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Hepatitis C virus (HCV) infection is a major cause of 
chronic hepatitis, liver cirrhosis and hepatocellular car-
cinoma (HCC) worldwide. A protective vaccine is not 
yet available and therapeutic options are still limited. 
Current standard therapy, which is pegylated interferon-α 
combined with ribavirin, is often difficult to tolerate and 
results in a sustained virological response in only 50% of 
patients. As a consequence, the number of patients pre-
senting with the long-term sequelae of chronic hepatitis C, 
including HCC, is expected to increase further over the 
next 20 years1. Given this scenario, there is an urgent need 
to develop more effective and better tolerated therapies for 
chronic hepatitis C. A detailed understanding of the viral 
lifecycle underpins these efforts.

HCV was identified in 1989 by immunoscreening 
an expression library with serum from a patient with 
post-transfusion non-A, non-B hepatitis2. However, 
the virus was not visualized conclusively, the low viral 
titres in serum and liver tissue precluded biochemi-
cal characterization of native viral products and, most 
importantly, it was not possible to culture HCV efficiently 
in vitro, impeding elucidation of the viral lifecycle and 
the development of specific antiviral agents and preven-
tive vaccines. Despite these obstacles, great progress has 
been made in the study of HCV over the past 18 years 
using heterologous expression systems3,4, functional 
cDNA clones that are infectious in vivo in chimpanzees5, 
a replicon system6,7, pseudoparticles (engineered retrovi-
ral particles bearing functional HCV envelope proteins) 
that enable the study of viral entry under reproducible 
and conveniently measurable conditions8,9 and, most 
recently, complete cell-culture systems10–14. Selected mile-
stones in HCV research are shown in the TIMELINE. Here 
we highlight recent advances in the molecular biology 
of HCV. The reader is referred to REFS 15–18 for more 
comprehensive reviews of the molecular virology and 
pathogenesis of hepatitis C.

Classification and genetic variability
HCV is classified in the Hepacivirus genus within the 
Flaviviridae family, which includes the classical flavi-
viruses (for example, yellow fever, dengue and tick-
borne encephalitis viruses), the animal pestiviruses (for 
example, bovine viral diarrhoea virus) and GB viruses A 
(GBV-A), GBV-B and GBV-C19. HCV has a positive-
strand RNA genome that is composed of a 5′-non-coding 
region (NCR), which includes an internal ribosome 
entry site (IRES), an open reading frame that encodes 
structural and non-structural proteins, and a 3′-NCR. 
The structural proteins, which form the viral particle, 
include the core protein and the envelope glycoproteins 
E1 and E2. The non-structural proteins include the p7 
ion channel, the NS2-3 protease, the NS3 serine protease 
and RNA helicase, the NS4A polypeptide, the NS4B and 
NS5A proteins and the NS5B RNA-dependent RNA 
polymerase (RdRp).

HCV infection is a highly dynamic process with a viral 
half-life of only a few hours and production and clearance 
of an estimated 1012 virions per day in a given individual20. 
This high replicative activity, together with the lack of a 
proof-reading function of the viral RdRp, is the basis of 
the high genetic variability of HCV. These properties are 
similar to those of HIV infection and provide a strong 
rationale for the development and implementation of 
antiviral combination therapies.

HCV isolates can be classified into genotypes and 
subtypes21. There are 6 major genotypes that differ in 
their nucleotide sequence by 30–35%. Patients infected 
with genotype 1 do not respond as well to interferon-
α-based therapy as those infected with genotype 2 or 3. 
Within an HCV genotype, several subtypes (designated 
a, b, c and so on) can be defined that differ in their nucleo-
tide sequence by 20–25%. The term quasispecies refers 
to the genetic heterogeneity of the population of HCV 
genomes that coexist in an infected individual21.
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Viral half-life
The time taken for half of the 
viruses to be cleared.

Replication of hepatitis C virus
Darius Moradpour*, François Penin‡ and Charles M. Rice§

Abstract | Exciting progress has recently been made in understanding the replication of 
hepatitis C virus, a major cause of chronic hepatitis, liver cirrhosis and hepatocellular 
carcinoma worldwide. The development of complete cell-culture systems should now 
enable the systematic dissection of the entire viral lifecycle, providing insights into the 
hitherto difficult-to-study early and late steps. These efforts have already translated into 
the identification of novel antiviral targets and the development of new therapeutic 
strategies, some of which are currently undergoing clinical evaluation.
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Permissive cell
A cell that can be infected by, 
or supports the replication of, 
a virus.

Fulminant hepatitis C
Fulminant hepatic failure refers 
to the rapid development of 
severe acute liver injury, with 
impaired synthetic function 
and encephalopathy, in a 
person who previously had 
a normal liver or had well-
compensated liver disease.

More than 40,000 HCV sequences have been depos-
ited in databases. Three complementary databases are 
specifically dedicated to HCV: the European HCV 
Database, the Los Alamos National Laboratory HCV 
Database and the Japanese Hepatitis Virus Database22. 
These offer several specialized features, including useful 
tools for HCV sequence comparisons, structural analy-
ses of viral proteins and CD4+ and CD8+ T-cell epitope 
information.

Model systems
Different model systems have been used to study specific 
aspects of the viral lifecycle18 (BOX 1). The development 
of a replicon system for HCV was a particularly impor-
tant breakthrough6. The prototype subgenomic replicon 
was a bicistronic RNA in which the portion of the HCV 
genome encoding the structural and some of the non-
structural proteins was replaced by the neomycin phos-
photransferase gene. Translation of the non-structural 
proteins 3–5B was initiated by a second, heterologous 
IRES. With this success it became possible, for the first 
time, to study HCV RNA replication in Huh-7 human 
HCC cells in vitro.

Use of the replicon system has allowed the genetic 
dissection of HCV RNA elements and proteins, provided 
material for biochemical and ultrastructural characteriza-
tion of the viral replication complex, and facilitated drug 
discovery, including investigations of antiviral resistance. 
Moreover, it has been exploited to study interactions 
between viral components and the host cell.

Since the original reports of functional genotype 1b 
replicons, replicons for genotypes 1a and 2a have also 
been constructed, as well as derivatives that express eas-
ily quantifiable marker enzymes in a separate cistron. In 
addition, full-length replicons and HCV genomes that 
replicate efficiently in tissue culture have been developed, 
and the range of permissive host cells has been expanded 
to other hepatic as well as non-hepatic cell lines. Finally, 
replicons have been established that harbour the green 
fluorescent protein in permissive sites within NS5A and 
allow tracking of functional HCV replication complexes 
in living cells (REF. 23 and references therein).

Interestingly, selected amino-acid substitutions (cell 
culture adaptive mutations) were found to increase 
the efficiency of replication by several orders of mag-
nitude7,24. In addition, the efficiency of replicon RNA 
amplification was found to be determined by selection 
for particularly permissive cells within a given population 
of Huh-7 cells25,26. However, one puzzling and disap-
pointing observation was that full-length HCV genomes 
with adaptive mutations were incapable of producing 
infectious virus. It was hypothesized that either the host 
cell lacked some factor(s) critical for particle formation 
and release, or that the adaptive mutations required for 
efficient replication in tissue culture interfered with 
packaging, assembly or release of virus. In support of the 
second idea an inverse correlation was found between 
mutations that permit efficient replication of HCV RNA 
in Huh-7 cells in vitro and productive replication after 
intrahepatic inoculation into chimpanzees in vivo27.

An unexpected twist came when an HCV genotype 2a 
clone isolated from a Japanese patient with a rare case of 
fulminant hepatitis C, designated as JFH-1 (for Japanese 
fulminant hepatitis 1) was found to replicate in Huh-7 
and other cell lines without the requirement for adap-
tive mutations28. Subsequently, it was found that cloned 
JFH-1 genomes transfected into Huh-7 cells produced 
virus (designated as HCVcc for cell-culture-derived 
HCV) that is infectious for naive Huh-7 cells, allow-
ing, for the first time, in vitro studies of the complete 
lifecycle of HCV11. Efficiency was improved by using 
highly permissive Huh-7 sub-lines10,12 and chimaeric 
clones that consisted of the 5′- and 3′-NCRs, as well as 
the NS3-5B region of JFH-1 and the C-NS2 region of a 
different genotype 2a isolate designated J6 (REFS 10,14). 
Virus produced in tissue culture was infectious in vivo 
in chimpanzees11,13 and in immunodeficient mice with 
partially human livers13. Viral inocula derived from 
these animal models were infectious for naive Huh-7 
cells in culture13. Thus, 17 years after the identification 
of HCV, Koch’s postulates for this infectious agent were 

Timeline | Milestones in hepatitis C virus (HCV) research

1975 1989 1993 1996 1997 1998 1999 2003 2005

Identification 
of HCV

Description of 
non-A, non-B 
hepatitis

Delineation of HCV 
genome organization 
and polyprotein 
processing

First 
infectious 
clone of HCV 
constructed

Replicon 
system 
established

Proof-of-concept 
clinical studies of an 
HCV protease inhibitor

First three-dimensional 
structure of an HCV 
protein (NS3 serine 
protease)

Interferon-α 
and ribavirin 
combination 
therapy

Functional HCV 
pseudoparticles described

Production of 
recombinant infectious 
HCV in tissue culture

Box 1 | In vitro and in vivo models to study HCV

In vitro models
• Transient cellular expression systems

• Stable, transfected cell lines (constitutive or inducible 
expression)

• Replicons (subgenomic or full-length; selectable or 
transient)

• Related viruses (for example, GBV-B (GB virus B) or BVDV 
(bovine viral diarrhoea virus))

• Retroviral pseudoparticles displaying functional HCV 
(hepatitis C virus) glycoproteins

• Recombinant infectious HCV

In vivo models
• Chimpanzee (Pan troglodytes)

• Transgenic mice

• Immunodeficient mice or hepatocellular reconstitution 
models

• Related viruses (for example, GBV-B or BVDV)
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finally fulfilled. Classical virological techniques can 
now be applied to the study of previously unexplored 
lifecycle steps, including viral entry, genome packag-
ing, virion assembly, maturation and release. Although 
low levels of infectious virus have been obtained from a 
genotype 1a isolate with five adaptive mutations29, the 
challenge remains to develop robust systems for all HCV 
genotypes.

The virus and its lifecycle
The lifecycle of HCV is illustrated in FIG. 1.

Virion structure. Although exciting progress has been 
made towards determining virion structures of some of 
the related alphaviruses and flaviviruses, for example, 
dengue virus30, HCV has not been definitively visualized 
and its structure remains to be elucidated. Based on filtra-
tion and electron microscopic studies, HCV particles are 
40–70 nm in diameter (REF. 11 and references therein). It is 
thought that the core protein and the envelope glycopro-
teins E1 and E2 are the principal protein components of 
the virion. E1 and E2 are presumably anchored to a host 
cell-derived double-layer lipid envelope that surrounds 
a nucleocapsid composed of multiple copies of the core 
protein and the genomic RNA.

HCV circulates in various forms in the infected host 
and can be associated with low-density lipoproteins 
(LDL) and very-low-density lipoproteins (VLDL), both 
of which seem to represent the infectious fraction, and 
also circulates as virions bound to immunoglobulins 
and free virions (reviewed in REF. 31). This feature may 
explain its unusually heterogenous and low buoyant 
density (peak infectivity near 1.10 g per ml).

Viral entry. HCV only infects humans and chimpanzees. 
Hepatocytes are the main target cells but infection of 
B cells, dendritic cells and other cell types has also been 
reported. CD81, a tetraspanin protein that is found on 
the surface of many cell types, including hepatocytes32, 
the LDL receptor (LDLR)33, scavenger receptor class B 
type I (SR-BI)34 and, most recently, claudin-1 (REF. 35) 
have, among others, been proposed as HCV receptors 
(REFS 36,37; FIG. 2).

The LDLR is an attractive candidate receptor because 
of the association of HCV with LDL and VLDL. However, 
its precise role remains to be determined. Together with 
glycosaminoglycans, the LDLR and other cell surface 
proteins involved in serum lipoprotein binding and 
metabolism might serve as primary collectors of HCV 
particles for further targeting to CD81 and additional 
receptor components (FIG. 2). HCV E2 also binds to 
DC-SIGN (dendritic cell-specific intercellular adhesion 
molecule-3-grabbing non-integrin) and L-SIGN (liver/
lymph node-specific intercellular adhesion molecule-
3-grabbing integrin). L-SIGN is a calcium-dependent 
lectin expressed on liver sinusoidal endothelial cells that 
may facilitate the infection process by trapping the virus 
for subsequent interaction with hepatocytes.

Both CD81 and SR-BI bind E2 and are necessary but 
not sufficient for HCV entry. Expression of CD81 in 
CD81-negative hepatocyte-derived cell lines confers sus-
ceptibility to HCV pseudoparticles (HCVpp) and HCVcc. 
Blocking antibodies against CD81 or SR-BI, recombinant 
soluble CD81, oxidized LDL or siRNA-mediated down-
regulation of CD81 expression reduce infectivity. However, 
expression of CD81 and SR-BI in non-hepatocyte-derived 
cell lines does not confer susceptibility to HCV infection, 
indicating that additional hepatocyte-specific factors must 
be required for HCV entry.

Using an iterative expression cloning approach the 
tight junction component claudin-1 was recently identi-
fied as an HCV co-receptor35. Claudin-1 was found to be 
essential for HCV entry into hepatic cells and rendered 
non-hepatic cells permissive to HCV infection. However, 
certain cell types were found to be non-permissive despite 
expression of CD81, SR-BI and claudin-1, indicating that 
one or more additional HCV entry factor(s) remain to 
be discovered. Claudin-1 acts at a late stage of the entry 
process, after virus binding and interaction with CD81. 
Interestingly, other tight junction-associated molecules 
have been shown to serve as viral (co-)receptors. In this 
context, coxsackievirus B entry requires initial binding 
to a primary receptor (decay-accelerating factor) on the 
lumenal cell surface, followed by lateral migration of 
the virus–receptor complex to the tight junction, where 
interaction with the co-receptor CAR (coxsackievirus 
and adenovirus receptor) and uptake into the host cell 
occur38. Future studies should clarify if HCV follows a 
similar pathway for cell entry.

HCV enters by clathrin-mediated endocytosis39, 
with transit through an endosomal, low pH compart-
ment40,41 and presumably endosomal membrane fusion. 
The structural basis for low pH-induced membrane 
fusion has been elucidated for related flaviviruses and 
alphaviruses, including dengue virus and Semliki Forest 

Figure 1 | Lifecycle of hepatitis C virus (HCV). Virus binding and internalization (a); 
cytoplasmic release and uncoating (b); IRES-mediated translation and polyprotein 
processing (c); RNA replication (d); packaging and assembly (e); virion maturation 
and release (f). The topology of HCV structural and non-structural proteins at the 
endoplasmic reticulum membrane is shown schematically. HCV RNA replication occurs 
in a specific membrane alteration, the membranous web. Note that IRES-mediated 
translation and polyprotein processing, as well as membranous web formation and 
RNA replication, which are illustrated here as separate steps for simplicity, might occur 
in a tightly coupled fashion. IRES, internal ribosome entry site.
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virus42,43. The envelope proteins of these viruses have 
an internal fusion peptide that is exposed during low 
pH-mediated domain rearrangement and trimerization 
of the protein. The scaffolds of these so called class II 
fusion proteins are remarkably similar, suggesting that 
entry of all viruses in the Flaviviridae family, includ-
ing HCV, may include a class II fusion step. However, 
the mechanisms involved in activating HCV for low 
pH-induced fusion, the fusion step, and the identity of 
the fusion peptide(s) have not yet been characterized.

Genome organization
HCV contains a 9.6-kb positive-strand RNA genome 
composed of a 5′-NCR, a long open reading frame encod-
ing a polyprotein precursor of about 3,000 amino acids, 
and a 3′-NCR (FIG. 3). The mechanisms regulating transla-
tion, replication and packaging of the viral genome are 
unknown. Current evidence indicates that NS5A might 
function as a molecular switch between replication and 
assembly, as the phosphorylation state of this protein 
affects HCV RNA replication, and there is an inverse 

correlation between NS5A adaptive mutations facilitating 
replication and virus production (see below).

The 5′-NCR is highly conserved among different 
HCV isolates and contains an IRES that is essential 
for cap-independent translation of the viral RNA. The 
5′-NCR is composed of four highly ordered domains 
numbered I to IV (FIG. 3). Domain I is not required for 
IRES activity, but domains I and II are both essential for 
HCV RNA replication44. Recent research showed that 
an abundant liver-specific microRNA (miRNA), miR-
122, bound to the HCV 5′-NCR and enhanced viral RNA 
replication45. This finding provided the first example of a 
virus that exploits a cellular miRNA and uncovered a new 
angle for possible antiviral intervention by antagonizing 
or abrogating the function of miR-122.

The 3′-NCR is composed of a short variable region, a 
poly(U/UC) tract with an average length of 80 nucleotides, 
and an almost invariant 98 nucleotide RNA element, desig-
nated the X-tail46,47. The conserved elements in the 3′-NCR, 
including a minimal poly(U) tract of about 25 bases, are 
essential for replication in cell culture48,49 and in vivo50,51.

Figure 2 | Current model for hepatitis C virus (HCV) entry. Circulating HCV particles can be associated with low- and 
very-low-density lipoproteins (LP). Virus binding to the cell surface and entry may involve the low density lipoprotein 
receptor (LDLR), glycosaminoglycans (GAG), scavenger receptor class B type I (SR-BI), the tetraspanin protein CD81 and 
claudin-1 (CLDN1). CLDN1 functions at a late stage of cell entry, possibly at tight junctions of polarized hepatocytes. 
Internalization depends on clathrin-mediated endocytosis. Acidification of the endosome induces HCV glycoprotein 
membrane fusion. Little is known about the uncoating process, which results in genome release into the cytosol.
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Besides the 5′- and 3′-NCRs, an essential cis-act-
ing replication element (CRE) was identified in the 
sequence that encodes the C-terminal region of NS5B52. 
An essential stem-loop, designated 5B-SL3.2, was identi-
fied within a larger cruciform RNA element, designated 
5B-SL3 (FIG. 3). The upper loop of 5B-SL3.2 was found to 
interact with a stem-loop in the X-tail, suggesting that a 
pseudoknot is formed at the 3′-end of the HCV genome 
that is essential for RNA replication53.

IRES-mediated translation initiation
Domains II, III and IV of the 5′-NCR, together with the 
first 24–40 nucleotides of the core coding region, consti-
tute the IRES. HCV translation initiation occurs through 
the formation of a binary complex between the IRES and 
the 40S ribosomal subunit, followed by the assembly of 
a 48S-like complex at the AUG initiation codon after 
the association of eukaryotic translation initiation factor 
3 (eIF3) and ternary complex (eIF2•Met-tRNAi•GTP). 
Finally, the rate limiting step is the GTP-dependent 
association of the 60S subunit to form an 80S complex54.

High-resolution structures are available for the critical 
elements of the HCV IRES55,56. In addition, three-dimen-
sional structures of the HCV IRES bound to the 40S ribos-
omal subunit and to eIF3 were resolved by cryoelectron 
microscopy57,58. It was found that IRES binding induces 
a significant conformational change in the 40S subunit 
that seems to be required for assembly of the 80S ribos-
ome. In addition, modelling of the eIF3•IRES•40S complex 
revealed that eIF3 uses the HCV IRES or, in cap-dependent 
translation, the canonical translation initiation factor 

eIF4F in structurally similar ways to position the posi-
tive-strand viral RNA or a cellular mRNA, respectively, 
near the exit site of the 40S ribosomal subunit, promoting 
initiation complex assembly58.

Polyprotein processing
Translation of the HCV open reading frame yields a 
polyprotein precursor that is co- and post-translation-
ally processed by cellular and viral proteases into the 
mature structural and non-structural proteins (FIG. 3). 
The structural proteins and the p7 polypeptide are 
processed by the endoplasmic reticulum (ER) signal 
peptidase whereas the non-structural proteins are proc-
essed by two viral proteases, the NS2–3 protease and the 
NS3–4A serine protease.

Structure and function of the viral proteins
Core. The first structural protein encoded by the HCV 
open reading frame is the core protein which forms the 
viral nucleocapsid. An internal signal sequence located 
between the core and E1 sequences targets the nascent 
polypeptide to the ER membrane for translocation of the 
E1 ectodomain into the ER lumen. Cleavage of the signal 
sequence by signal peptidase yields an immature 191-
amino-acid core protein. Further C-terminal processing 
by signal peptide peptidase yields the mature 21-kDa 
core protein of 173–179 amino acids59.

The N-terminal hydrophilic domain (D1) of the core 
protein contains a high proportion of basic amino-acid 
residues and has been implicated both in RNA bind-
ing and homo-oligomerization. The core protein is an 

Figure 3 | Genetic organization and polyprotein processing of hepatitis C virus (HCV). The 9.6-kb positive-strand 
RNA genome is schematically depicted at the top. Simplified RNA secondary structures in the 5′- and 3′-non-coding 
regions (NCRs) and the core gene, as well as the NS5B stem-loop 3 cis-acting replication element (5B-SL3) are shown. 
Internal ribosome entry site (IRES)-mediated translation yields a polyprotein precursor that is processed into the mature 
structural and non-structural proteins. Amino-acid numbers are shown above each protein (HCV H strain; genotype 1a; 
GenBank accession number AF009606). Solid diamonds denote cleavage sites of the HCV polyprotein precursor by the 
endoplasmic reticulum signal peptidase. The open diamond indicates further C-terminal processing of the core protein by 
signal peptide peptidase. Arrows indicate cleavages by the HCV NS2–3 and NS3–4A proteases. Dots in E1 and E2 indicate 
the glycosylation of the envelope proteins (4 and 11 N-linked glycans, respectively, in the HCV H strain). Note that 
polyprotein processing, illustrated here as a separate step for simplicity, occurs co- and post-translationally.
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α-helical protein60 that is found on membranes of the 
ER, in membranous webs (see below) and on the sur-
face of lipid droplets. The association with lipid droplets, 
which is mediated by the central, relatively hydrophobic 
domain (D2) and ensures its folding60, may have a role 
during viral replication and/or virion morphogenesis. 
In addition, it has been speculated that the interaction 
of the core protein with lipid droplets might affect lipid 
metabolism, contributing to the development of liver 
steatosis, which is often seen in hepatitis C, particularly 
in patients infected with genotype 3 (REF. 61).

Envelope glycoproteins. The envelope proteins E1 and 
E2 are glycosylated and form a non-covalent complex, 
which is believed to be the building block for the viral 
envelope62. HCV glycoprotein maturation and folding 
is a complex process that involves the ER chaperone 
machinery and depends on disulphide bond formation 
as well as glycosylation. The transmembrane domains of 
E1 and E2, located at their C-termini, are involved in het-
erodimerization and have ER retention properties. Each 
of them is composed of two stretches of hydrophobic 
amino-acid residues that are separated by a short polar 
segment. The second hydrophobic patch functions as an 
internal signal peptide for the downstream E2 and p7 
proteins. Before signal sequence cleavage, the E1 and E2 
transmembrane domains are proposed to adopt a hair-
pin structure at the translocon. After cleavage, the signal 
sequence is reorientated towards the cytosol, resulting in 
a single transmembrane passage. Determination of the 
three-dimensional structures of E1 and E2 will be key 
to elucidating the receptor binding and fusion processes 
that are mediated by these proteins.

p7. p7 is a 63-amino-acid polypeptide that is often 
incompletely cleaved from E2. It has two transmembrane 
segments connected by a short cytoplasmic loop, and the 
N terminus and C terminus are orientated toward the ER 
lumen63. HCV p7 is not required for RNA replication 
in vitro but is essential for productive infection in vivo64. 
It has been reported to form oligomers and to have 
cation channel activity65,66, suggesting that it belongs to 
the viroporin family, and could have an important role in 
viral particle maturation and release. It might therefore 
be an attractive target for antiviral intervention.

NS2–3 protease. The NS2–3 protease, also known as 
the autoprotease, has been one of the difficult-to-study 
HCV proteins. It is dispensable for RNA replication 
in vitro but is essential for the complete replication 
cycle in vitro and in vivo14,51. The catalytic activity of the 
NS2–3 protease resides in the C-terminal half of NS2 
and the N-terminal one-third of NS3 (REFS 67,68). 
Site-directed mutagenesis has shown that amino acids 
His143, Glu163 and Cys184 are essential for proteolytic 
activity67,68. As with all of the HCV proteins, NS2 is 
associated with intracellular membranes. Its N-terminal 
domain contains at least one (possibly three) trans-
membrane segments. Recombinant proteins lacking 
this domain retain enzymatic activity69,70. The crystal 
structure of the NS2 protease domain (amino-acid 

residues 94–217, NS2pro) has recently been solved71. 
NS2pro forms a dimer that has two composite active sites 
(FIG. 4). Each active site is composed of residues from the 
two monomers, that is, residues His143 and Glu163 are 
contributed by one monomer and Cys184 by the other.

This structure changed the current view of HCV 
polyprotein processing, as NS2–3 cleavage was previously 
thought to occur as a unimolecular reaction in cis (hence 
the designation autoprotease). However, the requirement 
for dimerization to form an active NS2-3 protease suggests 
that NS2–3 cleavage and formation of an active replication 
complex may be regulated by the concentration of NS2. 
Solving the structure of the N-terminal membrane domain 
of NS2 might yield insights into additional functions of 
NS2, which was recently found to be essential for the pro-
duction of infectious virus, possibly by affecting a late step 
of the viral lifecycle14. Interestingly, efficient HCV chimae-
ras were constructed using a fusion site in NS2 (see above). 
Plus, intra- and intergenotypic recombinants with cross-
over sites in NS2 have been identified in patients infected 
with HCV72,73. Clearly, the availability of complete cell-
culture systems for HCV should now permit the different 
functions of NS2 in the viral lifecycle to be explored.

NS3–4A complex. NS3 is a multifunctional protein, with 
a serine protease located in the N-terminal one-third and 
an RNA helicase/NTPase located in the C-terminal two-
thirds of the protein. Both enzyme activities have been 
well characterized, and high-resolution structures have 
been solved (REF. 74 and references therein). The NS4A 
polypeptide functions as a cofactor for the NS3 serine 
protease. Its central portion is incorporated as an inte-
gral component into the enzyme core, and its N-terminal 
portion is responsible for membrane association of the 
NS3–4A complex75.

The NS3–4A serine protease has emerged as a prime 
target for the design of specific inhibitors as antiviral 
agents76. Its catalytic triad is formed by His57, Asp81 and 
Ser139. Determinants of substrate specificity include 
an acidic amino-acid residue at the P6 position, a P1 
cysteine (both trans-cleavage sites) or threonine (cis-
cleavage site between NS3 and NS4A), and an amino-
acid residue with a small side chain, that is, alanine or 
serine, at the P1′ position (consensus cleavage sequence 
D/EXXXXC/T↓S/AXXX). The NS3–4A serine protease 
has an unusually shallow substrate-binding pocket and 
therefore requires extended interaction surfaces with 
the substrate. This posed a challenge to the develop-
ment of efficient and specific inhibitors. It has recently 
been shown that the NS3–4A serine protease cleaves 
and thereby inactivates two crucial adaptor proteins in 
innate immune sensing, namely Trif77 (also known as 
TICAM-1) and Cardif78 (also known as MAVS79, IPS-1 
(REF. 80) and VISA81). Cardif is a mitochondrial outer 
membrane protein79. It was previously observed that a 
minor fraction of NS3-4A localizes to mitochondria75. 
These findings have major implications for the persistence 
and pathogenesis of HCV82.

The NS3 helicase is a member of the superfamily 2 
DExH/D-box helicases. It couples unwinding of double-
stranded RNA, or of single-stranded RNA regions with 
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extensive secondary structures, to ATP hydrolysis. It was 
recently shown that NS3 unwinds RNA through a highly 
coordinated cycle of fast ripping and local pausing that 
occurs with regular spacing along the duplex substrate, 
suggesting that nucleic acid motors can function in a 
manner analogous to cytoskeletal motor proteins83,84. 
Data obtained using optical tweezers revealed that HCV 
helicase unwinds RNA in steps of 11 base pairs (step 
size) on average85. Although appealing as an antiviral 
target, specific inhibitors of the HCV NS3 helicase have 
only recently been described86. It is unknown why the 
serine protease and RNA helicase activities are physi-
cally linked but evidence for cross-talk between these 
two essential enzymatic activities is emerging87.

NS4B. NS4B is a relatively poorly characterized 27-kDa 
protein. One of its functions is to induce the forma-
tion of the membranous web, the specific membrane 
alteration that serves as a scaffold for the HCV repli-
cation complex88 (see below). It is predicted to contain 
four transmembrane segments and has recently been 
reported to be palmitoylated at two C-terminal cysteine 
residues and to form oligomers89. However, the detailed 
membrane topology and the role of oligomerization in 
NS4B function remain to be elucidated.

NS5A. NS5A is a phosphoprotein that can be found 
in basally phosphorylated (56 kDa) and hyperphos-
phorylated (58 kDa) forms. Recent biochemical and 

Figure 4 | Structures and membrane association of hepatitis C virus (HCV) proteins. Scissors indicate cleavages by the 
endoplasmic reticulum (ER) signal peptidase, except on the cytosolic side where it indicates the processing of the core 
protein by signal peptide peptidase. The cyclic arrow denotes cleavage by the NS2–3 protease. Black arrows indicate 
processing by the NS3–4A protease complex. Known protein structures are shown as ribbon diagrams. The structures and 
the membrane bilayer are shown at the same scale. Proteins or protein segments of unresolved structures are represented 
as coloured spheres or cylinders with their approximate sizes. The core protein (red) includes two amphipathic α-helices 
connected by a hydrophobic loop (D2 domain60). The E1 signal peptide (green) is cleaved by signal peptide peptidase59. 
The E1-E2 glycoprotein heterodimer is associated by the C-terminal transmembrane domains62; green spots denote 
glycosylation of the envelope proteins. The p7 viroporin monomer is shown in violet (F.P. et al., unpublished data) and 
the NS2 catalytic domain has dimer subunits shown in blue and magenta connected to their N-terminal membrane 
domains71 (protein data bank (PDB) entry 2HD0). The active-site residues His143, Glu163 and Cys184 are represented as 
spheres. The NS3 serine protease domain (cyan) is shown, associated with the central NS4A protease activation domain and 
the N-terminal NS4A transmembrane domain (yellow). The catalytic triad of the NS3 serine protease (His57, Asp81 
and Ser139) is represented by spheres (magenta). NS3 helicase domains I, II and III are coloured in silver, red and blue, 
respectively. This representation of NS3 (derived from PDB entry 1CU1 (REF. 74)) indicates that the helicase domain can no 
longer interact with the NS3 protease domain when the latter is associated with the membrane through its amphipathic 
α-helix 11–21 (green) and the transmembrane domain of NS4A (D.M. and F.P., unpublished data). NS4B, with the N-terminal 
domain interacting in-plane with the membrane (D.M. and F.P., unpublished data), the central transmembrane domain and 
the C-terminal cytosolic domain are shown. The NS5A domain I dimer (PDB entry 1ZH1 (REF. 98), subunits coloured in 
magenta and ice blue) and the N-terminal amphipathic α-helix in-plane membrane anchor (PDB entry 1R7E96, helices 
coloured in red and blue) are shown in relative position to a phospholipid membrane (adapted from REF. 98). Domains II and 
III of NS5A are symbolized by grey spheres. The NS5B RNA-dependent RNA polymerase (RdRp) catalytic domain (PDB entry 
1GX6 (REF. 104)) is associated with the membrane by its C-terminal transmembrane segment (F.P. and D.M., unpublished 
data). The fingers, palm and thumb subdomains of the catalytic domain are coloured in blue, red and green, respectively. 
The catalytic site of the RdRp lies within the centre of the cytosolic domain and the RNA template-binding cleft is located 
vertically on the right along the thumb subdomain β-loop (orange) and the C-terminal part of segment 545–562 (silver), 
connecting the cytosolic domain to the transmembrane segment (magenta). The membrane is represented as a simulated 
model of a 1-palmitoyl-2-oleoyl-3-sn-glycero-3-phospholcholine (POPC) bilayer (obtained from D.P. Tieleman). Polar heads 
and hydrophobic tails of phospholipids (stick structure) are coloured in light yellow and light grey, respectively. The 
positions of the NS5A in-plane membrane helices at the membrane interface, as well as that of the transmembrane domain 
of NS5B and that of the p7 monomer, were deduced from molecular dynamics simulations in the POPC bilayer (F. P. and 
D.M. et al., unpublished data). The positioning of the NS3–4A membrane segments is tentative. The figure was generated 
from the structure coordinates deposited in the PDB using Visual Molecular Dynamics and rendered with POV-Ray.
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functional studies suggest that the α-isoform of protein 
kinase CKI may be responsible for NS5A hyperphos-
phorylation90. However, it is unknown if additional 
cellular kinases are involved in generating the different 
phosphoforms of NS5A.

Phosphorylation of NS5A is a conserved feature 
among hepaciviruses and pestiviruses and is also found 
in flavivirus NS5 proteins, arguing that it has an impor-
tant role in the HCV lifecycle91. Indeed, cell culture-
adaptive mutations often affect centrally located serine 
residues that are required for hyperphosphorylation, sug-
gesting that the phosphorylation state of NS5A modulates 
the efficiency of HCV RNA replication92–94. According 
to one model, hyperphosphorylation of NS5A reduces 
interaction with the human vesicle-associated membrane 
protein-associated protein A (hVAP-A)92. This vesicle 
sorting protein has been implicated in directing non-
structural proteins to lipid rafts that might be involved 
in viral RNA replication95.

NS5A is a monotopic protein anchored to the mem-
brane by an N-terminal amphipathic α-helix embed-
ded in-plane into the cytosolic leaflet of the membrane 
bilayer (REF. 96 and references therein). This helix has 
a hydrophobic, tryptophan-rich face that is embedded 
in the cytosolic membrane interface, whereas the polar, 
charged face is exposed to the cytosol and is probably 
involved in specific protein–protein interactions that 
are essential for the formation of a functional HCV 
replication complex96.

Comparative sequence analyses and limited proteolysis 
of recombinant NS5A have defined three domains97. The 
crystal structure of the conserved domain I immediately 
following the membrane-anchoring α-helix revealed a 
dimeric structure and defined surface properties that may 
be involved in interactions with viral and cellular proteins, 
membranes and RNA98 (FIG. 4). In fact, the groove gener-
ated by the ‘claw-like’ dimer is hypothesized to face away 
from the membrane, where it could accommodate either 
single- or double-stranded RNA. The deep, highly basic 
portion of the groove could favour contacts with RNA 
whereas the ‘arms’ extending out past this groove are more 
acidic, and might serve to prevent RNA from exiting the 
groove. RNA binding properties of NS5A have been 
confirmed biochemically99. According to one hypothesis, 
multiple NS5A dimers could form a two-dimensional 
array on intracellular membranes, thereby creating a 
‘basic railway’ that would allow the sliding of RNA. Other 
regions of NS5A would protect it from degradation by 
cellular RNAses, or from recognition by double-strand 
RNA-induced antiviral defence mechanisms. According 
to this model, NS5A would tether the viral RNA onto 
intracellular membranes and coordinate its different 
fates during HCV replication. Given that numerous core 
protein molecules are needed to form a nucleocapsid for 
incorporation of one genomic RNA, a large excess of non-
structural proteins are produced in an infected cell. So it is 
plausible that these proteins have additional functions as 
arrays or lattices on membranes. In fact, it has been shown 
that only a small proportion of HCV non-structural pro-
teins expressed in cells harbouring HCV replicons are 
actively engaged in RNA replication100,101. As discussed 

above, accumulation of excess non-structural proteins 
might also be important for antagonizing host cell innate 
antiviral pathways prior to initiating RNA replication.

NS5B. HCV replication proceeds by the synthesis of a 
complementary negative-strand RNA using the genome 
as a template and the subsequent synthesis of genomic 
positive-strand RNA from this negative-strand RNA tem-
plate. The key enzyme responsible for both of these steps 
is the NS5B RdRp. This viral enzyme has been extensively 
characterized (REFS 102–104 and references therein), and 
NS5B has emerged as a major target for antiviral inter-
vention. The HCV NS5B protein contains motifs that 
are shared by all RdRps, including the hallmark GDD 
sequence within motif C, and has, based on the similarity 
of the enzyme structure with the shape of a right hand, 
the classical fingers, palm and thumb subdomains (FIG. 4). 
A special feature of the HCV RdRp is that extensive 
interactions between the fingers and thumb subdomains 
result in a completely enclosed active site. This feature is 
shared by other RdRps105. Similar to poliovirus RdRp106, 
oligomerization of HCV NS5B has been reported to be 
important for cooperative RNA synthesis activity107.

The HCV RdRp is a so called ‘tail-anchored protein’. 
Membrane association is mediated by the C-terminal 21 
amino-acid residues, which are dispensable for polymer-
ase activity in vitro but indispensable for RNA replication 
in cells (REF. 108 and references therein). Membrane 
targeting occurs by a post-translational mechanism and 
results in integral membrane association of NS5B (FIG. 4).

ARFP/F proteins. An alternative reading frame (ARF) 
was identified in the HCV core coding region that, as a 
result of a –2/+1 ribosomal frameshift in genotype 1a, has 
the potential to encode a protein of up to 160 amino acids, 
designated ARFP (alternative reading frame protein) or F 
(frameshift) protein (reviewed in REF. 109). Amino-acid 
sequencing indicated that the frameshift probably occurs 
at, or near to, codon 11 of the core protein sequence. 
However, multiple, and in part isolate-dependent, 
frameshifting events, as well as internal translation ini-
tiation, have also been reported. Detection of antibodies 
and T cells that are specific for the ARFP/F proteins in 
patients with hepatitis C suggests that these proteins are 
expressed during HCV infection. Yet the ARFP/F pro-
teins are not required for HCV RNA replication in vitro 
or in vivo110. Recent evidence suggests that one or more 
conserved and functionally important RNA elements 
are present in the core gene/ARF110. However, the func-
tions, if any, of the ARFP/F proteins in the lifecycle and 
pathogenesis of HCV remain to be elucidated.

The viral replication complex
Formation of a membrane-associated replication com-
plex, composed of viral proteins, replicating RNA and 
altered cellular membranes, is a hallmark of all posi-
tive-strand RNA viruses investigated so far (reviewed 
in REFS 111,112). Depending on the virus, replication 
might occur on altered membranes derived from the 
ER, Golgi apparatus, mitochondria or even lysosomes. 
The role of membranes in viral RNA synthesis is not 
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well understood. It may include: the physical support 
and organization of the RNA replication complex106; the 
compartmentalization and local concentration of viral 
products113; tethering of the viral RNA during unwind-
ing; provision of lipid constituents important for replica-
tion; and protection of the viral RNA from double-strand 
RNA-mediated host defences or RNA interference.

A specific membrane alteration, named the membra-
nous web, was identified as the site of RNA replication 
in Huh-7 cells containing subgenomic HCV replicons114 
(FIG. 5). Formation of the membranous web was induced 
by NS4B alone and was very similar to the ‘sponge-like 
inclusions’ previously observed using electron microscopy 
in the liver of HCV-infected chimpanzees88. It is currently 
hypothesized that the membranous web is derived from 
ER membranes. Ongoing studies are aimed at character-
izing the host factors and cellular processes involved in 
the formation of the HCV replication complex.

Recent studies have revealed a complex interaction 
between HCV RNA replication and cellular lipid metabo-
lism, presumably through the trafficking and association 
of viral and host proteins with intracellular membranes. 
In cell culture, HCV RNA replication is stimulated by 
saturated and mono-unsaturated fatty acids, and inhib-
ited by polyunsaturated fatty acids or inhibition of fatty 
acid synthesis. These results suggest that membrane 
fluidity is important for the function of the replication 
complex. In addition, it was found that geranylgeranyla-
tion of one or more host proteins is required for HCV 
RNA replication115,116. One such protein is FBL-2 which 
contains an F-box motif and is likely to be involved in 
targeting proteins for degradation, although the natural 
substrates are currently unknown117. Such observa-
tions suggest that pharmacological manipulation of 
lipid metabolism might have therapeutic potential for 
hepatitis C infections118.

Recent studies have identified additional host fac-
tors involved in HCV RNA replication. Starting with 
the observation that cyclosporin A (CsA) inhibits HCV 
RNA replication in vitro, cyclophilin B was identified as 
a target of CsA action119. It was shown that cyclophilin 
B interacts with NS5B, thereby stimulating its RNA 
binding activity. Cyclophilin B is a peptidyl-prolyl cis-
trans isomerase. This enzymatic activity has an as-yet-
undefined role in HCV RNA replication. Based on these 
findings, non-immunosuppressive CsA analogues are 
currently being developed as antivirals against hepatitis 
C120. More recently, it was shown that FKBP8 (a member 
of the FK506-binding protein family) and Hsp90 form 
a complex with NS5A and have an important role in 
HCV RNA replication121. However, FK506 (tacrolimus) 
does not bind to FKBP8 and does not inhibit HCV RNA 
replication.

Packaging, assembly and particle release
Little is known about the late steps of the viral lifecycle, as 
these have only recently become amenable to systematic 
study. NS2 and possibly other non-structural proteins, as 
well as yet-to-be defined RNA structures, are involved 
in these processes. Virions presumably form by budding 
into the ER, or an ER-derived compartment, and exit 

the cell through the secretory pathway. A possible link 
between lipoprotein metabolism and viral assembly and 
release has been proposed31.

Implications for drug development
In principle, each step of the HCV lifecycle (FIG. 1) is a 
target for antiviral intervention122. Specific inhibitors of 
the biochemically and structurally well-characterized 
NS3–4A serine protease and NS5B RdRp are currently 
being developed as antiviral agents, and the first candi-
dates have already been evaluated in clinical trials76. Serine 
protease inhibitors seem particularly promising, as they 
not only block viral polyprotein processing but might 
also reverse the inhibition of innate immune sensing by 
HCV. In addition, new targets have been uncovered by the 

Figure 5 | Hepatitis C virus (HCV) replication complex. 
a | Low-power overview of a Huh-7 cell harbouring a 
subgenomic HCV replicon. A distinct membrane alteration, 
named the membranous web (arrows), is found in the 
juxtanuclear region of the cell. Note the circumscript 
nature of this specific membrane alteration and the 
otherwise unaltered cellular organelles. Scale bar 
represents 1 µm. b | Higher magnification of a membranous 
web (arrows), which is composed of small vesicles that 
are embedded in a membrane matrix. Note the close 
association of the membranous web with the rough 
endoplasmic reticulum. Scale bar represents 500 nm. The 
membranous web contains all HCV non-structural proteins 
and nascent viral RNA in Huh-7 cells that harbour 
subgenomic replicons114, and therefore represents the 
subcellular site of HCV RNA replication. ER, endoplasmic 
reticulum; M, mitochondria; N, nucleus.
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recent studies highlighted above, including, among oth-
ers, the HCV 5′-NCR, viral entry and fusion, the p7 ion 
channel, the NS2–3 protease and NS5A. Moreover, drugs 
affecting host factors that are involved in HCV replica-
tion are being explored as antiviral agents. At this early 
stage it is already evident that the genetic variability of 
HCV, which facilitates the rapid development of antiviral 
resistance, is a major challenge to the clinical develop-
ment of specific inhibitors and that, in common with 
HIV infection, combination therapy will be necessary for 
therapeutic success123,124.

Conclusions and perspectives
The development of powerful model systems has ena-
bled the dissection of the HCV lifecycle. Much work 
remains to be done with respect to understanding 
virion assembly and structure, the early and late steps 
of replication, the mechanism and regulation of RNA 
replication, and the pathogenesis of HCV-induced liver 
disease. Ultimately, these efforts should result in innova-
tive preventive and therapeutic strategies for one of the 
most common causes of chronic hepatitis, liver cirrhosis 
and HCC worldwide.
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