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Abstract: Viral polymerases replicate and transcribe the genomes of several viruses of
global health concern such as Hepatitis C virus (HCV), human immunodeficiency virus
(HIV) and Ebola virus. For this reason they are key targets for therapies to treat viral
infections. Although there is little sequence similarity across the different types of viral
polymerases, all of them present a right-hand shape and certain structural motifs that are
highly conserved. These features allow their functional properties to be compared, with the
goal of broadly applying the knowledge acquired from studying specific viral polymerases
to other viral polymerases about which less is known. Here we review the structural and
functional properties of the HCV RNA-dependent RNA polymerase (NS5B) in order to
understand the fundamental processes underlying the replication of viral genomes. We
discuss recent insights into the process by which RNA replication occurs in NS5B as well as

the role that conformational changes play in this process.
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1. Introduction

Polymerases are crucial in the viral life cycle. They have an essential role in replicating and
transcribing the viral genome and as a result are key targets for therapies to treat viral infection. A
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virus may not need to encode its own polymerase depending on where it spends most of its life cycle.
Some small DNA viruses that spend all their time in the cell nucleus can make use of the host cell’s
polymerases. However, viruses that remain in the cytoplasm do need to encode their own [1].

For viruses that require their own polymerase, most of these enzymes display detectable activity
in vitro without accessory factors. This is primarily because the sizes of genomes that can be packaged
in the viral capsid are limited [1,2]. In addition, some polymerases perform other functions related to
viral genome transcription and replication. Examples include the RNA-dependent RNA polymerases
from the Flavivirus genus of the Flaviviridae family, retrovirus reverse transcriptases and some viral
DNA-dependent polymerases. Flavivirus polymerases have a methyltransferase domain that catalyzes
methylations of a 5'-RNA cap [3]. The retrovirus reverse transcriptase has an additional ribonuclease
H domain that catalyzes degradation of the RNA strand in the RNA-DNA hybrid during genome
replication [4]. Some viral DNA-dependent polymerases have a nuclease domain with proof-reading
activity to correct nucleotides incorrectly incorporated during genome synthesis [5].

With regard to copying the viral genome, distinct replication mechanisms are used by different types
of viral polymerases. A number of functions must be orchestrated depending on the specific virus in
question [1]:

(1) Recognition of the nucleic acid binding site

(2) Coordination of the chemical steps of nucleic acid synthesis

(3) Conformational rearrangement to allow for processive elongation
(3) Termination of replication at the end of the genome

Viral polymerases are often classified into four main categories based on the nature of the
genetic material of the virus as follows: RNA-dependent RNA polymerases (RdRps), RNA-dependent
DNA polymerases (RdDps), DNA-dependent RNA polymerases (DdRps), and DNA-dependent DNA
polymerases (DdDps) [1]. DdDps and DdRps are used for the replication and transcription, respectively,
of DNA for both viruses and eukaryotic cells. In contrast, RdDps and RdRps are mainly used by viruses
since the host cell does not require reverse transcription or RNA replication. RdDps are employed by
retroviruses such as the human immunodeficiency virus (HIV). RdRps are employed by viruses such
as Hepatitis C virus (HCV), poliovirus (PV), human rhinovirus (HRV), foot-and-mouth-disease virus
(FMDV) and coxsackie viruses (CV) among others. We will primarily focus on RdRps in this review
since they are crucial in the replication process of viruses that are important global pathogens.

There are seven classes of viruses according to the Baltimore classification [6] based on the genome
type and method of mRNA synthesis. These are associated with the four classes of polymerases specified

in the previous paragraph as shown in Table 1.
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Table 1. Baltimore classification of viruses compared with the classification of viral

polymerases based on their targeted genetic material.

Genetic Baltimore
. . . Polymerase Classes Examples
Material Classification

ssDNA viruses DNA dependent DNA polymerases Human parvovirus B19

DNA

dsDNA viruses DNA dependent RNA polymerases Bacteriophage ©29

(+) ssRNA viruses HCYV, PV, West Nile virus
RNA (—) ssRNA viruses RNA dependent RNA polymerases Influenza
dsRNA Bacteriophage @6
RNA/ sSRNA-rt viruses Retrovirus
) RNA dependent DNA polymerases »

DNA dsDNA-rt viruses Hepatitis B

2. General Structural Features of Viral Polymerases

The structure of all polymerases resembles a cupped right hand and is divided into three domains
referred to as the palm, fingers and thumb (see Figure 1a) [1,7]. This nomenclature is based on an
analogy to the structure of the Klenow fragment of DNA polymerase [8]. The palm domain is the
most highly conserved domain across different polymerases and is the location of the active site. In
contrast, the thumb domain is the most variable. Fingers and thumb domains vary significantly in both
size and secondary structure depending on the specific requirements for replication in a given virus
(i.e., replicating single- or double-stranded RNA/DNA genomes). The fingers and thumb domains of
different polymerases have similar positions with respect to the palm, which contains the active site
in which catalytic addition of nucleotides occurs. Changes in the relative positions of the fingers and
thumb domains are associated with conformational changes of the polymerase at different stages of
replication [7]. Three well-defined channels have been identified on the polymerase, serving as the entry
path for template and N'TPs (i.e., the template and NTP channels) and exit path for double stranded RNA
(dsRNA) product (i.e., the duplex channel) [9,10] (see Figure 1b,c,e).

In the active site, the correct NTP to be added to the daughter strand is selected by Watson-Crick
base-pairing with the template base. The selectivity for ribose (rNTP) vs. deoxyribose NTPs (ANTP) is
regulated by the interaction of the polymerase with the 2’-OH of the NTP. In general, DNA polymerases
that incorporate dNTP in the growing daughter strand have a large side chain that prevents binding of
an rNTP with a 2’-OH. However, RNA polymerases utilize amino acids with a small side chain and
form H-bonds with the 2'-OH of the rNTP. The polymerase active site often binds the correct NTP with
10-1000-fold higher affinity than incorrect NTPs [11].While viral polymerases often have domains in
addition to the fingers, palm and thumb that carry out functions related to other aspects of viral genome

transcription and replication (see Introduction), this is not the case for the HCV polymerase.
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Figure 1. (a) Right-hand structure of HCV polymerase (NS5B). Palm, fingers and thumb
domains are shown in red, blue and green respectively; (b) Duplex channel in NS5B (front
of the enzyme); (¢) NTP channel in NS5B (back of the enzyme); (d) Motifs and functional
regions of NS5B. Motif A in red, B in orange, C in yellow, D in bright green, E in pink,
F in purple and G in cyan. Functional regions: I in light green, II in violet and III in tan;

(e) Template channel (top view of the enzyme).

3. Conserved Structural Motifs of Viral Polymerases

There are several structural motifs (designated A through G, see Figure 1d) that display varying
levels of conservation among the different viral polymerases. Some motifs have been shown to be
conserved across all viral polymerases (motifs A to E) while others (motifs F and G) have only been
shown to be conserved for the RdRps. High levels of conservation despite the low sequence similarity
among polymerases suggests that these motifs have functions that are vital for the action of these
enzymes [1,7,9,12,13].

Motifs A and C have been closely studied because they are located in the active site. Motif C includes
the GDD amino acid sequence that is the hallmark of RdRps. These conserved residues are bound to the
metal ions (Mg?* or Mn?") necessary for catalysis. Motif B contains a consensus sequence of SGxxxT
and is located at the junction of the fingers and palm domains [7]. Motif F binds to incoming NTPs and
RNA and is situated near the entrance of the RNA template channel. The sequence of this motif is not
conserved in de novo initiating RdRps such as that present in HCV [14]. These polymerase sequence
motifs have also been used to identify new polymerase genes in newly sequenced virus genomes [1].
Further details about the roles of each motif are shown in Table 2. Other regions have also been shown to
have fundamental importance in RdRp function and have been named “functional regions”. See Table 3
for a list of the residues included in these regions and the functional roles of each.
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Table 2. Characteristic sequence motifs in polymerases from prototypical viruses: hepatitis
C virus (HCV), poliovirus (PV) and foot-and-mouth-disease virus (FMDV) [7,9,12,15,16].
Conserved Rol Locati Residues
Elements o ocatioh Hev PV FMDV
Coordinates Magnesium and selects type of nucleic acid
A Palm 216-227 229-240 236-247
(RNA vs. DNA)
B  Determines nucleotide choice (rNTP or ANTP) Palm 287-306 293-312 303-322
Motif C  Coordinates Magnesium Palm 312-325 322-335 332-345
otifs
D  Helps accommodate active site NTPs Palm 332-353 338-362 348-373
Maintains rigidity of secondary structure that is required
E ) o . Palm 354-372  363-380 374-392
for relative positioning of thumb and palm domains
F  Binds incoming NTPs and RNA Fingers 132-162  153-178 158-183
G  Binds primer and template Fingers 95-99 113-120 114-121
. I  Binds template Fingers 91-94 107-112 108-113
Functional -
regions II  Binds template Fingers 168-183  184-200 189-205
III  Binds nascent RNA duplex Thumb 401414 405-420 416-430

Table 3. RdRps virus families and species [1,17].

Virus family

Representative Species

Picornaviradae Poliovirus (PV)
Human rhinovirus (HRV)
Foot-and-mouth-disease virus (FMDV)
Coxsackie viruses (CV)
Hepatitis A virus (HAV)
Caliciviridae Rabbit hemorrhagic disease virus (RHDV)
Norwalk virus (NV)
(+) ssRNA Sapporo virus
Togaviridae Sindbis virus
Flaviviridae West Nile virus (WNV)
Yellow fever virus
Dengue virus (DENV)
Japanese encephalitis disease virus (JEV)
Hepatitis C virus (HCV)
Bovine viral diarrhea virus (BVDV)
Orthomyxoviridae Influenza virus
Paramyxoviridae Measles and mumps viruses
(—) ssRNA Bunyaviridae Hantavirus
Rhabdoviridae Rabies virus
Filoviridae Ebola and Marburg virus
Bornaviridae Borna disease virus
Cystoviridae Bacteriophage ¢6
dsRNA Reoviridae . | RCO\./iI‘US .
Fish infectious pancreatic necrosis virus (IPNV)
Birnaviridae

Infectious bursal disease virus (IBDV)
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4. Structural Features of RdRps

RdRps replicate the genomic material in RNA viruses. Many of these viruses are significant public
health concerns including HCV, Dengue virus, Japanese encephalitis and yellow fever. For this reason
RdRps are key targets for new drugs and it is crucial to understand the mechanisms by which they
replicate viral genomes. The fact that there are no mammalian homologs of RdRps [18,19] makes
them an optimal drug target because potential therapeutics would tend to selectively affect the viral
polymerases without interfering with the function of host polymerases.

Within RdRp encoding viruses there are ssSRNA viruses (both + and — sense) and dsRNA viruses
(see Table 3). Genome replication in (+) sSRNA viruses takes place in a membrane-bound replication
complex [9,20,21]. (+) RNA serves as mRNA and can be translated immediately after entering the
cell [1]. Thus, unlike the (—) RNA viruses, (+) RNA viruses do not need to package an RdRp within the
virion [22].

The first X-ray structure of an RdRp was generated for Poliovirus (PV) polymerase in 1997 [23].
X-ray structures are currently available from seven families of RdRps. These include (+) RNA viruses:
Picornaviridae (PV, HRV, FMDYV, CV and HAV), Caliciviridae (RHDV, NV and Sapporo virus) and
Flaviviridae (HCV and BVDV) as well as (—) RNA viruses: Orthomyxoviridae (Influenza virus) and
dsRNA viruses: Cystoviridae (Bacteriophage ¢6), Reoviridae (Reovirus and Rotavirus) and Birnaviridae
(IBDV). A table listing each NS5B structure currently available in the PDB is included as supporting
information. The PDB IDs, a description of each structure and their resolution is provided. Similar
information for other viral polymerases is presented in Tables 1 and 2 of Subissi et al. [14].

A characteristic trait of RdRps is the extensive interaction between fingers and palm domains [24].
RdRps have an extension of the fingers domain called the fingertips that connects the fingers and
thumb domains to form a fully enclosed active site. The fingertips also contribute to the formation
of well-defined template and NTP channels in the front and back of the polymerase, respectively.

RdRps were originally thought to be found uniquely in viruses. However, in 1971 the first eukaryotic
RdRp was found in Chinese Cabbage [25]. Later on cellular RARps were also found in plants, fungi and
nematodes [26-28]. Cellular RdRps play important roles in both transcriptional and post-transcriptional
gene silencing [29]. Although viral and cellular RdRps show little sequence homology, both share the
“right hand” shape containing palm, thumb and fingers domains. The palm domain of cellular RdRps is
particularly well-conserved and contains four motifs maintained in all polymerases. These facts make
it likely that the cellular RdRps share some of the basic mechanistic principles of viral RdRps and that
knowledge obtained for viral RdRps may be transferable to cellular RdRps [13].

The Flaviviridae family has been widely studied because many members of this family cause diseases
in humans. Within this family there are three genera: Flaviviruses, Hepaciviruses and Pestiviruses (see
Table 4). HCV is part of the Hepaciviruses genus and is an important pathogen for which no vaccine
is currently available. In explaining recent insights regarding the mechanism by which the HCV RdRp
(gene product NS5B) replicates the viral genome, we will make comparisons with other members of the
Flaviviridae family. However, we note that some differences may exist, particularly if the other family

members are part of a different genus.
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Table 4. Genera and species of the Flaviviridae family.

Virus Family Genus Species

West Nile virus

Yellow fever virus

Flaviviruses .
o Dengue virus
Flaviviridae o )
Japanese encephalitis disease virus
Hepaciviruses Hepatitis C virus (HCV)
Pestiviruses Bovine viral diarrhea virus (BVDV)

5. Catalytic Mechanism and Polymerase Reaction Steps

All known polymerases synthesize nucleic acid in the 5’ to 3’ direction [9]. Thus, replication in
positive-stranded RNA viruses occurs via a negative-stranded intermediate. The polymerase reaction
has three stages: initiation, elongation and termination. For this cycle to take place the polymerase needs
to have binding sites for: (a) the template strand; (b) the primer strand or initiating NTP (P-site) and (c)
incoming NTP (N-site). The 3’-nucleotide defining the site of initiation is designated “n”. Residues at
the “n” and “n + 17 positions of the template define the P-site and N-site.

At the initiation stage, the formation of the first phosphodiester bond is key for polymerization of the
nucleotides to begin. To form this phosphodiester bond a hydroxyl group corresponding to a nucleotide
3’-OH is needed. Depending on how this 3’-OH is supplied two mechanisms are differentiated: primer
dependent in the case that a primer provides the required hydroxyl group, or primer independent (also
called de novo) if this hydroxyl group is provided by the first NTP [2]. The variety of mechanisms
reflect the adaptation of the viruses to the host cell [1]. The size of the thumb domain seems to define
whether a polymerase uses the primer-dependent or de novo mechanism. Most viruses in Picornaviridae
and Caliciviridae families utilize a primer-dependent mechanism, but exceptions are found, such as
noroviruses in the Caliciviridae family, that synthesize the (—) strand de novo [30]. In general these
enzyme have a small thumb domain that provides a wider template channel to accommodate both
template and primer. For this mechanism different primers such as polypeptides, capped mRNAs or
oligonucleotides may be used. In contrast, the Flaviviridae family that employs the de novo mechanism
has a large thumb domain and narrower template channel suited to accommodate only the ssRNA and
NTP [1,14]. However, we note that under certain conditions de novo polymerases can be induced to
become primer dependent [31].

When the de novo mechanism is used initiation takes place exactly at the 3’-terminus of the template
RNA, so the initiating NTP (the first NTP of the growing strand) is dictated by the template. Both
HCV and BVDV from the Flaviviridae family have been observed to require high concentrations of GTP
for the initiation of RNA synthesis regardless of the RNA template nucleotide [32,33] which led to the
suggestion that GTP may be needed for structural support of the initiating NTP. Harrus et al. [34] also
suggested that GTP may act as the “initiation platform” and D’ Abramo et al. [35] pointed out that this
GTP may stabilize the interaction between the 3’-end of the template and the priming nucleotide. This
stabilizing GTP binds inside the template channel, 6 A from the catalytic site. It is not incorporated into

the nascent RNA strand and is thought to be released from the active site during the elongation stage [9].
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We note that another GTP molecule has been reported to bind at the rear of the thumb domain near the
fingertips in NS5B. This GTP has been suggested to play a role in activating de novo initiation or in
allosterically regulating the conformational changes needed for replication [36].

Because base-pairing alone is insufficient to stabilize the dinucleotide product in the “P-site”,
specialized structural elements are employed [ 13]. Besides the stabilizing GTP there is also a polymerase
structural initiation platform, the so-called (3-flap (residues 443—454). This (3-flap likely supports the
stabilizing GTP but would need to move out of the way in the elongation phase to allow the dsSRNA
product to exit [1,9,34]. Other researchers have suggested the C-terminal linker (residues 531 to 570)
also plays a regulatory role in the initiation stage of replication by acting as a buttress during the initiation
stage and moving out of the template channel in a similar way as the (3-flap in order to allow egress of
the double stranded RNA [14,37] (see Figure 2).

a) 5’ L
e
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3’ |
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O - n <
e
B £ :
or Y >
>
3’ . 3'
) (v
1. Formation of de novo 2. GTP release and 3. Switch to

initiation complex translocation elongation

Figure 2. Schematic describing de novo initiation in Hepaciviruses and Pestiviruses. Note
that Flaviruses do not anchor their C-terminus in the Endoplasmatic Reticulum (ER). This
figure was generated by incorporating the descriptions provided by both Appleby et al. [35]
and Choi [1]. The linker and C-terminal anchor are shown in orange as one contiguous
element. The 3-flap is colored red (as in Figure 3), the template strand in purple, the growing
strand in green, the stabilizing GTP in blue and the Endoplasmic Reticulum (ER) in brown.
The “N” and “P” indicate where the N-site (nucleotide-site) and P-site (priming-site) are.
These correspond to the positions of the growing strand that bind to residues “n” and “n + 1”
of the template strand respectively.
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b)

Figure 3. NS5B structure with characteristic elements highlighted. (a) Front view and
(b) top view. The linker is shown in orange, the [3-flap in red. The fingertips are shown in
blue (the delta 1 loop) and green (the delta 2 loop).

An advantage of the primer-dependent mechanism is that a stable elongation complex is formed
more easily. There is limited abortive cycling, if any, and no requirement for large conformational
rearrangements [13]. In contrast, for the de novo mechanism the first dinucleotide is not sufficiently
stable and an initiation platform is needed to provide additional stabilization. This reduced stability
sometimes results in abortive cycling for the de novo mechanism. However, an advantage of the de novo
mechanism is that no additional enzymes are needed to generate the primer [38].

After the template and primer or initiating NTP are bound to the enzyme, the steps required for
single-nucleotide addition are [1]:

(1) incorporation of the incoming NTP into the growing daughter strand by formation of the
phosphodiester bond

(2) release of pyrophosphate

(3) translocation along the template.

These three steps are repeated cyclically during elongation until the full RNA strand is replicated.

In order to facilitate nucleotide addition, all polymerases have two metal ions (Mg?" or Mn**) in
the active site bound to two conserved aspartic acid residues. These metal ions have been shown to be
essential for catalysis via the so-called “two metal ions” mechanism. This mechanism was proposed by
Steiz in 1998 [39] and is as follows: the incoming NTP binds to metal ion B that orients the NTP in
the active site and that may contribute to charge neutralization during catalysis. Metal ion B coordinates
to the 3- and y-phosphate groups of the incoming NTP as well as the aspartic acid residue in motif A.
Once the nucleotide is in place, the second divalent cation (Metal ion A) coordinates to the initiating NTP,
lowering the pKa of the 3’-OH and facilitating nucleophilic attack on the x-phosphate. This then leads to
formation of the phosphodiester bond and the release of pyrophosphate (PPi). Metal ion A coordinates
to the a-phosphate group of the incoming NTP, the 3’-OH of the priming NTP and the aspartic acid
residue in motif C (see Figure 4). Both metal ions stabilize the charge and geometry of the phosphorane
pentavalent transition state during the nucleotidyl transfer reaction [1,13,38].

The switch to elongation requires a major conformational change in the polymerase structure. Both
the [3-flap and the linker need to be displaced and an opening of the enzymatic core occurs. This

open conformation may be one of the factors that enables a higher processivity in the elongation stage
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compared to the initiation stage (for more detailed information about this change in conformation see
Section 5 below).

Incoming NTP PPi

+ PPi

Template Initiating NTP Polymerase

Figure 4. Two metals ions mechanism in RdRps. The squares represent the bases that are
part of the nucleotides. This figure is inspired by a similar figure from Choi ez al. [1].

Little is known about the termination of RNA synthesis. It has been suggested that the polymerase
may simply fall off the end of the template once the complementary strand has been synthesized [14,40].
It is important to note that RNA synthesis by NS5B is error-prone due to the lack of proofreading activity
of the RARp enzymes. The mutation rates are estimated to be on the order of one mutation per 103-107
nucleotides resulting in approximately one error per replicated genome [1,41]. In contrast the mutation
rate in E. coli, where cellular polymerases benefit from error-correcting mechanisms, is on the order of
one mutation per 10°~10'° nucleotides [1]. The large error rate results in the high genetic variability of
the HCV viruses and provides a molecular basis for the rapid development of resistance to therapies.

6. NS5B Conformational Changes during the Replication Cycle

One characteristic unique to viral RdRps is their “closed-hand” shape. This terminology started to be
used because their X-ray structures appear to be more closed than the previously characterized DdDps,
DdRps and RTs (called “open-hand”) [7,14,38,42]. This “closed-hand” shape is characterized by the
fingertips region, a hallmark of RdRps, that connects the fingers and palm domains on the back of the
enzyme as well as by the so-called 3-flap on the front of the enzyme (see Figure 3). The latter is specific
to the Flaviviridae RdRps while the linker, or a variation of it, is common to most of the de novo initiating
RdRps [40] (note, however, that it is not found in the Flavivirus RdRps). The linker (residues 531 to
570) connects the NS5B catalytic core (residues 1 to 530) with the C-terminus transmembrane anchor
(residues 571 to 591). These last twenty-one C-terminal residues seem not to influence RNA synthesis
in vitro [40]. Given that these residues are very hydrophobic, their removal facilitates expression and
purification of the enzyme. Thus, most biochemical and all structural studies have been carried out with
the so-called NS5B A21 enzyme variant in which these residues have been removed.

Most of the NS5B structures that have been reported are thought to be in the closed conformation.

However, it has been observed that de novo initiation by NS5B in vitro does not only occur at the 3’ end
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of the template but also can take place at internal template sites [43,44] and on circular templates [31].
These facts suggest that in solution there is an equilibrium between the closed and open conformations.
The existence of the open conformation is supported by the structure of NS5B from genotype 2a
NS5B, [45] as well as the structure recently published by Mosley et al. [46]. The latter contains a variant
of NS5B that lacks the 3-flap in complex with primer-template RNA. Molecular dynamics simulations
of Davis et al. [47] also indicate the occurrence of open NS5B conformations.

The closed conformation is thought to represent the initiation state of the polymerase. In this
conformation the catalytic core only provides sufficient space for a single-stranded RNA template and
the nucleotides required for de novo initiation of RNA synthesis, but is not wide enough to accommodate
double-stranded RNA [40]. To transition to elongation a major conformational change is needed so the
nascent RNA can egress. Primer-dependent RdRps undergo less dramatic conformational changes than
de novo-initiating RdRps [14] because the thumb domain of primer-dependent RdRps is smaller, leaving
enough room for the dsRNA product to exit. Transitioning to elongation in de novo-initiating RdRps
thus requires the adoption of an open conformation [34,40,46,48]. To arrive at the open conformation
the 3-flap would need to be moved out of the way, the stabilizing GTP should unbind and also a rotation
of the thumb domain should take place. This would position it further from the center of the enzyme,
increasing the size of the template and duplex channels so the dsSRNA can exit the enzyme [34,48]. If
the C-terminal linker does act as an initiation platform together with the (3-flap, this element would
also need to move away from the template channel in the transition to elongation as described by
Appleby et al. [37] (see Figure 2). It is worth noting that conformational changes have been reported
in several RdRp structures [45,46,49]. These findings suggest that these enzymes exhibit considerable

conformational variability, which is similar to observations made for other polymerases [50,51].
7. NS5B Inhibitors and Mechanisms of Action

There are two main classes of NS5B inhibitors: nucleoside inhibitors (NIs) and non-nucleoside
inhibitors (NNIs) (see Figure 5). NIs bind in the active site and generally act as non-obligate terminators
of RNA synthesis after being incorporated into the newly produced RNA strand. The advantages of NIs
are that they have shown stronger antiviral activity, are able to inhibit multiple HCV genotypes and have
a higher barrier to the emergence of drug resistance [48]. However, they have the potential to also affect
host polymerases since they interact with an active site that has similar features among diverse types of
polymerases. Sofosbuvir, the drug most recently approved for HCV treatment is in this group. NNIs are
allosteric inhibitors that bind to sites other than the active site. NNIs are also promising, though they have
not yet been used in a clinical setting. NNIs are attractive for use in future anti-HCV therapies due to
the decreased likelihood that they will exhibit nonspecific side effects compared to NIs. However, HCV
is more likely to become resistant to these inhibitors because there is typically not strong evolutionary
pressure to maintain the amino acid sequence of NNI binding sites. We focus on NNIs in this review
because the role of NIs as terminators of RNA synthesis is well understood. In contrast, although many
structures with NNIs bound have been solved, their mechanism of action still remains to be elucidated.
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Figure 5. NS5B inhibitors. (a) The three allosteric sites of NS5B are highlighted with space
filling representations of inhibitors that bind in these locations. Thumb site 1 (NNI-1) in
yellow, thumb site 2 (NNI-2) in green, palm sites (NNI-3/4) in purple; (b) chemical structures
of NIs and NNIs that are in clinical trials or have already been approved [52-59].

Four NNI sites have been identified: two in the thumb (NNI-1 and NNI-2) and two in the palm (NNI-3
and NNI-4) (see Figure 5). Brown and Thorpe [60] provide evidence that NNI-3 and NNI-4 are likely
to be distinct regions within a single large pocket rather than two individual pockets. For this reason
we use the nomenclature NNI-3/4 to denote both of these partially overlapping sites. Due to the fact
that there are multiple distinct allosteric sites it may be possible to use multiple NNIs in combination
with each other or with NIs in the effort to overcome resistance. NNIs are thought to inhibit NS5B by
affecting the equilibrium distribution of conformational states required for normal catalytic activity of the
enzyme [13,47]. Most of the NNIs that bind to the palm domain have been found to stabilize the (3-flap
via critical interactions with Tyr448 [61], fixing it in the closed, initiation-appropriate conformation
and preventing these residues from moving out to allow the RNA double helix to egress [46]. NNI-2
ligands have also been suggested to prevent the occurrence of important conformational changes in
NS5B [16,45,62]. Some studies have suggested that palm NNIs inhibit initiation while thumb NNIs
inhibit an early phase of replication that occurs after initiation but before elongation starts [63—-66].
Thus, the different allosteric sites may display distinct modes of action. Davis ef al. [46] studied
the mechanism of inhibition of allosteric inhibitors in the different allosteric sites. They found that
inhibitors in the NNI-1 pocket seem to prevent enzyme function by reducing its overall stability and
preventing it from stably adopting functional conformations. In contrast, NNI-2 inhibitors seem to reduce
conformational sampling, preventing the transitions between conformational states that are required for
NS5B to function. NNI-3 inhibitors were also observed to restrict conformational sampling, though the
dominant mode of action of these molecules was predicted to result from blocking access of the RNA

template (see Figure 6).
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Figure 6. Mechanisms of inhibition for NNIs. NS5B must transition between open and
closed states to perform replication (upper left). NNI-1 inhibitors have been observed
to reduce enzyme stability. NNI-2 inhibitors have been shown to reduce conformational
sampling, confining the enzyme in closed conformations. NNI-3 inhibitors mainly block
access of the RNA template but also induce some restriction of conformational sampling.
The RNA template is represented as a black rectangle and the inhibitor as an orange ellipse.

This may facilitate their use in combination therapies by degrading complementary functionalities in
the enzyme. Understanding the molecular mechanisms by which small molecules in general and NNIs in
particular inhibit the function of NS5B is essential for rationally design NS5B inhibitors. Such molecules
may ultimately serve as a basis for more efficacious or cost-effective HCV therapies, either individually
or in combination.

One informative example that illustrates the useful interplay between determining the roles of
structural and functional elements of NS5B and understanding the efficacy of NNIs is provided by recent
studies of Gilead pharmaceuticals. Boyce et al. [67] assessed the activities and biophysical properties of a
number of NS5B variants using mutations and deletions in the enzyme C-terminus and 3-flap, in concert
with challenging the enzyme using diverse NNIs. Their observations suggest that ligands which bind to
NNI-2 exhibit a unique inhibitory mechanism relative to other NNIs. Boyce et al. [67] discovered that
NNI-2 ligands are most effective when both the C-terminus and 3-flap of the enzyme are present. These
inhibitors were found to stabilize NS5B in a closed conformation, consistent with simulation studies by
Davis et al. [16,47]. Boyce et al. [67] found that interactions between the C-terminus and the 3-flap
were required for inhibition, but not for ligand binding. These authors determined that NNI-2 inhibitors
exhibited decreased efficacy for truncated NS5B variants and suggested that while the C-terminus and
[3-flap do not alter the intrinsic interactions of NNI-2 ligands with the enzyme, they do play an important
role in propagating the allosteric effects that result from inhibitors binding to distant enzyme locations.
This finding is consistent with mutational data for NNI-2 inhibitors, which map viral resistance mutations
to areas around the 3-flap [68].

Simulation studies by Davis and Thorpe suggest that the enzyme C-terminus reduces conformational
sampling in NS5B, likely eliminating transitions between the closed and open conformations necessary
for the initiation and elongation phases of replication respectively [69]. These observations predict that

enzymes without C-terminal residues should display increased activity, consistent with the findings of
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Boyce et al. [67]. Other studies from Davis et al. [16,47] indicate that an NNI-2 ligand can restrict
conformational sampling even if the C-terminus is absent, stabilizing the enzyme in a very closed state.
One might expect that this property could account for the inhibitory action of NNI-2 ligands without
needing to invoke a role for the C-terminus as suggested by Boyce et al. [67]. However, there are several
important considerations to be noted. First, the simulation studies examine the impact of binding a
ligand to the enzyme and do not directly probe inhibition. The studies of Boyce et al. [67] indicate
that binding affinities of NNI-2 ligands are not a good proxy for inhibition efficacy. Thus, observations
in the simulation studies may not be explicitly linked to allosteric inhibition. Another consideration is
that the simulation studies were not carried out with both the inhibitor and the C-terminus present. It
is possible that conformational restriction of the enzyme in the presence of both entities would be even
more dramatic, consistent with the enhanced inhibition in Boyce et al. [67] measured in the presence
of the C-terminus. Finally, different ligands were employed in each study and it could be that distinct
inhibitors elicit different effects even though they bind to the same location. There is evidence that
different NNI-2 ligands are able to alter the conformational distribution of NS5B to different extents [47].
Thus, it is possible that the enzyme C-terminus is only required for observing the inhibitory effects of
certain NNI-2 ligands.

In contrast to NNI-2, Boyce et al. [67] observed that the potency of NNI-1 ligands was not affected
by the presence of the C-terminus or (3-flap. This observation suggests that these ligands possess a
completely different mechanism of action compared to NNI-2 inhibitors. These authors noted that the
presence of NNI-1 ligands lowered the melting temperature of NS5B, consistent with decreased stability
of the enzyme. The decrease of NS5B stability in the presence of NNI-1 ligands was noted as well in
other studies [70,71]. This finding is also consistent with results from simulations of Davis et al. [47]
that suggest NNI-1 and NNI-2 ligands have distinct modes of action. In contrast to the stabilizing effect
of NNI-2 ligands, it was observed that an NNI-1 ligand destabilized conformational sampling in NS5B,
preventing the enzyme from stably occupying functional conformational states.

With regard to palm inhibitors, Boyce et al. [67] observed that such ligands display larger dissociation
constants in NS5B constructs for which C-terminal residues were deleted, suggesting that the C-terminus
facilitates binding to palm sites. Palm site inhibitors also demonstrate decreased potency in these deletion
constructs, indicating that the C-terminus is needed for both binding and inhibition. In simulation studies
Davis et al. [47] observed that NNI-3 ligands were able to bind to the enzyme without the C-terminus
present and also restricted conformational sampling of NS5B in a similar manner to NNI-2 ligands.
However, the conformations sampled when ligands were bound to NNI-3 tended to be more open in
general than those induced by an NNI-2 ligand. These conformations may perturb the replication cycle
to a reduced extent compared to NNI-2 or NNI-1 ligands. It is possible that in the presence of the
C-terminus NNI-3 ligands elicit more dramatic changes in conformational sampling. Nonetheless, the
authors concluded that the dominant inhibitory effect of palm ligands is likely due to direct obstruction
of the RNA template channel (thus preventing the template from accessing the active site) rather than
conformational restriction. This observation is consistent with previous predictions [72].

The findings of Boyce et al. [67] are important because they indicate the enzyme C-terminus plays
a crucial role in modulating the efficacy of NNIs. The likely molecular basis of this observation can

be readily understood by considering the schematic shown in Figure 2. In this figure it is apparent that
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the C-terminus acts as a “stopper” in the template channel, preventing elongation of the nascent RNA
strand. Thus, both the C-terminus and (3-flap need to be removed from the template channel before
elongation can proceed. If the C-terminus is not present, the template channel cannot be effectively
blocked and replication is less likely to be affected by presence of the inhibitor. This is a quite interesting
result, as it points to the limitations of some inhibitor studies that may have been carried out in vitro
using enzyme variants without the C-terminus. It is likely that any ligands employing the inhibitory
mechanisms described by Boyce ef al. [67] would not be identified in such studies. Thus, the role of
NSS5B regulatory elements in strongly modulating the efficacy of inhibitors must be taken into account
when assessing ligand potency.

Studies such as those of Boyce et al. [67] or Davis and colleagues [16,47,69] may be useful to
understand the differing susceptibility of different NS5B variants (and thus different HCV strains or
genotypes) to the presence of diverse inhibitors. For example, in some viral genotypes the C-terminus
might interact more strongly with the template channel than in others. One would anticipate that
NNI-2 ligands would be more effective in inhibiting such enzyme variants. The studies reviewed in
this article indicate that understanding the structure and function of NS5B provides powerful insight
into the molecular mechanisms governing inhibition of this enzyme and the functional properties
of other RdRps. For example, recent structural studies of the Influenza virus polymerase reveal a
[3-flap element similar to that which modulates the activity of NS5B and which may adopt a similarly
important role in these enzymes [73,74]. We note that simulation studies are particularly helpful in this
regard by allowing molecular mechanisms underlying the observed structure-function relationships to be
elucidated [16,47,69].

Understanding the molecular mechanisms involved in inhibition by NNIs could facilitate the design
and deployment of these molecules. The insights acquired may also be transferable to other polymerases
to better understand the relationship between structure, function and dynamics in these enzymes. Due to
the fact that individual NNIs can have distinct sites of binding, it should be possible to combine multiple
NNIs such that their total inhibitory effect is enhanced relative to applying any given inhibitor on its
own [60]. It may be beneficial to target complementary activities or distinct conformational states of
the enzyme with an array of small molecules to degrade a wide spectrum of NS5B functionality in a
therapeutic context. For example, it is possible that a large fraction of NS5B exists within the host cell
in an auto-inhibited state with the C-terminus occupying the template channel. In this way, the virus can
avoid negatively perturbing the host cell and facilitate evasion of the host immune response. One could
envision targeting both actively replicating and auto-inhibited NS5B molecules with different inhibitors

in order to more effectively degrade intracellular enzyme activity.
8. Summary

Flaviviridae viruses are (+) RNA viruses with RdRp polymerases that utilize the de novo mechanism
for initiation. While Flaviviridae polymerases possess elements common to other RdRps such as the
fingertips region, they are also unique in possessing the 3-flap that may be used as an initiation platform
during genome replication.

The important pathogen HCV is a member of the Flaviviridae family within the Hepacivirus genus
and employs NS5B as the RdRp that replicates its genome. There are two key steps involved in the
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replication process: (1) the formation of the initial dinucleotide and (2) the transition from initiation
to processive elongation. Structural elements of NS5B that likely have a crucial role in these steps
are the C-terminal linker and the 3-flap (see Figure 3). Initiation is also facilitated by the so-called
“stabilizing GTP” in the active site (see Figure 2). Finally, a conformational change involving movement
of the thumb and fingers domains to position them further apart has been observed to accompany the
transition from initiation to elongation, resulting in an open-hand conformation. The linker and the (3-flap
may have dual roles: (1) acting as initiation platforms to stabilize formation of the first dinucleotide
and (2) regulating the transition to elongation. These structural elements can prevent the enzyme from
moving to the elongation stage and must be displaced to allow for processive elongation to take place.

Thus, the available evidence suggests that NS5B possesses an intrinsic capacity to be regulated via
allosteric effectors including NNIs, the (3-flap and the C-terminal linker. In addition, the role of these
effectors seems to be strongly modulated by the specific context of the interaction. Understanding how
these structural elements govern enzyme activity and how they interface with inhibitors is important for
understanding the molecular mechanisms of allosteric inhibition in NS5B. Such knowledge paves the
way for rational design of inhibitors and combination therapies both for NS5B and for the polymerases
to which these insights can be generalized. This information may also be useful in designing enzymes
with attenuated activity, as would be required if one sought to develop a strain of HCV that could serve
as the basis for a vaccine. Attenuating HCV by degrading the activity of NS5B is one strategy that could
prove useful in this regard. One potential drawback to such efforts is the high mutation rate of HCV that
results from the error-prone nature of NS5B. However, it is possible that one could circumvent this issue
by generating a polymerase that not only possesses reduced efficacy, but also displays increased fidelity
and thus faithfully replicates the viral genome.

Viral polymerases and, specifically, RdARps share many common structural, functional and dynamic
features. Thus, the knowledge obtained in understanding how NS5B functions may be transferable to
polymerases from closely related viruses such as Dengue or West Nile virus, or even to other more
distantly related polymerases such as reverse transcriptase from HIV and 3D-pol from poliovirus.
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