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A
t the beginning of this century, hepatitis A (HAV)
and hepatitis B (HBV) viruses, so called ‘infec-
tious’ and ‘serum’ hepatitis, were viewed as the
major agents of viral hepatitis. Although there

was evidence for a third type of hepatitis as early as 1950,
it was not until the 1970s, when serological tests for HAV
and HBV became available, that the new agent referred to
as non-A, non-B hepatitis (NANBH) was recognized1. After
the introduction of the HBV blood screen, it became
apparent that NANBH was responsible for a large portion

of transfusion-associated hepatitis cases2. Not surprisingly,
a major effort was mounted to isolate and study the virus
to prevent further infection and to develop effective treat-
ments for those already infected.

Hepatitis C virus (HCV), as the major agent of NANBH
came to be known, has been described as an insidious
disease and a ‘silent epidemic’, mainly because the infec-
tion is often subclinical. Acute infection occurs in only a
few patients. In most cases, the virus results in chronic in-
fection taking 10–20 years before the emergence of liver
disease, this often being accompanied by only mild or
vague symptoms. Despite the seemingly benign onset of
the disease, a significant number of patients with chronic
hepatitis develop cirrhosis and its complications3. In addi-
tion, HCV-cirrhosis has been linked to hepatocellular car-
cinoma, although the contribution of additional factors
cannot be ruled out4,5. In the US, almost four million
individuals might be infected, with up to 170 million peo-
ple infected worldwide6. Transmission of the virus is pri-
marily parenteral, and hence, screening blood donors for
the virus has been effective in reducing transfusion-associ-
ated HCV. Unfortunately, the virus is also spread amongst
other groups such as intravenous drug users, and there
appears to be a high number of cases resulting from
unidentifiable risk factors.

Current therapies

There is currently no vaccine available for HCV and
progress in this area is hampered because there are sev-
eral different subtypes worldwide and the virus exists as 
a quasispecies during infection. Interferon-a (IFN) is cur-
rently the recommended treatment for HCV and is
believed to act indirectly by binding to specific cellular
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receptors that induce an intracellular antiviral response7

(for reviews, see Refs 8,9). The standard regimen is three
million units of IFN given subcutaneously three times-a-
week for up to 12 months. A complete response, defined
by normalized alanine aminotransferase (ALT) levels and
the disappearance of HCV-RNA from the serum, occurs in
,50% of patients treated, but almost 50% of these individ-
uals suffer a relapse after the treatment has ended.
Improvement in the response rate, but not the relapse rate
has been achieved through optimizing dosing and/or
chemical modification of IFN.

In the past couple of years, combination therapy of IFN
plus ribavirin, has proven to be more effective as an initial
treatment and in patients who have relapsed10,11. Ribavirin
is a guanosine analogue that has activity against several
different viruses. The mechanism of action of this agent in
HCV-combination therapy has not been determined12.
Although the IFN–ribavirin combination therapy represents
a major advance in the treatment of HCV, it still has sev-
eral shortcomings:
• IFN must be given by injection
• There are significant side-effects associated with both

IFN and ribavirin
• The cost of the treatment is high

• HCV1b, the most common geno-
type in the US, is less responsive
than the others.

Hence, while IFN therapy has proven
to be beneficial for some patients, there
clearly is a need for drugs that target
the virus directly as it is generally be-
lieved that such agents would be more
effective and less prone to unwanted
side-effects.

Problems of HCV research

The study of HCV has been hampered
considerably by the lack of a tissue
culture system capable of supporting
efficient replication of the virus and a
convenient animal model other than
the chimpanzee. Even so, the cloning
of the HCV genome in 1989 (Ref. 13)
has proven very useful in characteriz-
ing the virus and identifying several
potential targets for drug development.
Genetic analysis has revealed that HCV
is a positive-stranded RNA virus hav-
ing a genome of approximately 9000–
9300 nucleotides in length and is clas-

sified as a separate genus of the Flaviviridea family. The
genome contains a single open reading frame (ORF) cod-
ing for up to ten proteins that are cleaved from the initially
translated polyprotein by cellular and viral proteases.
Reading from 59 to 39, these include a core protein C and
two envelope proteins E1 and E2, followed by the non-
structural proteins NS2–NS5 that are essential for viral
replication, translation and polyprotein processing (see
Fig. 1). Further characterization of the non-structural pro-
teins has yielded that:
• NS2–NS3 is an autocatalytic protease cleaving the

polyprotein at NS2/NS3
• NS3 is a multifunctional protein coding for a NTPase-

dependent helicase and a serine protease that processes
all downstream nonstructural proteins

• NS4A forms an essential complex with NS3 that activates
the NS3-protease as well as possibly anchoring the com-
plex in the endoplasmic reticulum membrane

• NS5A is highly phosphorylated post-translationally and
appears to regulate interferon sensitivity

• An RNA-dependent RNA polymerase (RdRP) is coded
for by NS5B.
In addition, the genome contains two nontranslated

regions (NTRs), the first a 59-domain that functions as an
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Figure 1. The structure of the hepatitis C virus genome is shown. The 39-
and 59-nontranslated regions are defined as well as the regions coding for
the structural and nonstructural components of the virus. Cellular signal
peptidase (shown in green), the NS2–NS3-protease (shown in yellow) and the
NS3-protease (shown in red) cleave the polyprotein at the sites indicated.
The structural and nonstructural proteins are identified in the table.
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C 21 Nucleocapsid
E1–E2    31, 70 Envelope glycoprotein (heterodimer)
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NS2 23 Forms autoprotease with NS3
NS3 70 Serine protease, NTPase/helicase
NS4A 8 NS3-protease cofactor
NS4B 27 Unknown function
NS5A 56 Interferon sensitivity determining region
NS5B 68 RNA-dependent RNA polymerase



internal ribosomal entry site (IRES) and a second site
located at the 39-end that probably plays a role in initiat-
ing replication of (–)RNA. Hence, despite the reluctance of
the virus to replicate in tissue culture, several promising
opportunities for drug development have already been
discovered through molecular biology14,15.

Of the potential targets currently known, it is difficult to
decide which will offer the best target for drug discovery.
Several reviews have recently appeared that delineated the
function and properties of the viral proteins and evaluated
their utility as potential drug targets based on their putative
role in the virus lifecycle14,15. However, in addition to consid-
ering the biological importance of a potential target, consid-
eration must be given to how tractable the enzyme is to
work with and what chemical functionalities are required for
inhibition. These factors will directly affect how quickly an
inhibitor can be discovered and whether an oral drug is fea-
sible. Previous attempts indicate that, while certain enzymes
and receptors represent reasonable targets for controlling a
biological event or process in vitro, the agents required to in-
hibit them make poor drug candidates because of unwanted
physical or chemical properties. Therefore, this review
examines the inhibitors of HCV that have been reported so
far, using their potential as drugs as a means to evaluate and
compare the various targets. In addition, this review
describes how the state of the pharmaceutical industry is
affecting its response to this challenge. Absent from this
review are anti-HCV agents for which either the target has
not been defined or that act indirectly against the virus.

R&D alliances

HCV infects a large number of individuals, a property that
has not escaped the attention of the pharmaceutical industry.
Thus, most companies with existing programs in the anti-
infective area are focusing towards discovering agents that
are active against this virus. Human immunodeficiency
virus (HIV) provides a useful paradigm for HCV antiviral
drug development, especially when considering that both
lead to chronic infection and are highly mutatable. How-
ever, it is likely that combination therapy involving at least
two drugs directed against separate targets will be more
effective at reducing viral load and preventing the emer-
gence of resistant strains than monotherapy. Based on the
recent successes observed against HIV, it is not surprising
to find that HCV protease and polymerase have often
been mentioned as probable candidates. In addition, sev-
eral companies are also focusing on translation inhibitors.

It is tempting to speculate that the discovery of drugs
effective against HIV was hastened because the compound
collections used for screening were fortunately enriched

with polymerase and aspartyl-protease inhibitors from dis-
covery efforts against unrelated therapeutic indications.
However, as judged by the lack of disclosures, the discovery
of anti-HCV agents in this manner has not been successful
despite the functional similarity of several HCV-enzymes
with targets from other programs. Admittedly, part of this
failure is because of the lack of a tissue culture system,
which in turn limits primary screens to isolate viral protein
targets. However, even when the enzyme and assays were
known, the discovery of potential drug candidates has met
with little success. Based on this, it might be concluded that
the putative chemotypes for inhibition of HCV-targets are
poorly represented in most industrial compound collections.

Because of the apparent failure to discover truly novel
anti-HCV agents, many companies are searching for out-
side technologies and resources. Hence, during the time
from when the HCV genome was identified, several com-
panies have expanded their search for anti-HCV agents by
forming alliances. An overview of the partnerships that have
emerged is given in Box 1. These partnerships are founded
on several different strategies including shared technology,
compound libraries and proprietary viral targets.

NS3-protease, being the most characterized enzyme of
HCV, is the basis for the majority of the partnerships. Over
the past few years, both Agouron (see Warner Lambert,
Morris Plans, NJ, USA) and Vertex (Cambridge, MA, USA)
have enjoyed success in the area of antiviral chemistry as
evidenced by the recent introduction of two HIV-protease
inhibitors. Building on this track record, both companies
have made impressive advances in characterizing the NS3-
protease, publishing concurrent papers on the X-ray
crystallographic structure of the enzyme. The alliances of
Japan Tobacco (Tokyo, Japan) with Agouron and of Eli
Lilly (Indianapolis, IN, USA) with Vertex are built upon this
expertise. By contrast, companies such as Corvas (San
Diego, CA, USA) and Axys (South San Francisco, CA, USA)
have pioneered novel methods for drug discovery, in
particular, the serine protease inhibitors that form the basis
for their respective partnerships with Schering-Plough
(Kenilworth, NY, USA) and Bristol-Myers Squibb (New York,
NY, USA). Corvas has developed a proprietary combinatorial
strategy while Axys is relying on their ‘delta technology’ to
aid in the discovery of protease inhibitors. The number of
alliances in this area highlights the unusual structural
requirements of the protease as traditional serine protease
inhibitor chemotypes perform poorly against the enzyme.

Of the alliances where the target has been disclosed,
inhibitors of protein translation are the second most preva-
lent behind protease inhibitors. Reported inhibitors of viral
protein translation usually target viral mRNA and, more
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specifically, the HCV-IRES by using antisense agents.
Hence, companies such as ISIS (Carlsbad, CA, USA),
Hybridon (Milford, MA, USA) and Lynx (Hayward, CA,
USA), which have been developing antisense agents, have
a lot of expertise to offer in an area not traditionally pursued
by large pharmaceutical companies. This has led Merck
(Whitehouse Station, NJ, USA), Roche (Basel, Switzerland)
and Chiron (Emeryville, CA, USA) to enter into research
agreements with these companies, although the
Roche–Hybridon agreement was terminated in 1998. After
taking into account those alliances based on NS3-protease
and IRES, there are still many alliances for which no target
has been specifically disclosed. These are most likely based
on at least one of the companies having expertise in virolo-
gy, HCV or anti-infective agents.

Compared to other programs of drug discovery, HCV is
a relative newcomer. The increase in the current under-
standing of the viral lifecycle and elements responsible for
each step is slow because of the difficulties of getting this
virus to grow using standard techniques. If the recent past
is any indication, it is likely that as advances in HCV-virology
are made, the R&D landscape will change, with new targets
being found and new alliances formed to meet the chal-
lenge of discovering inhibitors. The NS3-protease and the

HCV-IRES have gathered much atten-
tion recently because these targets are
well characterized. Based on the litera-
ture, it appears that NS3-helicase and
NS5B-polymerase might not be too far
behind. Both from a drug discovery and
a purely scientific point-of-view, HCV
promises to be a very interesting field
to keep track of in the next few years.

NS3 protease

The recent successes achieved against
HIV using viral-protease inhibitors are
encouraging and suggest that other
viruses that carry an analogous target
might be treated in a similar manner.
HCV encodes a serine protease located
in the N-terminal domain of NS3 that,
along with an NS2–NS3 protease, is re-
sponsible for processing the nonstruc-
tural portion of the HCV-polyprotein.
Analysis of the cleavage products has
identified four processing sites, one be-
ing cleaved in cis (NS3/NS4A) and three
being cleaved in trans (NS4A/NS4B,
NS4B/NS5A and NS5A/NS5B). The con-

sensus sequence, D(E)XXXXC(T)↓S is found at the pro-
cessing sites of each of these peptides with cysteine lo-
cated at P1 (Pn, Pn9, Sn and Sn9 are defined according to the
nomenclature of Schechter and Berger16) for the trans-
cleaved proteins. The protease plays a crucial role in the
formation of the viral polymerase (NS5B) and other essen-
tial proteins (NS4B and NS5A), and hence makes an attrac-
tive target for drug development17.

Although the NS3-protease belongs to the chymotrypsin
family of serine proteases, there are several differences,
including a requirement for a peptide cofactor (NS4A), an
unusual preference for cysteine in the P1-position and the
inability to cleave small peptide substrates. In addition,
whereas most serine proteases have loops (connecting b-
strands) lining the substrate-binding groove, NS3 lacks
these. As a result, the substrate-binding domain is relatively
flat, wide and exposed to the solvent. The major protease–
substrate interactions span the entire binding domain and
include a highly discriminating S1-pocket, hydrogen bonds
to the substrate backbone and complementary electrostatic
or hydrophobic contacts across the entire groove. Based on
these observations, it might be expected that an inhibitor
of NS3 would need to be large to fully occupy the sub-
strate-binding site and take advantage of these interactions18.
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Box 1. Hepatitis C research alliances

Companies Targeta

Japan Tobacco/Agouronb NS3
BioChem Therapeutics/XTL Biopharmaceuticals NA
BioChem Therapeutics/Structural Bioinformatics (SBI) NA
Structural Bioinformatics/CyberChemics NS3
Bristol-Myers Squibb/Axys NS3
Chiron/AMRAD NA
ViroPharma/Chiroscience NA
DuPont/Signal Viral gene regulation
ISIS/Chem-Sero/Mochida IRES
Lilly/Vertex NS3
Lilly/Ribozym Replication
Chiron/Lynx IRES
Merck/Tularik Transcription factor
Merck/ISIS Replication
Oncogene Science (OSI)/BioChem Therapeutics NA
Pharmacia Upjohn/Chiron NA
Roche/Hybridon NA
Schering-Plough/Corvas NS3
Boehringer Ingelheim/ViroPharma NA

aInformation obtained from Internet home pages of listed companies and the Iddb (Investigational Drug

database, Current Drugs Ltd).
bA subsidiary of Warner Lambert.

Abbreviations: IRES, internal ribosome entry site; NA, not announced; NS3, NS3-protease.



Small-molecule inhibitors
There have been several small-molecule inhibitors reported
to be active against HCV-protease in vitro (see Fig. 2). These
include murayaquinone (Sch68631, IC50 5 7 mM, Fig. 2a), a
natural product isolated from Streptomyces sp.19, thiazolidi-
none-based inhibitors (e.g. RD46250, IC50 5 4.4 mM,
Fig. 2b)20, 2,4,6-trihydroxy-3-nitrobenzamides (e.g. RD34082,
IC50 5 5.8 mM, Fig. 2c)21 and benzoylamides (e.g. Fig. 2d,
IC50 5 6.5 mM)22. Mechanistic evaluation has revealed that
the thiazolidinones and benzoylamides are noncompetitive
with the substrate, while the 2,4,6-trihydroxy-3-nitrobenz-
amides are mixed noncompetitive/uncompetitive inhibitors.
Unfortunately, the selectivity of these inhibitors for NS3-pro-
tease over other serine proteases appears to be low making
them non-optimal leads.

Peptide-based inhibitors
By contrast, three classes of competitive peptide-based
inhibitors have been discovered, these being noncleavable
substrates, product-based inhibitors and transition-state

mimetics. In a study of the mechanism
of NS4A activation, Vertex reported that
replacement of the P19-serine residue of
an NS5A/NS5B-decapeptide substrate
resulted in poor enzyme turnover.
Moreover, for certain P19-residues, kcat

(turnover number) was reduced while
KM (Michaelis constant, substrate
affinity) remained the same or
improved, resulting in enzyme inhibi-
tion when assayed against efficiently
cleaved substrates. This was most
noticeable for cyclic amino acids such
as proline, pipecolinic acid (Pip) and
tetrahydroisoquinoline-3-carboxylic acid
(Tic) (see Box 2). The pronounced
affinity of the Tic-containing peptide
(Box 2d) for NS3 is consistent with
previous models indicating that the
S19-pocket can accommodate residues
much larger than serine. Further analy-
sis showed that while the P-side
residues contributed more to binding
than the P9-side, a favorable interac-
tion could be detected between the
P49-tyrosine residue of the inhibitor
and NS4A (Ref. 23).

During the course of substrate speci-
ficity studies it was discovered that
HCV NS3-protease was susceptible to

product inhibition. Compared to most proteases, the KIs
measured for the N-terminal cleavage products were lower
than the KMs of the corresponding substrates (NS4A/NS4B,
NS4B/NS5A and NS5A/NS5B). An initial screen identified
the hexapeptide, Ac-DEMEEC-OH (Box 3a), corresponding
to P6–P1 of the NS4A/NS4B substrate as the most active
product-based inhibitor (KI 5 0.6 mM) and implicated the
C-terminal carboxylate as a major contributor to binding.
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Box 2. Non-cleavable substrate inhibitors23

Compound Sequence K
I
(mM)

a EDVVAbuCPAbuSY 80.0
b EDVVAbuCPipAbuSY 18.0
c EDVVAbuCTicAbuSY 4.0
d EDVVLCTicNleSY 0.3

Abbreviations: Abu, a-aminobutyric acid; Nle, norleucine; Pip, pipecolinic
acid; Tic, tetrahydroisoquinoline-3-carboxylic acid.

Figure 2. Inhibitors of hepatitis C protease.
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Mutagenic analysis suggests that this interaction is medi-
ated through K136, located in close proximity to the oxy-
anion hole24. The essential determinants for activity were
found to be cysteine at P1 and an acidic pair of residues at
P6–P5. Improvements in activity were gained using tradi-
tional and combinatorial methods to optimize the P6–P2

amino acids. Several inhibitors with submicromolar IC50s
were found, the most active of which is shown in Box 3b
(Ref. 25). An analogous study was carried out using the
P6–P1 peptide, DDIVPC-OH, corresponding to the
NS5A/NS5B cleavage site. Modest inhibition was observed
with the parent peptide, Ac-DDIVPC-OH (Box 3c, IC50 5

28 mM), although this was improved by inverting the con-
figuration of the P5-residue to yield Ac-DDIVPC-OH (D 5
D-aspartic acid) with an IC50 of 4 mM (Ref. 26).

Attempts to replace the C-terminal carboxylate with func-
tional groups that will covalently bind to the active site
serine of the NS3 protease have not produced significant

improvements in activity. This is ex-
emplified by peptides f–h in Box 3.
Replacement of the P1-cysteine with
norvaline results in a fourfold loss of
activity (Box 3e) compared to the par-
ent NS5A/NS5B-product (Box 3d).
However, this loss of activity can be
recovered by replacement of the car-
boxylic acid with an aldehyde or keto-
amide (Box 3g,h). This is encouraging
as it suggests that the activated car-
bonyls are interacting with the enzyme
as they were designed to. Unfortu-
nately, these inhibitors are only slight-
ly more active than the parent peptide
and in follow-up studies, they were
found to be much less selective for

NS3 (Ref. 27). Analogous studies have been carried out by
others and the active peptides described in these reports
are shown in Fig. 2. Figure 2e is representative of a family
of inhibitors containing ketoamide functionality that have
modest activity (KI ,1 mM) against NS3 protease28. One of
the most potent peptide-based inhibitors is the boronic
acid, Ro326168 (Fig. 2f, IC50 5 38 nM)29. Interestingly, phos-
phonate diester (Fig. 2g) is the only inhibitor currently
reported that does not require an acidic pair of residues at
the N-terminus.

NS4A inhibitors
An interesting strategy has been developed using NS4A-
analogues alone or linked to an NS5A/NS5B peptide yield-
ing inhibitors capable of binding to both domains sim-
ultaneously. The NS4A-inhibitors were designed to act at
the NS4A-binding region of NS3 but were assembled from
D-amino acid residues in standard (Box 4c) or reverse order
(Box 4a,b,d–g). As shown in Box 4, a reasonable level of
inhibition is achieved by these peptides. It is worth high-
lighting that Shimizu and coworkers have previously 
described an NS4A-inhibitor of NS3-protease based on
NS4A (21–34) (IC50 5 20 mM), wherein arginine at position
28 was replaced with glutamine (Ref. 30). The mechanism
of inhibition has not been reported and several questions
are raised by the inhibitory activity associated with these
derivatives. In particular, which determinants lead to NS3-
inhibition versus activation, and whether these inhibi-
tors effectively compete with wt-NS4A during an infection 
if the initial binding of NS4A to NS3 occurs cotrans-
lationally. Several bivalent inhibitors (Box 5) with two
enzyme-binding domains have also been described. These
inhibitors employ a P6–P1 element (EDVVCC or DEVVCC)
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Box 3. Product-based inhibitors of NS3

Compound Inhibitor sequence IC
50

(mM) Refs
NS4A/NS4B-based inhibitors
a Ac-DEMEEC-OH 1.0 25
b Ac-DGlaLIChaC-OH 0.015 25

NS5A/NS5B-based inhibitors
c Ac-DDIVPC-OH 28.0 26
d Ac-DDIVPC-OH 4.0 26
e Ac-DDIVPNva-OH 17.0 27
f Ac-DDIVPNva-CF3 22.0 27
g Ac-DDIVPNva-H 1.1 27
h Ac-DDIVPNva-CONHBn 0.64 27

Abbreviations: D, D-aspartic acid; Gla, D-g-carboxy glutamic acid; Nva, norvaline-ketoamide.

Box 4. Inhibitors of NS4A binding31

Compound Inhibitor sequencea IC
50

(mM)
a KGSLVIRGVIVVCK 0.2
b KGSLVIRGVIVK 5.0
c CVVIVGRIVLSGK 0.2
d SLVIRGVIV 0.6
e KGSLVIRGVIVVC 2.0
f Bio-KGSLVIRGVIVVCKKb 0.4
g KGSLVIRGVIVVCKKc 0.4
aD-Amino acids.
bBio 5 biotin.
cBiotin attached to the e-amino group of lysine.



attached via a linker (L1–L5) to the NS4A inhibitors already
described31.

Macromolecular inhibitors
Protein- and RNA-based macromolecular inhibitors have also
been described in the literature. Protein-based inhibitors
include:
• A competitive specialized VH-antibody construct (cVHE2,

IC50 5 300 nM) discovered through phage display32

• A noncompetitive minibody inhibitor (Mbip, IC50 5

1500 nM)
• An analogue of the human pancreatic secretory trypsin

inhibitor (hPSTI-C3, IC50 5 540 nM) that was found to be
competitive with the substrate33

• Mutant eglin c analogues where the native binding-loop
of the inhibitor was replaced with NS5A/NS5B and
NS4A/NS4B sequence elements (IC50 5 0.06 and 2.0 mM

respectively)34.
RNA constructs include:
• 10G-1, which binds selectively to NS3 (apparent Kd 5

650 nM) yielding modest inhibition of proteolytic activity
(<20% at 3.5 mM)35

• Second-generation aptamers, G6–16 and G6–19 pro-
duced by the same group having an IC50 of 3 mM (Ref.
36). Although it is not yet known whether these mol-
ecules can act as drugs, structure–activity relationship
studies using these inhibitors can provide valuable
information for the design of small molecules.
As demonstrated above, despite the challenges pre-

sented by the NS3 protease, inhibitors of this enzyme are
beginning to emerge. Thus far, three classes of inhibitors
have been disclosed:
• Small molecules acting by a noncompetitive mechanism

• Product-based analogues competitive with substrate and
larger peptide

• RNA macromolecules operating by a variety of 
mechanisms.
In general, noncompetitive inhibitors target nonessential

pockets on the enzyme with high specificity. The principal
problem with the noncompetitive inhibitors of NS3 de-
scribed so far is their low selectivity for the viral protease
over other serine proteases. However, noncleavable substrate
and product-based inhibitors have proven to be highly
active and selective against NS3-protease. This class of in-
hibitors is disadvantaged because peptide-based molecules
with relatively high molecular weights (i.e. .500) are known
to be inferior drug candidates because of poor bioavail-
ability. However, the development of HIV-protease inhibi-
tors was burdened with the same challenges but these were
eventually overcome, providing some hope for the HCV in-
hibitors. In addition, new prodrug strategies that improve
oral bioavailability and/or target the liver continue to be de-
veloped that might also be useful in producing oral drugs37.

Helicase

An enzymatic domain comprising 456 amino acids coding
for a type II helicase is located in the first two-thirds of the
C-terminal end of NS3 (Refs 38,39). The importance of this
enzyme in the viral life cycle is shown by the fact that it
has been found in all known members of the Flaviviridae
family. Mechanistic studies have revealed that the NS3-
helicase attaches to single-stranded RNA segments and
then catalyses the unwinding of duplex RNA (39 to 59

direction) in an ATP-dependent manner. Additionally, the
structure of the helicase has been determined using X-ray
crystallography by two separate groups, as the free

REVIEWS therapeutic focus

524 DDT Vol. 4, No. 11 November 1999

Box 5. Dual site inhibitors of NS3 protease31

Compound Inhibitor sequence IC
50

(mM)

a EDVVCC-L1-CVVIVGRIVLSGK 0.6
b EDVVCC-L2-CVVIVGRIVLSGKK 3.0
c EDVVCC-L3-(KGSLVIRGVIVVC)a 3.0
d EDVVCC-L4-(KGSLVIRGVIVVC)a 3.0–30.0
e EDVVCC-L1-KGSLVIRGVIVVCb 0.2
f DEVVCC-L3-(CVVIVGRIVLSGK)a,b 2.0
g DEVVCC-L2-KGSLVIRGIVVCKb 0.2
h DEVVCC-L4-(CVVIVGRIVLSGK)a,b 0.2

aPeptide sequence in parentheses is written from C-terminus to N-terminus.
bLast 12 residues are D-amino acids.
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enzyme or bound to single-stranded DNA (Refs 40,41).
These structures expose several potential sites for drug tar-
geting including the ATP and oligonucleotide binding
regions. It could also be suggested that, in addition to
blocking replication, any helicase inhibitor might indirectly
stimulate a cellular antiviral response because of the
expected build-up of double-stranded RNA.

So far, there have been only a few inhibitors reported
for the helicase portion of NS3. This is surprising considering
the quantity of structural information available for this
enzyme. ViroPharma (Malvern, PA, USA) disclosed two
related series of compounds having benzimidazole or ben-
zimidazole-like moieties attached to a long symmetrical
linker (Fig. 3, IC50 5 0.7–10 mM). The mechanism of inhi-
bition has not been disclosed, although their long struc-
ture suggests that they might compete with single-stranded
RNA for the corresponding enzyme binding site42,43.

Internal ribosomal entry site (IRES)

Protein translation inhibitors are well known in antibac-
terial therapy (such as tetracycline, erythromycin and the
oxazolidinones). By contrast, there are relatively few anti-
viral agents that target protein translation despite several
viruses possessing unique elements (cis-acting RNA or en-
zymes) that are essential for protein synthesis. The 59-end
of the HCV-genome is a good example. This cis-acting
RNA element is composed of a highly structured nontrans-
lated domain of 340–342 bases in length [59-NTR (non-

translated region)] that functions as an IRES. The IRES allows
HCV to bypass the normal cellular pathway for initiating
protein synthesis by facilitating attachment of the viral
RNA to the ribosome, hence enabling cap-independent
translation. The HCV-IRES has been classified as a type 3
IRES possessing four hairpins (H1–H4), two of which are
considered essential (H2 and H3). The AUG-start codon
lies at the extreme 39-end of the IRES (position 342),
although some studies have demonstrated that sequences
downstream of this might also be required. In addition to
its unique function, the RNA sequence of the 59-NTR of
HCV is highly conserved (.85% sequence identity among
the various genotypes), making it an attractive target for
antiviral therapy44,45.

It is believed that viral-protein translation involves cel-
lular enzymes and proteins in addition to those coded for
by the virus. Hence, there is a degree of uncertainty in
evaluating inhibitors in the absence of an authentic cell
culture system as the complete collection of cellular com-
ponents that form the translation complex or that might
contribute to the antiviral effect are absent. In vitro assays
currently include translation models such as the rabbit
reticulocyte lysate and transient expression in HepG2,
H8Ad17c or Huh7 cell lines. In general, these systems
comprise either a reporter gene (e.g. luciferase) or E1/E2
under the translational control of one of several HCV-IRES
constructs [the 59-NTR and sequences extending into the
core (C)]. Anin vivo model has also been developed in

therapeutic focus REVIEWS

DDT Vol. 4, No. 11 November 1999 525

Figure 3. Inhibitors of helicase.
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which an adenovirus vector was used to deliver a similar
59-NTR-reporter gene expression system to BALB/c
mice46. Alternatively, chimeric viruses have been con-
structed wherein the HCV-IRES is used in place of the
analogous domain on poliovirus or bovine viral diarrhoea
virus (BVDV). Interestingly enough, chimeric (HCV-
IRES)–BVDV viruses constructed in this fashion were sus-
ceptible to pseudo-revertant mutations in the 59-NTR
region (recombination or deletion), yielding a more effi-
ciently replicating virus47.

Most inhibitors of the HCV-translation reported so far
have been antisense agents directed at sequences in the
IRES or in the 59-end of the open reading frame (ORF).
Table 1 provides a comprehensive survey of recently dis-
covered agents outlining the chemical composition of the
oligodeoxynucleotide (ODN), the targeted sequences in
the IRES, the assay system used for screening, and the
representative activity48–57. Various ODN chemistries are
represented in these studies including unmodified DNA
(ODN), ribose-modified analogues [29-methoxyethoxy (29-
MeEt), 29-fluoro (29-F) or a-anomeric sugars (a-ODN)],
and backbone phosphate ester-modified ODNs [phospho-
rothioate (PS-ODN), methyl- or benzyl-phosphonates (Me-

ODN, Bn-ODN) or peptide nucleic acid (PNA)]. While the
sequence targeted by most of these agents is proximal to
the initiating AUG-codon, there are some discrepancies as
to the exact location of the optimal site for inhibition.
These differences probably correspond to the ODN-chem-
istry used, the assay conditions and the context of the
IRES-containing substrate.

To advance these agents, several issues need to be
addressed, the principal one being their mechanism of
action. Several mechanisms have been observed and/or
proposed for antisense agents including inhibition of
translation by hybrid arrest, RNAse H-cleavage of the tar-
geted mRNA sequence, stimulation of cellular antiviral
pathways, inhibition of viral uptake, and/or non-sequence
specific mechanisms58. Unfortunately, tissue culture and in
vivo control experiments using the whole virus are
required to unambiguously determine the mode of inhibi-
tion. However, the results obtained so far suggest that
while RNAse H probably plays a role in whole cell activ-
ity, antisense agents directed towards HCV-IRES are capa-
ble of inhibiting RNA translation in the absence of RNAse
H. This was demonstrated in the rabbit reticulocyte assay
where the activity of RNAse H is low and in the whole cell
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Table 1. Antisense inhibitors of HCV-IRES-directed translation

Chemistry Sequence targeteda Assay Substrate % Inhibition (conc.) Refs

ODN 38–65, 134–161,148–175, Lysateb NTR-C–∆E1 50–98c 48
312–339, 341–377

PS-ODN 326–348 Lysate, HepG2 cells NTR-∆C–luc 96 (4.4 mM), 94 (0.3 mM) 49
PS-ODN 342–359, 346–363 MT-2C cells HCV 100 (10 mM)d 50
PS-ODN 328–347, 326–345 Lysate NTR-C–E1–∆E2 90 (1.2 mM) 51
PS-ODN, 2’-MeEt, 260–279, 330–349, H8Ad17c cells, BALB/c mice NTR-C–∆E1, 50 (100–200 nM)e, 46,52
5-MeC 340–359 NTR-C–luc 52 (20 mg kg21) 

ODN, α-ODN 104–123, 105–124,  Lysate, wheat-germ extract NTR-C–∆E1 47–95f (20-fold excess) 53
106–125, 107–126, 
108–127, 338–357,
341–347, 351–377

PS-ODN 340–353, 348–365, Lysate, HepG2 cells NTR-∆C–luc, 42–94 (4.1 mM), 54
371–388 pCMV-NTR–luc 89 (0.3 mM)

PS-ODN, Me-ODN, 326–348 Cellular Not specified 96 (5 mM) 55
Bn-ODN

ODN, PS-ODN, 14–20mer starting at 355 Lysate, H8Ad17c cells NTR-C–∆E1 50 (100–200 nM)g 56
2’-F–PS-ODN

PS-ODN 258–277, 324–345 Huh7 cells NTR-∆C–luc 99 (0.1 mM), 88 (60 mM) 57

aRefers to the sequence of HCV-RNA (5’ to 3’ direction) targeted by the antisense agent; bRRL, rabbit reticulocyte lysate; cTenfold excess; dNo (2)RNA detected by

RT2PCR five days post-inoculation; eIC50; 
f20-fold excess; gEC50.

Abbreviations: Bn-ODN, benzylphosphonate-modified oligonucleotide; C, sequence coding for the core protein; CMV, cytomegalovirus; ∆C, sequence coding for the trun-

cated core; E1/E2, sequences coding for envelope proteins 1 and 2; ∆E1/∆E2, sequences coding for truncated envelope proteins 1 and 2; 29-F, 29-fluoro; HCV, hepatitis C

virus; luc, luciferase; 5-MeC, 5-methylcytidine; 2’-MeEt, 2’-methoxyethoxy; Me-ODN, methylphosphonate-modified oligodeoxynucleotide; NTR, nontranslated region;

ODN, oligodeoxynucleotide; a-ODN, oligodeoxynucleotide having the a-configuration at the anomeric centers; PS, phosphorothioate.



assay of the 29-MeEt and 29-F-ODNs, constructs known not
to induce RNAse H.

Another concern arises from the unfavorable physico-
chemical and pharmacokinetic properties of ODN 
analogues. Because of their large, highly charged and
enzymatically labile structure, the primary challenges in
developing an ODN drug are drug delivery, cellular up-
take, stability and distribution. Despite these difficulties,
several antisense agents have recently been evaluated in
the clinic as antiviral therapies against papilloma virus, cyto-
megalovirus (CMV) and HIV. Recently, the anti-CMV PS-
ODN drug, formvirsen (Vitravene™), which was discov-
ered by ISIS Pharmaceuticals, has received Food and Drug
Administration (FDA) approval for the treatment of CMV-
retinitis. This represents a significant milestone in being
the first antisense drug approved for marketing in the US.

The IRES folds in a highly ordered way to form a com-
plex structure. Like a protein, it would be expected that
this structure possesses pockets suitable for binding small
molecules that could inhibit association of the IRES to the
ribosome or other translational co-factors. However, only a
few reports have appeared that describe small-molecule-
based inhibitors of HCV-translation. In one of these re-
ports, analogues of the ellagic acid-derivative shown in
Fig. 4 inhibited HCV translation by 30–70% in the rabbit
reticulocyte lysate assay. These compounds bound to the
HCV-IRES and not to the cellular components of the trans-
lation complex and should therefore selectively inhibit
IRES-dependent translation over cap-dependent translation59.
Being highly conserved, the IRES is also an attractive target
for ribozyme-based antiviral agents. In theory, ribozymes
can be designed that incorporate the catalytic sequences as
well as sequences complimentary to selected target sites in
the 59-NTR. Reports describing such agents have appeared
in the literature60–62. Even so, this is a novel method of anti-
viral therapy and several challenges, such as the molecular
size, delivery and stability of the ODN structure, need to be
addressed before these agents can be used in the clinic.

Polymerase

Sequence analysis of the HCV genome reveals that NS5B
contains four motifs commonly found among RNA polym-
erases, the most notable being a GDD sequence at pos-
itions 2737–2739, indicating that this domain encodes a
RdRP (Ref. 63). Additional evidence comes from the in vitro
RNA polymerase activity of isolated NS5B expressed in
insect cells or in Escherichia coli. Although both Mg21 and
a primer are generally required for activity, certain hetero-
polymeric templates can be replicated without added
primer by a ‘copy back’ mechanism where the 39-terminus
folds back on itself64. NS5B synthesizes both positive- and
negative-stranded RNA, is membrane bound, and forms a
replication-complex that includes other HCV-nonstructural
proteins such as NS3 (Ref. 65). Because of the lack of a tis-
sue culture system, several questions remain unanswered
concerning the timing of the various replication events,
the identity of the complete replication complex, and the
function of the 59- and 39-nontranslated RNA regions.

Viral polymerases are attractive targets for antiviral ther-
apy as demonstrated by the clinical success of nucleoside-
and non-nucleoside-inhibitors of HBV and HIV replication.
It might therefore be expected that an inhibitor of NS5B
will be equally effective in treating HCV. Unfortunately
there are some fundamental differences between NS5B
and the polymerases encoded for by HBV and HIV. In
particular, NS5B is an RdRP, a class of enzyme for which
there are few, if any, known specific inhibitors. Further-
more, as with translation-inhibitors, the issue is whether in
vitro activity obtained with the isolated enzyme is predic-
tive of antiviral activity or merely an artifact of the experi-
mental conditions. To avoid this, some groups have opted
to use surrogate viruses (flavi- or pesti-viruses) that are
related to HCV. So far, only a few compounds have been
identified as HCV-polymerase inhibitors including ribavirin
(IC50 5 100 mM)66, cerulinin (IC50 <500 mM) and cordy-
cepin (39-dATP, IC50 .100 mM)67.

Other targets

In addition to the viral targets already discussed, infor-
mation is emerging concerning the function of the remain-
ing structural and nonstructural proteins of HCV such as the
NS2–NS3 protease, NS5A and E1–E2. The NS2–NS3 protease
is highly unusual in that it does not share significant
sequence homology with any known protease, leading to
conflicting opinions as to whether it is a metalloprotease or
a zinc-dependent cysteine protease. This protease has
received little attention as an antiviral target, probably
because the protease acts cotranslationally. There is evi-
dence to suggest that resistance to IFN is mediated by NS5A
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Figure 4. Small-molecule inhibitor of hepatitis C
internal ribosomal entry site.
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directly interfering with the IFN-induced intracellular anti-
viral pathway68. If correct, this might represent a possible
target for drug development or at least, could be used as a
screening tool to aid in treatment decisions. More recently,
CD81 has been identified as the putative receptor for viral
attachment by E2 (Ref. 69). While there is still more to be
learned about HCV tropism and viral attachment and entry,
this step in the viral life-cycle has proven to be an effective
point to attack other viruses such as influenza and HIV.

Conclusion

As discussed, current successes have been hard won and
HCV continues to defy traditional paradigms of medicinal
chemistry in that advances have been made in unexpected
areas or by exploiting unusual binding properties of the
viral enzymes. For example, the NS3-protease has the
unique property of binding the N-terminal product more
tightly than the substrate to such an extent that inhibitors
with nanomolar binding affinities (KI) have been devel-
oped. While work is still required to attenuate the peptidic
nature of these inhibitors, it is hoped that a suitable candi-
date for clinical studies will result. By contrast, the develop-
ment of HCV-polymerase inhibitors is proceeding at a much
slower pace. This is at first surprising when considering that
polymerase inhibitors compromise the backbone of HIV,
HBV, herpes simplex virus (HSV) and human CMV thera-
pies. Perhaps no HCV-polymerase inhibitors have been
reported because the enzyme is an RdRP and, as far as 
the author is aware, there have been no reports of small-
molecule inhibitors active against this class of enzymes. 
Fortunately, there are other opportunities for inhibiting
HCV, such as the HCV-IRES and NS3-helicase, which repre-
sent relatively new and unproven targets for antiviral drug
development. Although several antisense compounds inhib-
it IRES function, delivery of these compounds still remains
an issue. Reports of helicase inhibitors are only beginning
to emerge, and hence, further research needs to be carried
out to establish their mechanism of inhibition.

In conclusion, a lot of progress has been made in devel-
oping anti-viral agents in the relatively short time that the
genome of HCV has been available. Further opportunities
are expected to arise as more is learned about the virus
and its lifecycle. Despite the number of obstacles that
remain, it appears that an effective anti-HCV treatment will
emerge within the next ten years.
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In short…

Two products produced by Cambridge Antibody Technology (CAT, Melbourn, Cambridgeshire, UK) have been awarded
Millennium Product status by the UK Design Council, to highlight creativity and innovation in their field. The CAT Library is a
phage-display antibody library, currently incorporating approximately 100 billion distinct antibodies. Meanwhile, ProAb is a
functional genomics tool that links genomic data to human proteins using antibodies and advanced information systems. 
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