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The family Flaviviridae comprises several major human pathogens including hepatitis C virus (genus
hepacivirus), yellow fever virus, West Nile virus and dengue virus (genus flavivirus). Flaviviridae genomes
comprise a single-stranded RNA segment encoding a single polyprotein that is subsequently processed
into 10 mature viral proteins. The nonstructural proteins are released from the C-terminus of the poly-
protein and contribute to the infectious cycle by forming membrane-bound, multi-protein compartments
within host cells, named the replication complexes, where synthesis of new viral genomes takes place.
Two nonstructural proteins are endowed with multiple enzymatic activities and represent important tar-
gets against which specific antiviral inhibitors have been developed. X-ray crystal structures of these viral
enzymes as well as in-depth understanding of the molecular basis of their activities have contributed tre-
mendously to the development of antiviral compounds, currently approved or in advanced clinical trials
for hepatitis C treatment. One of the prime targets is the RNA-dependent RNA polymerase (RdRp, NS5B
for hepatitis C virus, NS5 for flaviviruses). Here we review current knowledge of the structural basis for
viral RNA synthesis by NS5B and NS5. These data offer perspectives for further drug design and constitute
major advances in our basic understanding of viral RdRp. They thus point to future research directions in
the field.

� 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The family Flaviviridae comprises a large number of viruses
which are major public health problems, particularly hepatitis C
virus (HCV) in the hepacivirus genus or yellow fever, dengue and
Japanese encephalitis viruses in the flavivirus genus (Lindenbach
et al., 2007). The pestiviruses make up the third genus in the Flavi-
viridae family and comprise important animal pathogens such as
bovine viral diarrhea virus (BVDV). The global incidence of the four
serotypes of dengue virus has been on the rise for the last 20 years.
Transmitted by the mosquito Aedes aegypti, dengue virus infects
an estimated 390 million people annually (Bhatt et al., 2013). Se-
vere forms of dengue fever: dengue haemorrhagic fever (DHF)
and dengue shock syndrome (DSS) lead to hospitalization of about
500,000 people each year with an associated mortality of �2.5%.

Effective vaccines are available against several flaviviruses
including yellow fever, Japanese encephalitis and tick-borne
encephalitis viruses (Heinz and Stiasny, 2012). A recombinant, live,
attenuated tetravalent dengue vaccine from Sanofi, based on the
yellow fever 17D vaccine strain, was recently tested in a large
phase IIb clinical trials and failed to confer protection against sero-
type 2 infection (Sabchareon et al., 2012). Ongoing multi-centred
Phase III efficacy studies will shed further light on its effectiveness
for pan-serotype protection. On the other hand, despite ongoing re-
search, there is no candidate for preventive or curative vaccines
against HCV. An estimated 130–170 million people are chronically
infected with HCV which progresses to liver cirrhosis and hepato-
cellular carcinoma over the course of 20–30 years. Approximately
350,000 people die each year from HCV-related diseases, yet HCV
infection is the only chronic viral disease that is curable today
(Pawlotsky, 2013).
2. Current treatment

Since the late 1980s, a nonspecific treatment for hepatitis C has
been defined by trial and error (Chevaliez and Pawlotsky, 2007).
Based on repeated injections of interferon for 24–48 weeks, it
was eventually supplemented with ribavirin, a compound that
greatly potentiates the effect of interferon. A further important
improvement came with pegylation of interferon that enhanced
its pharmacokinetic properties. Still, this treatment is fraught with
adverse side effects frequently leading to discontinuation. More-
over, on average, treatment leads to a sustained virological re-
sponse in only about 50% of cases. The response to treatment is
dependent on a number of host and viral factors, a major factor
being the HCV genotype that infects the patient. Thus, genotype
1, the most prevalent genotype in developed countries, and geno-
type 4 (that infects up to 15% of people in Egypt) are particularly
resistant to pegylated interferon + ribavirin (approximately 40%
sustained virological response with the most extensive regimen
of up to 72 weeks).

The rate of cure has been greatly improved for genotype 1 (to
about 70%) with approval of two protease inhibitors directed
against the viral NS3-NS4A protease (Pawlotsky, 2013). These
inhibitors are now added to the pegylated interferon + ribavirin
treatment, which remained the standard of care for genotypes 2–
7 until very recently and is still the standard for genotypes 5–7.
New molecules in the pipeline are promising when used in combi-
nation indicating that all-oral, interferon-free regimens with very
high cure rates can be achieved for HCV in the coming years. These
regimens will combine compounds directed against different tar-
gets in the HCV replication cycle, such as the viral NS3-4A protease
(the ‘‘second-wave, first-generation’’ inhibitors), interaction hub
protein NS5A (‘‘second-generation’’ inhibitors with broad genotype
coverage and higher barrier to resistance) and NS5B polymerase
(both nucleoside and non-nucleoside inhibitors). Indeed, there
has been very recent approval in the USA and Europe of the
NS5B-targeted nucleoside analog sofosbuvir for treatment of geno-
type 1–4 HCV, for now in combination with pegylated interferon
and/or ribavirin.

The current treatment for dengue is mostly symptomatic and
given when a number of warning signs are observed in association
with DHF or DSS. Thus, current treatment includes the administra-
tion of pain relievers with acetaminophen (but avoiding those con-
taining ibuprofen, Naproxen or aspirin because of their potential
for enhancing hemorrhage), fluid replacement to prevent dehydra-
tion, and avoiding mosquito bites to prevent further propagation of
the outbreak. In contrast to HCV, which is a chronic infectious dis-
ease, infection with dengue virus leads to an acute disease. Studies
with dengue patients (with less than 48 h onset of symptoms) re-
vealed that viremia levels decline rapidly in the absence of drug
intervention. There is up to 10-fold viremia reduction within
24 h and up to 100-fold within 48 h (Libraty et al., 2002a,b). Thus,
a key driver for effective treatment of dengue would be the ability
to diagnose the disease early, as reviewed in (Lim et al., 2013a).
3. The Flaviviridae replication cycle

The Flaviviridae are enveloped viral particles with an outer gly-
coprotein shell and an inner host-derived lipid bilayer, which sur-
rounds the nucleocapsid comprising the genome RNA and capsid
proteins (C). Virus particles first attach to specific host surface
receptors, followed by entry into the cell via clathrin-mediated
endocytosis (Blanchard et al., 2006; van der Schaar et al., 2008).
The genome is subsequently released into the host cell cytoplasm
where it is translated into a single polyprotein (Fig. 1).

The single-stranded, positive-sense 9.6–11 kb viral genome acts
as messenger RNA for the synthesis of the polyprotein precursor on
the endoplasmic reticulum (ER) membrane and induces formation
of an ER-derived membranous compartment, where synthesis of
new viral genomes takes place (Westaway et al., 1997; Mackenzie
et al., 1998; Welsch et al., 2009; Romero-Brey et al., 2012). The sin-
gle open reading frame is flanked by non-coding sequences that are
involved in translation and replication. In flaviviruses such as den-
gue virus (Fig. 1A), the polyprotein precursor is cleaved by cellular
and viral proteases into three structural proteins C, prM and E, and
seven non-structural proteins with the enzymatic activities en-
coded within NS3 and NS5. NS3 has both protease and helicase
functions, with NS2B acting as a cofactor for the protease. NS5
comprises both the methyltransferase and polymerase activities.
Whilst these enzymatic functions have been extensively character-
ized, much remains to be learned about their interactions as well
as proteins NS1, NS2A, NS4A and NS4B that play equally essential
roles in the replication complex.

In hepatitis C virus, polyprotein processing also results in the
formation of three structural proteins at its N-terminus and seven
nonstructural proteins at its C-terminus. The structural proteins
are the capsid protein C and the envelope proteins E1 and E2.
The nonstructural proteins are the viroporin p7, the autoprotease
NS2, the protease-helicase NS3, the NS3 protease cofactor NS4A
(functionally equivalent to NS2B in flaviviruses), the membrane-
remodeling NS4B protein (functionally equivalent to NS4A in flavi-
viruses), the interaction hub NS5A and the polymerase NS5B
(Fig. 1B).

A notable difference between the genomes of HCV and flavivi-
ruses is the presence of an internal ribosome entry site in the for-
mer, also found in the genome of pestiviruses. In contrast, the
flavivirus RNA genome comprises a type 1 cap at its 50 end and
the NS5 protein harbors a methyltransferase domain that is miss-
ing in the HCV and pestivirus NS5B proteins. A review on capping



Fig. 1. Translation and proteolytic processing of the Flaviviridae polyproteins. The Flaviviridae genome is a single-stranded positive-sense RNA molecule. The structural
proteins are encoded in the 50 part and the nonstructural proteins in the 30 part. In flaviviruses the 11-kb genome comprises a 50 cap (m7G50ppp50A) while the hepaciviruses
(9.6 kb) and pestiviruses (12.3 kb) harbor an internal ribosome entry site (IRES). UTR: Untranslated regions. (A) Processing of the flavivirus polyprotein. (B) Processing of the
HCV polyprotein. Cleavages by host proteases are indicated by diamonds and cleavages by NS3 are indicated by triangles.
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strategies in RNA viruses has been published recently (Decroly
et al., 2012). Below, we summarize our current knowledge of the
molecular bases of synthesis of new viral RNA by the polymerases
of HCV NS5B and flavivirus NS5, with an emphasis on the mecha-
nistic insights and drug design opportunities brought by structural
data for these enzymes.
4. The flavivirus polymerase NS5 and the HCV polymerase NS5B

The Flaviviridae polymerases are localized to the C-terminal seg-
ment of the viral polyprotein and are cleaved by the NS3 protease
into the mature polymerase. Flavivirus NS5 is not membrane-an-
chored and comprises about 900 amino-acids (aa) with its N-ter-
minal �270 aa bearing a methyltransferase domain (MTase) and
its C-terminal �620 aa encoding polymerase activity. The MTase
is involved in type 1 cap synthesis at the 50 end of the flaviviral
genomic RNA. It has at least two activities: guanine N7 methyl-
transferase and nucleoside 20-O ribose methyltransferase, with a
single cofactor-binding site for S-adenosyl-L-methionine (Fig. 2F).
Mechanistically, either two NS5 molecules are involved in cap for-
mation assuming a mechanism with one methylation ‘‘in trans’’
(Assenberg et al., 2007; Dong et al., 2008a; Yap et al., 2010), or
the RNA substrate must relocate to allow the two successive meth-
ylation events to be performed by a single protein (Dong et al.,
2008b; Decroly et al., 2012).

In HCV, NS5B comprises 591 aa and is ER-anchored by its C-ter-
minal transmembrane helix (Fig. 2A), with the polymerase domain
on the cytosolic side. No MTase domain is found within the HCV
NS5B protein, in agreement with a viral RNA translation strategy
that involves an internal ribosome entry site for both hepaciviruses
and pestiviruses (Lindenbach et al., 2007). Most biochemical stud-
ies and all structural studies have been performed with recombi-
nant NS5B proteins devoid of their C-terminal membrane anchor.

For HCV and flaviviruses, a wealth of enzymatic studies has
established that NS5B and NS5, respectively, are RNA-dependent
RNA polymerases. In the absence of protein cofactors (notably
without the NS3 helicase), they require only magnesium or manga-
nese divalent ions to synthesize complementary RNA strands to
viral or non-viral RNA templates in vitro. This dependence on
magnesium (or manganese) is in agreement with the idea that all
polynucleotide polymerases (RNA-dependent RNA polymerases,
DNA-dependent RNA polymerases (transcriptases), DNA-dependent
DNA polymerases (DNA replicases) and RNA-dependent DNA poly-
merases (reverse transcriptases)) work by the same mechanism
(Steitz, 1998). Their roles are to (i) precisely position an incoming
nucleotide to base-pair with a single-stranded template and (ii) di-
rectly add this nucleotide, in nucleoside monophosphate form, to
the 30 end of the primer strand (Fig. 3C). We refer below to RNA-
dependent RNA polymerases as ‘‘RdRp’’ and to single-subunit poly-
merases as ‘‘polymerases’’.

As soon as the first polymerase structure became available (Ol-
lis et al., 1985), sequence comparisons allowed identification of a
number of conserved motifs involved in catalysis, notably in posi-
tioning the incoming nucleotide and the catalytic divalent ions (Ol-
lis et al., 1985; Delarue et al., 1990). The HCV-NS5B crystal
structure was the first complete RdRp structure (Ago et al., 1999;
Bressanelli et al., 1999; Lesburg et al., 1999). It confirmed that
the general architecture of polymerases is conserved in viral
RdRps. This architecture is likened to a right hand with three sub-
domains termed, ‘‘fingers’’, ‘‘palm’’ and ‘‘thumb’’ (Fig. 2B).

In the HCV-NS5B structure, three original structural elements
were also revealed (Fig. 2C): first, NS5B harbors an extension of
the fingers called ‘‘fingertips’’ (Bressanelli et al., 1999) which links
the fingers and thumb domains at the back of the RdRp, leaving
only a narrow tunnel for the access of incoming nucleotides to
the catalytic site. All previous and subsequent work on polymer-
ases, either from model systems (Steitz, 2006) or from important
pathogens (Huang et al., 1998), show that in contrast, for non-RdRp
polymerases, fingers and thumb move independently of each other
on either side of the palm domain. This independence is function-
ally important: For instance, in non-RdRp polymerases, binding of
the incoming nucleotide to the ternary complex of polymer-
ase:template:primer involves a large closure of the fingers while



Fig. 2. Atomic structures of Flaviviridae NS5B (hepaciviruses, pestiviruses) and NS5 (flaviviruses). In panels (C–E) and (G) structures are displayed to the same scale in the
same orientation and colored by the three canonical polymerase subdomains fingers (red), palm (yellow) and thumb (blue). In panels (D), (E) and (G), the asterisks denote the
extra elements at the N-terminus of the RdRp domains in the two-domain pestivirus NS5B and flavivirus NS5. (A–C) HCV-NS5B. (A) Primary structure showing its
organization as an RdRp domain and transmembrane helix (TMH) connected by a linker segment. (B and C) Two views in ribbon representation at two angles 90� apart,
colored by subdomains as in panel (A). The beta-loop that is specific to Flaviviridae polymerases is colored green and labeled. (B) Fingers, palm and thumb are labeled. (C) The
three key elements discussed in the text fingertips (present in all viral RdRp), linker (present in most de novo initiating viral RdRp) and beta-loop are labeled. (D) The
pestivirus NS5B RdRp also has a linker and beta-loop, but the latter is shorter than HCV-NS5B’s and does not reach down to the active site. The alternate position of the extra
N-terminal elements is displayed in semitransparent colors. (E–G) The flavivirus NS5. (E) The RdRp domain of west Nile virus NS5. Note the absence of linker in the flavivirus
RdRp. (F) The MTase domain of dengue virus NS5 colored cyan. Displayed as sticks are a short cap-0 RNA (carbons in magenta) and the MTase cofactor (carbons in green) S-
adenosyl-L methionine (actually the reaction product S-adenosyl-L homocysteine that co-purifies with recombinant NS5 MTase). (G) The full-length NS5 of Japanese
encephalitis virus. The cyan ellipse denotes the approximate position initially proposed for the MTase (Malet et al., 2007).
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Fig. 3. De novo initiation of RNA synthesis captured at atomic resolution for RdRp homologous to NS5B and NS5. (A–C) only the substrates (RNA, nucleotides) and cofactors
(two divalent ions in green) are displayed at successive steps of de novo synthesis by the reovirus RdRp (Tao et al., 2002). The 30 end of the template strand and 50 end of the
primer strand (for (A): of the initiating nucleotide) are labeled. (D) Initiation complex of phage u6 RdRp (Butcher et al., 2001) colored by subdomains as for Flaviviridae RdRp.
Right, same scale and orientation as in Fig. 2(C–E) and (G). The initiation platform is required to stabilize the base of the initiating nucleotide but must be removed as early as
the dinocleotide stage shown in (B).
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the thumb mostly keeps its ternary complex conformation. RdRp
seem to be a special case as the fingertips have been subsequently
found in all structures of viral RdRp (see below). Thus all viral RdRp
harbor pre-closed fingers and an NTP tunnel.

A second surprise of the HCV-NS5B structure was a ‘‘beta-loop’’
(or ‘‘beta-flap’’) inserted in the thumb and projecting towards the
active site. This beta-loop (colored in green on Fig. 2B and C), also
called ‘‘initiation’’ or ‘‘priming-loop’’, as well as the closure and
bulk of the thumb would prevent egress of the 50 end of the primer
RNA strand in models of the ternary polymerase:template:primer
elongation complex. The beta-loop is also present in the flavivirus
NS5 (Malet et al., 2007; Yap et al., 2007) (Fig. 2E) and in the pesti-
virus NS5B (Choi et al., 2004) (Fig. 2D), but not in other viral RdRp
of known structure. For instance, it is missing in all structures of
Picornaviridae RdRp, that have much smaller thumb domains. It
is thus a signature of the Flaviviridae RdRp (Lescar and Canard,
2009).

Finally, the third surprise in the HCV-NS5B structure was the
positioning of some 40 residues downstream of the polymerase do-
main that connect this domain to the transmembrane anchor
in vivo and which for this reason we term ‘‘linker’’ (Fig. 2C). In
HCV-NS5B, this linker is always organized as a long loop around
the thumb that obstructs the front part of NS5B (Caillet-Saguy
et al., 2011) by establishing specific contacts with the beta loop
(Adachi et al., 2002). In this location, the linker prevents egress
of the 30 end of the template RNA strand and also contributes to
keeping the thumb in a closed conformation (Caillet-Saguy et al.,
2011) (Harrus et al., 2010).

5. The central issue of RNA synthesis initiation in Flaviviridae

Several viral RdRp display a peculiar mode of initiation of RNA
synthesis: They start RNA synthesis from the 30 end of a template
strand without any primer. This so-called ‘de novo’ synthesis in-
volves the initial condensation of two nucleotides complementary
to the two 30-terminal bases of the single-stranded RNA template
(Fig. 3A). With the exception of the flavivirus NS5, all viral RdRp
with de novo initiation capability harbor a C-terminal extension
to the polymerase domain that folds back towards the catalytic
site. In contrast, RdRp that perform only primer extension, such
as the picornavirus RdRp, do not have C-terminal extensions, dis-
play an open catalytic site and can bind double-stranded tem-
plate:primer RNA with only minor conformational adjustments
(Ferrer-Orta et al., 2009). A striking case in this respect is the Cal-
iciviridae RdRp of which structures are available for noroviruses
and sapoviruses. This RdRp can perform both protein-primed and
de novo RNA synthesis (Rohayem et al., 2006). Structurally, the
calicivirus RdRp is most similar to the picornavirus RdRp that per-
forms only protein-primed RNA synthesis. However, unlike the
picornavirus RdRp, the calicivirus RdRp harbors a short C-terminal
extension at the exit from the catalytic site, which is displaced in
the elongation phase (Zamyatkin et al., 2008).

The capability for de novo RNA synthesis has been established
in vitro for NS5B (Oh et al., 1999) and NS5 (Ackermann and Padma-
nabhan, 2001) and this mechanism is now assumed for all Flavivi-
ridae in vivo. It is known that RdRp from double-stranded RNA
viruses are homologous to those of single-stranded, positive-sense
RNA viruses like Flaviviridae (Gorbalenya and Koonin, 1988). Sem-
inal structural data of RdRp from double-stranded RNA reovirus
and u6 phage (that also initiate RNA synthesis de novo) have pro-
vided a molecular framework for this phenomenon (Butcher et al.,
2001; Tao et al., 2002). These works highlighted the involvement of
a mobile protein initiation platform that stabilizes the base of the
initiating nucleotide (Fig. 3D). It then moves out of the way to al-
low elongation of the first, dinucleotide primer. In reovirus RdRp,
the platform is a short insertion in the palm subdomain (Tao
et al., 2002). In contrast, in the u6 RdRp the C-terminal extension
harbors the tyrosine that makes up the initiation platform (Butcher
et al., 2001) (Fig. 3D), as well as a specific recognition pocket for the
30 end of the template.

No structure of an initiation complex is available for a Flaviviri-
dae RdRp, so it is not known which region of the protein provides



Fig. 4. Conformational changes of HCV-NS5B in the transition from initiation to
elongation. Views of the enzyme’s molecular surface in the orientation of Fig. 2C (A)
before binding the single-stranded RNA template and (B) after binding a template/
primer RNA duplex (in black/white). (A) HCV-NS5B is initially in a conformation in
which the thumb (in blue) is closed. A loop at the thumb’s top (in cyan) stabilizes
this closed conformation by crossing the gap to the fingers (in red) and by
interacting with the beta-loop (in green). (B) In the elongation complex, the cyan
loop has refolded and flipped towards the fingertips (in magenta). The thumb and
linker have moved away from the catalytic site. Thus the reoriented and remolded
inner surface of the thumb provides a guide for the primer strand instead of
occluding the egress for the double-stranded RNA as in (A).
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the initiation platform. For HCV-NS5B, a conserved tyrosine at the
tip of the beta-loop that is engaged in a network of interactions
with palm and linker (Adachi et al., 2002) is spatially close to the
expected position for the initiation platform (Harrus et al., 2010).
However, in the pestivirus NS5B (Fig. 2D), the beta-loop is shorter
and its tip too far from the palm to provide the initiation platform.
The BVDV NS5B binds a GTP next to the expected site of the initi-
ation nucleotide and this extra GTP could provide the initiation
platform (Choi et al., 2004).

The case of the flavivirus NS5 is a complex one for at least two
reasons. First, the NS5 N-terminal methyltransferase domain is in-
volved in synthesis of the type 1 cap at the 50 end of the flavivirus
genomic RNA. It is likely that cap addition occurs almost simulta-
neously with initiation of positive strand synthesis. It has been
proposed that the MTase domain is positioned at the RNA exit
channel from the RdRp domain and binds the newly synthesized
50 end of the positive strand (Malet et al., 2007). However, an
important recent structure of the full length NS5 protein from
JEV (Lu and Gong, 2013) unexpectedly locates the MTase on the
other side of the RdRp, in contact with the base of the fingertips
(Fig. 2G). Residues lining the base of the MTase active site thus
interact with residues overhanging the NTP entry channel. This
interface is conserved in flaviviruses, suggesting that it is relevant
to replication. It may modulate NS5’s fingertips flexing during RNA
synthesis. Still, for 50 RNA cap methylation to occur in the expected
manner, the MTase domain would need to translocate to the RNA
exit channel of RdRp (Fig. 2G).

Alternately, the 50 cap of the nascent RNA could be directed
back to the MTase active site and/or be methylated by two NS5
molecules. Indeed, a functional oligomerization of MTase was pro-
posed based on crystallographic structures of MTase in complex
with cap analogues (Assenberg et al., 2007). In this model, the
two S-adenosyl-L-methionine cofactors on either side of an MTase
dimeric interface would provide the two methyl groups for succes-
sive modification of the cap’s adenosine N7 and ribose 20-OH. Addi-
tional crystal structures with 50-capped RNA octamers also support
the view that NS5 may perform its cap-related functions in an olig-
omeric form (Yap et al., 2010). This is corroborated by a dimeric
RdRp structure obtained with an N-terminally extended RdRp con-
struct bearing residues from the NS5 interdomain linker. Based on
this and the JEV full-length NS5 structure, residues 263–267 are
believed to provide the necessary flexibility for the two domains
to perform their respective functions (Lu and Gong, 2013; Lim
et al., 2013b). In relation to this possible flexibility in the connec-
tion between the two domains, it is useful to compare NS5 to the
pestivirus NS5B that also harbors an extra domain (of unknown
function) of some 90 residues N-terminal to the polymerase do-
main. Strikingly, both the pestivirus NS5B and flavivirus NS5 com-
prise the same extra elements (including a helix labeled by an
asterisk on Fig. 2D, E and G) between the core RdRp domain and
the extra N-terminal domain. These elements are found in alter-
nate positions in the different crystal structures of BVDV NS5B
(Fig. 2D), indicating considerable flexibility at least in the absence
of the first 70 residues (Choi et al., 2004, 2006), but are in the same
position in NS5 across flavivirus species and constructs (Fig. 2E and
G).

A second feature points to the specificity of the flavivirus NS5: it
is the only de novo initiating RdRp of known structure devoid of
any C-terminal extension (Fig. 2E). Still, the exit from the catalytic
site is almost as congested in the NS5 RdRp domain as in other Fla-
viviridae RdRp. This is partly due to the larger protrusion made up
by the ‘‘initiation loop’’ (corresponding to the NS5B beta-loop)
from the thumb as well as an insertion in the fingers (aa 407–
420) that is flexible and may come in contact with the initiation
loop (Malet et al., 2007). This interaction brings the tip of the ini-
tiation loop in close proximity to the expected position of the ini-
tiation platform, similarly to the network of interactions of the
beta-loop with the linker and palm domain in HCV-NS5B. Recent
work on NS5 has confirmed the involvement of the tip of the initi-
ation loop in de novo initiation (Selisko et al., 2012). The central
residue does not seem to be the conserved tryptophan as initially
proposed (Malet et al., 2007; Yap et al., 2007), but a histidine
(His798) three residues downstream in the loop (Selisko et al.,
2012).

Regardless of the precise means by which Flaviviridae RdRp sta-
bilize their initiation complexes, the next step after the first dinu-
cleotide synthesis must consist in a sequence of large
conformational changes. These feature the withdrawal of the initi-
ation platform, allowing egress of the duplex RNA formed by the 50

end of the primer and the 30 end of the template strands. In the
case of HCV-NS5B, it was postulated that these conformational
changes involve both withdrawal of the linker and beta-loop and
opening of the thumb in a transition step leading to the formation
of a processive elongation complex (Bressanelli et al., 1999; Harrus
et al., 2010). The structure of just such a complex was recently pub-
lished (Mosley et al., 2012) (Fig. 4B). The strategy to obtain this
complex was based on the use of an HCV RdRp with extraordinary
de novo RNA synthesis efficiency, the JFH1 strain NS5B (Simister
et al., 2009). The JFH1-NS5B protein is able to both synthesize
the first dinucleotide primer and convert to the elongation phase
much more proficiently than other HCV NS5B proteins (Scrima
et al., 2012).

Furthermore, Mosley et al. (2012) deleted the beta-loop to facil-
itate RNA-primer-template binding in an open, elongation-like
conformation. Not only does this new structure (Fig. 4B) confirm
previous postulates but it also brings to light unexpected rear-
rangements occurring in HCV-NS5B during the transition: The pre-
dicted large opening of the thumb (in blue on Fig. 4) indeed occurs,
together with a flexing of the fingertips (shown in magenta, at the
back of NS5B) and a withdrawal of the linker that becomes largely
disordered in the crystal. However, another, unexpected structural
change occurs in a loop of the thumb domain (residues 402–406).
The loop’s residue 405 may be a valine or an isoleucine and this
polymorphism modulates efficiency in both de novo initiation (Sch-
mitt et al., 2011) and transition to elongation (Scrima et al., 2012).
Residues 404–406 (in cyan on Fig. 4) bridge the thumb and fingers
and contribute to keeping HCV-NS5B in the closed, initiation-com-
petent conformation (Fig. 4A). This is reminiscent of what is ob-
served in available structures of the flavivirus NS5 RdRp. Indeed
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the insertion in NS5 fingers subdomain (residues 407–420) oppo-
site the initiation loop (see above) overlaps with the region of
the HCV-NS5B fingers that contacts the 402–406 loop. In the
HCV-NS5B elongation complex, the 402–406 loop retracts against
the thumb and refolds to contact the flexed fingertips. Altogether,
these conformational changes induce the formation of a groove
along the opened thumb that guides the exit of the newly synthe-
sized RNA (colored in white on Fig. 4B).
6. Nucleoside and non-nucleoside HCV-NS5B inhibitors in the
light of available structural data

The structure of the HCV-NS5B elongation complex certainly
heralds new developments in structure-based drug discovery
against the Flaviviridae RdRp. It may guide attempts for obtaining
similar structures of other Flaviviridae RdRp bound to RNA. Similar
strategies can also be employed to obtain atomic-level views of the
action of nucleotide inhibitors (NI) against HCV-NS5B (Mosley
et al., 2012). Thus far, only structures of complexes with non-
nucleoside inhibitors (NNI) have been published for HCV-NS5B.
Screening campaigns in cell culture systems have identified at least
four NNI-binding pockets that are currently targeted in clinical tri-
als (Fig. 5A). In contrast, a single pocket of the HIV-1 reverse trans-
criptase is targeted by NNIs (Yang et al., 2012). It is all the more
remarkable that NNI targeting the four HCV-NS5B sites inhibit
pre-elongation stages of RNA synthesis, and at least three of them
likely by the same mechanism (Caillet-Saguy et al., 2011).

While NNI will certainly be used in future anti-HCV multi-ther-
apies, NI are particularly promising as they have shown stronger
antiviral activity, are pan-genotype inhibitory, and have a higher
barrier against the emergence of drug-resistance (Pawlotsky,
2013). For instance, the template binding groove involves more
than 15 residues including 14-139-160-162 in the fingertips, 93-
95-96-97-168-172-180 in the fingers and 282-283-284-285 in
the connection between fingers and palm, yet among those only
conservative mutations at positions 96 and 282 have been selected
in cell culture under NI treatment. Indeed, when mapped onto the
structure of the HCV-NS5B elongation complex, resistance muta-
tions to NI display an interesting pattern (Fig. 5B). Only S282T is
in a position to directly interfere with an NI at the catalytic site.
This suggests the existence of several mechanisms inducing resis-
tance to NI for HCV-NS5B. For instance, two mutations were con-
sistently reported under 40-azido nucleotide pressure that should
lead to an alteration of the template-primer translocation: S96T lo-
cated at the entry of the template binding groove inserts between
two phosphates of the primer backbone; N142T lies at the hinge
point in the fingertips (Caillet-Saguy et al., 2011). Altering translo-
cation after NI incorporation would facilitate excision either by
Fig. 5. Non-nucleoside and nucleoside inhibitors in relation to the HCV-NS5B structure. (
at a pre-elongation step. Here the closed thumb conformation is colored by subregions m
the elongation complex of mutations appearing in cell culture upon NI pressure. For each
locations of resistance mutations are displayed as spheres and colored by the respectiv
position to directly interfere with the replicating RNA.
pyrophosphorolysis or by the recently described NTP-mediated
nucleotide excision activity of HCV-NS5B (Jin et al., 2013).

Still other resistance mechanisms seem to be at work in the
loop overhanging the NTP tunnel, as shown by the P156L and
G152E mutations arising under dihydroxypyrimidine pressure.
There too, a direct interference with catalysis seems unlikely and
resistance may arise by disfavoring entry of NI into the NTP tunnel
(Bressanelli et al., 2002). Finally, under pressure from some guano-
sine analogues, mutations appear in the RdRp C-terminal region.
The mutation P540T in the linker may point to a mechanism of
resistance affecting a pre-elongation stage, suggesting that this
class of NI could even have an NNI-like mechanism of action.
7. Nucleoside and non-nucleoside DENV-NS5 inhibitors in the
light of the available structural data

NIs have been reported to inhibit different viral serotypes/geno-
types of DENV as well as related viruses. The adenosine analogues
NITD008 (beta-D-20-432 ethynyl-7-deaza-adenosine triphosphate)
and NITD203 (30,50-O-diisobutyryl-20-C-acetylene-7-deaza-433 7-
carbamoyladenosine) have EC50s of <1 lM for all four serotypes
of DENV and also inhibit related viruses like YFV, WNV and HCV.
Both compounds showed in vivo efficacy in the DENV-2 AG-129
mouse model. However, neither NI could reach a satisfactory no-
observable adverse-effect level (NOAEL) in 2-week in vivo toxicity
studies in rats and dogs (Yin et al., 2009; Chen et al., 2010). No
resistant virus could be recovered from DENV or WNV infected
cells after continuous culturing in presence of various compound
concentrations for up to 4 months. Thus it is difficult to draw any
conclusions about mutational hotspots in the flavivirus RdRp in
the presence of these inhibitors.

Recently, an anti-HCV NI, balapiravir, a tri-isobutyrate ester
prodrug of 40-azidocytidine (R1479; (Nelson et al., 2012)) was
tested on DENV patients in a phase II clinical trial (Nguyen et al.,
2013). Surprisingly, treatment did not influence the clinical and
virological parameters in patients, such as the blood viral levels,
NS1 production, as well as fever duration. The reason for the lack
of efficacy remains to be determined. In vitro, balapiravir inhibited
DENV replication with EC50 values ranging from 1.9–11 lM, 1.3–
3.2 lM and 0.103 lM in DENV HuH7 replicon, primary human
macrophage (Nguyen et al., 2013) and human peripheral blood
mononuclear cells (Chen et al., 2014), respectively. Plasma drug
levels in DENV patients dosed with 1500 mg and 3000 mg R1749,
twice a day, attained median Cmin values of 3.56 and 5.8 lM,
respectively. It is possible that a higher plasma level of the drug
is needed to achieve antiviral effects or the intracellular conversion
of the prodrug may not have been optimal. Indeed, Chen et al. ob-
served that pre-infection of DENV-2 in human PBMCs depotentiat-
A): The four distinct NNI binding sites identified by X-ray crystallography and acting
oving as rigid blocks upon NNI binding (Caillet-Saguy et al., 2011). (B): Locations on
of four classes of NI compounds (shown on the right and underlined in colors), the

e compound they confer resistance to. Note that only residues 282 and 96 are in
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ed the EC50 value to 12.85 lM (>100-fold loss in potency from the
immediate treatment EC50 value of 0.103 lM), which is above the
median patient plasma Cmin of the two doses administered (Chen
et al., 2014). The EC50 derived from the delayed drug treatment
should be more reflective of the therapeutic condition. Of note,
no balapiravir-resistant HCV variants were isolated from HCV pa-
tients when dosed up to 28 days.

No NNI allosteric sites have been identified in flavivirus RdRp.
Surface shape analysis using in silico algorithms identified two cav-
ities (A and B) common in the thumb domain of DENV and WNV
RdRp and an additional three cavities in WNV. Mutational analyses
of conserved residues in these cavities carried out in DENV showed
that those in cavity B, but not A, are critical for virus replication
and mostly impaired NS5 polymerase activity in vitro (Zou et al.,
2011). It remains to be seen if cavity B could be used as a starting
point for structure-based drug design or for virtual screening. The
three cavities in WNV RdRp, located in the thumb and in the fin-
gers subdomains have yet to be characterized.

The Novartis Institute for Tropical Diseases conducted two
high-throughput screening (HTS) campaigns (both screened about
1.8 million compounds) using biochemical assays that measured
DENV polymerase elongation activities. The first HTS performed
with a radioactive scintillation proximity assay identified one com-
pound class that bound at the entrance of the RNA tunnel of the
RdRp and likely functions by blocking RNA synthesis. Although
submicromolar inhibitory activities were obtained, the series could
not be advanced due to lack of a good cellular activity (Yin et al.,
2009; Niyomrattanakit et al., 2010). In the second HTS campaign
in which a fluorescent coupled assay was used, few specific inhib-
itors were obtained. One inhibitor, NITD-107 binds to the RdRp as a
dimer and causes conformational changes in the protein. Although
NITD-107 binds to the DENV RdRp active site, it showed only weak
inhibitory activity in vitro and no cellular activity (Noble et al.,
2013).
8. Concluding remarks

The fact that NNI and possibly some NI target the initiation
stage for HCV NS5B points to the great importance of strict regula-
tion of RNA synthesis in HCV, and likewise in all Flaviviridae. In-
deed, the common Flaviviridae strategy of a single polyprotein for
genome expression implies overproduction of the RdRp. It must
subsequently be tightly regulated at the level of initiation of RNA
synthesis. In all known single-stranded, positive-sense RNA
viruses, synthesis of new genomes occurs within specific mem-
brane compartments through the activities of a few key viral en-
zymes. Among single-stranded, positive-sense RNA viruses,
Flaviviridae have been the subject of many studies because of their
high importance in human and animal health. These studies have
come to fruition and our understanding of the molecular mecha-
nisms underlying replication of the viral genomes has become
more precise and complete. This understanding has contributed
powerfully to the development of new antiviral compounds.

The case of HCV is particularly telling. Despite major difficulties
in the study of this virus, sustained efforts have led to major ad-
vances (Bartenschlager et al., 2013) that have considerable impli-
cations for Flaviviridae and other single-stranded, positive-sense
RNA viruses biology. In this respect, work aiming at deciphering
the composition and architecture of Flaviviridae replication com-
plexes (Welsch et al., 2009; Romero-Brey et al., 2012) provide un-
ique information not only for basic virology, but also for the design
of future therapies. Similarly, one subject of future research on Fla-
viviridae should be a basic issue in single-stranded positive-sense
RNA virus replication: the regulation of RdRp (in)fidelity. Indeed,
not only must viral RNA be synthesized at the right time and place,
but quasispecies diversity must be maintained in the infected host.
Thus, the RdRp error rate is finely tuned and it may easily be re-
duced (Vignuzzi et al., 2006) but at a considerable cost in replica-
tive capacity (Vignuzzi et al., 2008). This issue is of central
importance for antiviral intervention targeting RdRp as it may
determine whether mutants capable of better discrimination
against nucleotide inhibitors will actually be selected in real-life
cases. Recent reports of specific fidelity mechanisms in HCV
NS5B (Jin et al., 2013) and flavivirus NS5 (Selisko et al., 2012) indi-
cate that atomic level structural studies establishing the molecular
basis of these phenomena are now needed.
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