synthesized using
previously described methodology.2 Carboxylic acid 6
was coupled with H-Abu-OtBu under normal peptide
coupling conditions. The t-butyl protecting group of the
resulting tetrapeptide was subsequently cleaved under
acidic conditions to provide the free acid, 8. Alter-
natively, 6 was coupled with warhead precursors 5a–h
resulting in formation of hydroxy derivatives 7a–h. The
resulting compounds were oxidized to the correspond-
ing ketones 9–13, and 18–20 by using Dess–Martin per-
iodinate, Swern, or Moffatt–Pfitzner oxidation systems.
The oxidant was chosen based on the compatibility of
the R groups with the reagents. Compounds 14–17 were
prepared as previously described.12
Ketoamide variants were prepared by coupling 212 to
solid supported hydroxyester 22, which was prepared
analogously to the warheads in Scheme 1 and subse-
quently coupled to the THP-resin.13 Conversion of 23 to
the desired amides was carried out under standard con-
ditions to give 24, 30 and 32–50. The protected carboxy-
lates, 45–50, were finally converted to free acids with
TFA to give 25–29 and 31 (Scheme 3).

Compounds were initially tested using a spectro-
photometric assay described by Landro et. al.14 As the
potency of the compounds increased and exhibited tight
binding inhibition, the limits of accuracy for the p-
nitroaniline assay were exceeded. This is due to the
relatively high concentration of protease used in the
spectrophotometric assay (200–500 nM). Compounds
with Ki values less than 200 nM were thus evaluated
using a reverse phase HPLC based assay in which sub-
stantially lower enzyme concentrations may be used.

A non-covalent, charged warhead theoretically could
provide binding efficiency via electrostatic interactions
without requiring formation of a covalent bond. Car-
boxylate 8, however failed to show any advantage over
1. Given the lack of significant binding affinity and
potential problems associated with charged groups (e.g.,
inhibition of cellular penetration) we did not pursue this
class of inhibitors further. Somewhat surprisingly,
known covalent warheads that have been widely used as
serine and cysteine protease inhibitors, such as haloke-
tones and heterocyclic ketones (9–13), failed to show
improved binding relative to aldehydes. The results for
a-haloketone warheads are consistent with those pre-
viously published for non-covalent hexapeptide inhibi-
tors.15 Certain a-ketoamide warheads, however, did
demonstrate improved binding characteristics.10a,16 A
benzylamide 14, for example, was four time more potent
than 1. The addition of a branching methyl group at the
benzylic carbon of 14 in the S-configuration afforded 15.
Exhibiting a Ki value of 0.92 mM, 15 represents a sub-
stantial improvement over 1. A tertiary ketoamide, 17,
was less active than 15. The 1-(R)-1-phenylethyl deriva-
tive 16 possessing opposite stereochemistry from 1-(S)-
1-phenylethyl analogue 15 was also less active than 15.
This stereochemical preference has been previously
observed.17 a-Diketone 19 displayed slightly better
potency relative to 1 while diketones 18 and 20 did not.
Based on this data a-ketoamides were chosen as the
warhead on which to perform prime-side optimization.

Analysis of the X-ray structure of the bound inhibitor/
tNS3.4A complex of 15 at least partially, explains the
excellent binding properties of molecules containing a-
ketoamide warheads (Fig. 1). The ‘normal’ orientation
of tetrahedral intermediates being cleaved by the
NS3.4A enzyme provides for the carbonyl oxygen of the
intermediate to be stabilized by the NH’s located in the
so-called oxyanion hole (defined by the Ser139 and
Gly137).18 This arrangement does not occur for ketoa-
mides bound to the HCV NS3.4A protease. In this case
the keto–oxygen points toward solvent while the amide
carbonyl is oriented and hydrogen bonded to the oxy-
anion hole N–H’s. A related bidentate type of motif
Table 1. Warhead structure–activity summary

a b
R
 P1 Stereochemistry
 Ki (mM, pNA)
1
 CHO
 l
 16

8
 COOH
 l
 >50

9
 COCF3

ð5Þ

d,l
 >50
10
 COCH2Cl
(6)
d,l
 >50

11
 COCF2CO2C2H5

ð7Þ

d,l
 >50
12
 COCF2CF3
ð8Þ
d,l
 17.5
13
 (9)

l
 35
14
 COCONHCH2C6H5
ð10Þ
l
 4.0
15
 (10)

l
 0.92
16
 (10)

l
 17
17
 (11)

l
 32
18
 (12)

l
 10
19
 (12)

l
 2.7
20
 (12)

l
 50
aReferences for synthesis of warheads are provided in parentheses.
bWhere a mixture is denoted (9–12) both isomers were obtained in the
preparation of the warheads and carried through to final product.
The l form of 1 was obtained by chromatographic separation of P1
epimers. All other compounds were prepared as single isomers.
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Scheme 2. (a) 5a–h PyBrop, HOBt, DIEA, DMF; (b) H-Abu-OtBu, PyBrop, DIEA, DMF; (c) TFA, CH2Cl2; (d) Oxidation.
Scheme 1. (a) HN(CH3)OCH3, CDI, DIEA; (b) LiAlH4; (c) See refs 5–11; (d) CF3CF2I, CH3Li, LiBr; (e) TFA. CH2Cl2.
Scheme 3. (a) PyBrop, HOBt, DIEA, DMF; (b) KOTMS, THF; (c) R0NH2 or HN(CH3)CH2CO2tBu, PyBrop, HOBt, DIEA, DMF; (d) pTsOH,
CH3OH or PPTS, CH2Cl2, nBuOH; (e) Oxidation; (f) 50% TFA/CH2Cl2.
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24 <0.2 (0.10) 0.22
has been described previously for a-ketoacids bound to
the NS3.4A protease.19 The keto–acid moiety generates
additional binding energy via electrostatic interaction of
the charged carboxylate and the protein. For keto–acid
warheads interacting with the NS3.4A kinetic data
implicates that in addition to the stabilization of a free
terminal carboxylate by Gly137, the catalytic His57 also
participates in stabilizing the complex.18 The X-ray
structure shown in Figure 1 indicates that such an elec-
trostatic interaction is not required for efficient binding
of inhibitors such as 15.

A series of a-ketoamide based inhibitors derived from
22 were prepared where the amide nitrogen substitution
was varied. The inhibitory data is summarized in Table
2. Both spectrophotometrically and HPLC derived data
are provided for the more potent examples. Prime-side
termini comprised of free amino acids possess the most
potent inhibitory activity probably due to non-specific
electrostatic attraction of the terminal carboxylate with
the preponderance of arginines in the prime-side bind-
ing groove. Charged 25, 28, 29, are more potent than
the methylbenzyl derivative, 24 while 26 and 27 were
significantly less potent. Inhibitory constants for 28 and
29 are 0.13 mM and 0.026 mM resepctively, whereas the
phenylalanine methyl ester derivative, 30, is approxi-
mately 20-fold less potent than 29. Acid replacements
such as methyltetrazole, 34, result in good but unexcep-
tional activity. Simple polar groups such as cyano pro-
vide less binding potency. The same may be said for a
furanyl derivative, 36. Surprisingly, small aliphatic
groups, compounds 39–41, exhibit good potency. A
t-butyl derivative is not well accommodated at this
position and therefore the activity of 42 is significantly
reduced relative to the other aliphatic examples. A N-
methylglycine derivative, 26, related to 25 is >100-fold
less potent than 25. An azirdine derived ketomaide 32, is
slightly more potent than 26 as is azetidine 43.

Cellular activity was determined in an HCV replicon
assay, where the replicon cells20 were treated with the
Figure 1. Schematic (left) of ketoamide binding motif and an X-ray structure (right) of the warhead of 15 bound to the NS3.4A enzyme active site.
Inhibitor shown in yellow and protein shown in green. The resolution of this structure is 2.9 Å.
Table 2. a-Ketoamide structure–activity summary

R0a K mM (pNA) K mM (HPLC)
i
 i
25
 Gly
 <0.2 (0.15)
 0.037

26
 N(CH3)CH2CO2H
 5.23
 —

27
 Phenylgly
 1.63
 —

28
 Ala
 <0.2 (0.18)
 0.13

29
 Phe
 <0.2 (0.03)
 0.026

30
 Phe methyl ester
 0.43
 —

31
 Ser
 0.54
 —
32
 1.6
 —
33
 NHCH2CN
 1.12
 —
34
 0.29
 —
35
 5.76
 —
36
 4.72
 —
37
 Naphthylalanine
 <0.2 (0.18)
 0.75

38
 NHCH2C6H5
 <0.2 (0.15)
 0.22

39
 NH-Cyclopropyl
 0.22
 0.42

40
 NH-Isopropyl
 0.52
 —

41
 NH-Cyclobutyl
 0.80
 —

42
 NH-t-butyl
 6.90
 —
43
 0.97
 —
44
 NHCH2CH2C6H5
 0.21
 0.52
aCompounds were prepared as mixtures of P1 diastereomers.
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compound for 48 h, then the reduction of HCV RNA in
the cells (IC50) was determined by quantitative RT-PCR
and the cytotoxicity of the compound (CC50) was
determined by MTS-based cell viability assay. These
data are presented in Table 3. The charged inhibitors,
25 and 29, exhibit no inhibitory effects at concentrations
as high as 10 mM potentially due to lack of cellular
penetration. The methyl ester 30, still showed no sig-
nificant activity but cytotoxicity was increased.
Although BILN-20611c contains a free carboxylate and
has recently demontrated clinical proof-of-concept, free
carboxylates appear to preclude cellular activity in our
series. Conversely, neutral analogues such as 15, 38 and
39, show good activity in the replicon assay. The P2
optimized analogue of 15, compound 24, displayed
improved cellular potency relative to 15. Azetidine 43,
which possesses moderate enzymatic activity, exhibits
an IC50=10.3 mM, almost identical to that of the
cyclobutyl derivative, 41 (IC50=10.2 mM). An acid iso-
stere analogue, 34, did not show activity below 10 mM.
Similarly, 40 and 44, containing isopropyl and phen-
ethyl P10 termini respectively, did not show significant
activity at 10 mM concentrations.

The P10 optimzation exercize teaches that a wide variety
of sizes and polarities are tolerated but that predictions
based on this SAR are difficult. Larger groups can
extend along the active site binding groove and smaller
groups, even if uncharged, can be folded, at least to a
degree, into the protein surface because of plasticity of
the NS3 surface proteins.1 While an acidic prime-side
terminus is optimal for enzymatic binding these groups
appear to preclude cellular activity presumably because
of poor cellular penetration. Small, neutral a-ketoamide
warheads were found to possess the necesssary physico-
chemical and biochemical characteristics to show inhi-
bitory activity in the HCV replicon assay. Based on
these results this series of inhibitors has the potential to
evolve into effective therapeutic agents against hepatitis
C infection. Optimization efforts in this series continue
and results will be reported in the near future.
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