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Novel inhibitors of the hepatitis C virus NS3 proteinase
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Abstract—The hepatitis C virus proteinase inhibitor 4-methyl-1-(phenylmethyl)-2,6-pyridinedione 1 undergoes a novel autoxidation
process, on silica gel, leading to the dimer 2 as the major product, a relatively more potent inhibitor of the enzyme.
� 2005 Elsevier Ltd. All rights reserved.
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Hepatitis C is the identified etiologic agent of parentally
transmitted non-A, non-B hepatitis (NANBH). Current-
ly, approximately 170 million individuals worldwide
have developed chronic hepatitis C and if left untreated
may progress to liver cirrhosis or hepatocellular carci-
noma.1–4 Originally, the only effective therapeutic agent
was the prolonged use of interferon-a (IFN-a); however,
a large proportion of patients (>50%) subsequently re-
lapse once the drug is withdrawn. More recently, the
introduction of the combination of pegylated IFN and
ribavirin improves efficacy in patients infected with
HCV genotype 2 or 3 to approximately 80%; however,
the response rate of patients infected with genotype 1 is
still less than 50%.5 This clearly indicates a necessity to
identify new therapeutic targets and develop small mole-
cule therapeutic agents that are not only antiviral agents
in their own right but can also improve the effectiveness
of immunotherapeutic agents such as IFN-a. One such
approach involves the development of molecules that
inhibit the virus encoded NS3 serine protease. The hepa-
titis C virus 9500 nucleotide RNA genome encodes a
3000 amino acid polyprotein that is proteolytically pro-
cessed into at least 10 products.6,7 The NS3 proteinase
is responsible for processing four of these cleavage sites
believed to be essential for virus replication, thus making
the enzyme an attractive antiviral target.8,9

While searching for new HCV proteinase inhibitors, we
discovered that 4-methyl-1-(phenylmethyl)-2,6-pyridin-
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edione 1 exhibited modest activity in a cell-free transla-
tion assay (IC50 = 47 lM).10 In an attempt to find more
potent derivatives, we envisioned that the trione 4
(Scheme 1) possibly obtained from oxidizing the dione
1, would be a particularly attractive target since a-ketoa-
mides and other related 1,2-diketo compounds are well-
known inhibitors of serine proteases11 including the NS3
protease.12 During the purification and routine handling
of the imide 1, interesting color changes on silica gel
took place. We reasoned that an autoxidation reaction
was possibly occurring, hopefully leading to the trione
4, and hence, we decided to investigate these observa-
tions further by adsorbing this compound on silica gel
and leaving it exposed to the atmosphere. After approx-
imately 0.5 h, the silica gel turned dark blue and then to
brown when left overnight (16 h). After repeating this
process twice, the products were obtained and purified
by passage through a silica gel column providing the �di-
mers� 2 and 3 in 59% and 5% yields, respectively
(Scheme 2).13 Almost three decades ago, Nasipuri and
co-workers observed that 3,4-dihydro-1-methyl-naph-
thalen-2(1H)-one 5, an oil, produced a crystalline sub-
stance, the �dimer� 6 (10–15% yield), when left exposed
to the atmosphere.14 Also generated from the same
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experiment were the �expected� products characteristic of
aerial oxidation of related cyclic ketones, the a-hydroxy
ketone 7 (2–5%) and the acid 8 (30%), both derived from
the corresponding a-hydroperoxy ketone (Scheme 3).15

In the present example, it is possible that an analogous
process takes place, via the radical 9 to the adduct 10
which could not be isolated because it contains keto
groups that form stable enolates and hence vulnerable
to further oxidation. Dehydration of the intermediate
hydroperoxides leads to the major product 2 (Scheme
4; Path A). The minor product 3 probably results from
the same peroxides partially by dehydration and ring
cleavage to the unstable diacid 11. Decarboxylation
and subsequent cyclization provide the five-membered
ring product 3 (Path B). Most interestingly, the dimer
2 proved to be a potent inhibitor in the cell-free transla-
tion assay (IC50 = 6 lM). Furthermore, activity was
confirmed in an enzyme assay (IC50 = 0.083 lM).16

The desired product 4 was eventually obtained in 21%
yield by adding the starting material 1 to a stirred sus-
pension of Dess–Martin periodinane (1.5 eqiuv) in
dichloromethane.17 Although more potent than its pre-
cursor 1 (IC50 = 4.0 lM; enzyme assay), the trione 4
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proved to be relatively a less active inhibitor
(IC50 = 0.44 lM; enzyme assay) than the �dimer� 2 and
hence of less immediate interest.

In an attempt to initiate an understanding of the role of
our lead compound 2 in the inhibition of HCV protein-
ase, an analysis was carried out in a continuous spectro-
photometric assay.18 The data were applied to a
non-linear curve using the equation P = vst +
(vo � vs)(1 � e�kt)/k. With the initial velocity vo, final
steady-state velocity, vs, and the apparent first-order rate
constant k, the Ki, and K�

i constants were calculated to
be 40 and 9 lM, respectively. Furthermore, the on and
off rates, k5 and k6, were determined to be 0.093 and
0.028 min�1. Since the rates are of a magnitude which
was observable during the attainment of equilibrium,
the fact that the K�

i is smaller than the Ki conforms to
a mechanism of slow-binding inhibition. The isomeriza-
tion constant (k5/k6) is 3, and since the off rate is equal
to 0.028 min�1, we can conclude that the dimer 2 is a
reversible inhibitor.

In summary, a potent HCV protease inhibitor, the sym-
metrical dimer 2, is obtained from a novel autoxidation
reaction involving the monomeric imide 1 on silica gel.
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In a cell-free translation assay for the HCV NS3 prote-
ase, the oxidized dimer 2 (IC50 = 6 lM) proved to be
considerably more potent inhibitor than the monomer
1 (IC50 = 47 lM), representing an approximate 8-fold
increase in potency. Subsequently, using a continuous
spectrophotometric assay, it was determined that this
compound inhibits the enzyme reversibly.

Extensions of this study, including selectivity toward
other serine proteinases of the compounds (1, 2, and
4) described in this article on the enzyme, will be pub-
lished elsewhere.
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