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ABSTRACT

The RNA-dependent RNA polymerase (RdRp) of viruses belonging to the
Flaviviridae family, including the hepatitis C virus (HCV) and bovine viral diarrhea virus
(BVDV) is critical for viral replication. The major goal of this PhD study was to
biochemically characterize the role of the polymerase during initiation and elongation of
RNA synthesis, utilizing the BVDV RdRp as a model system. We showed that the
BVDV polymerase efficiently incorporates chain-terminating nucleoside analogues,
which ultimately arrest RNA synthesis. The incorporated chain-terminators, however, can
be removed from the primer terminus in the presence of pyrophosphate (PPi). These
results suggest that the phosphorolytic excision of incorporated chain-terminators is a
possible mechanism that can diminish the efficiency of this class of compounds against
viral RdRps. The chain-terminators then served as valuable tools in subsequent
experiments to analyze the functional role(s) of the RdRp-associated GTP-specific
binding site (G-site) and the consequences of GTP binding during the initiation of RNA
synthesis. The results provide biochemical evidence for the existence of a G-site in the
BVDV enzyme, and suggest that GTP binding controls template positioning during de
novo initiation. Finally, through the development of a novel ribonuclease-based
footprinting assay, it was determined that catalytically active complexes contact the
newly synthesized RNA during elongation of RNA synthesis with approximately 6-7
base pairs. The polymerase moves along the template according to the position where
RNA synthesis is arrested. Taken together, this study provides novel insight into
mechanisms involved during initiation and elongation of RNA replication of viruses

belonging to the Flaviviridae family. The ability of RdRps to excise incorporated chain-
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terminators points to possible shortcomings of nucleoside analogue inhibitors that are

under development as antiviral agents for the treatment of infection with HCV.
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RESUMEL

L*ARN polymérase ARN-dependant (ApAd) d origine virale jous un role clé dans
la réplication des virus appartenant a la famille des Flaviviridae, dont font partie le virus
de I’hépatite C (VHC) et le virus de la diarrhée bovine virale (VDBV). L objectif
principal de cette étude de doctorat était de caractériser biochimiquement le role de cette
polymérase durant !’initiation et 1'élongation du processus de synthése de I'ARN en
utilisant I’ApAd du VDBV comme mode¢le. Nous avons démontré que la polymérase de
VDBYV incorpore efficacement les analogues de nucléosides capable de terminé la chaine
d'ARN, ce qui entraine l'arrét de la synthése d’ARN. Cependant, ces nucléosides
terminaux peuvent étre enlevés du bout de I’amorce en présence de pyrophosphate (PP1).
Ces résultats suggérent que 1’excision phosphorolytique des nucléosides terminaux peut
contribuer a la réduction de I’efficacité de cette classe de produits ciblant les ApAd
viraux. Par la suite, ces nucléosides terminaux ont servi d’outils importants pour exécuter
d’autres expériences, soit analyser le role du site spécifique de liaison de GTP (site-G) et
observer I’effet de la présence de GTP durant I’initiation de la synthése d’ARN. Les
résultats fournissent une preuve biochimique de la présence du site-G dans I'enzyme de
VDBV et suggérent que la liaison du GTP controle I’emplacement de la matrice d°ADN
durant I’initiation de novo. En dernier lieu, avec le développement d'un test d’empreinte a
base d’ARNase-H, nous avons déterminé que les complexes d’enzymes catalytiquement
actives entrent en contact avec approximativement 6-7 paires de bases de I'ARN
nouvellement synthétisé pendant I'élongation de la synthése. La polymérase se déplace le
long de la matrice selon la position ou la synthése d'ARN se termine. En conclusion, ces

études aident a comprendre les mécanismes impliqués durant Dinitiation et 1’élongation
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de la réplication d'ARN des virus appartenant a la famille des Flaviviridae. La capacité
des ApAds d’exciser les nucléosides terminaux incorporés souligne I’insuffisance des
analogues de nucleosides terminaux présentement en développement comme agents

antiviraux pour le traitement de [’hépatite C.
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GENERAL INTRODUCTION



1. GENERAL INTRODUCTION

Human liver disease caused by the hepatitis C virus (HCV) has become a serious
public health issue worldwide. First recognized as post-transfusion “non-A, non-B
hepatitis”, the elucidation of the HCV viral sequence in 1989 by Choo et al." has led to
the extensive and rapid growth in both basic and clinical HCV research. To date, a large
number of scientific articles on HCV have been published, addressing several topics such
as viral genetic analysis, functional analysis of viral proteins, virus-host interactions,
adaptive immune responses, and the mechanisms of drug action and viral persistence.
The following chapter provides a brief summary of the discovery and epidemiology of
HCV, as well as the current status of the molecular biology of HCV, the viral life cycle,
and HCV model systems. This is followed by a comprehensive review of the literature
focused on the viral RNA-dependent RNA polymerase (RdRp) that forms the basis for

the hypotheses of this thesis.

1.1 Discovery and Epidemiology of HCV

For many years, it was believed that both hepatitis A (HAV) and hepatitis B virus
(HBV) were the major causative agents responsible for infectious hepatitis. However,
even after the development of preventative and diagnostic methods, it became
increasingly clear that the majority of cases of post-transfusion hepatitis that continued to
occur was not caused by either HAV or HBV infections, and was therefore termed "non-

A, non-B" (NANB) hepatitis. In 1989, after a large number of trials were conducted,



Choo et al.! succeeded in isolating and cloning part of the HCV genome sequence by
immunoscreening a cDNA library derived from the plasma of a chimpanzee chronically
infected with the serum from a patient with NANB hepatitis. Antibody detection systems
for the diagnosis of HCV were developed by Kuo ef al 2 that same year and eventually
led to the development of assays with improved sensitivity and specificity. This, in turn,
allowed for wide-scale screening of blood and blood products, and ultimately resulted in
the prevention of new infections. Today, antibody detection systems, along with DNA
amplification methods such as reverse transcription polymerase chain-reaction (RT-
PCR), are used as diagnostic tests for HCV infection and help define the prevalence,
incidence, and transmission of HCV. It is currently estimated that HCV infection afflicts
over 200 million people worldwide®, with nearly 35 000 new cases and 10 000-12 000
deaths occurring annually in the United States alone. The rates of HCV infection show
significant geographic variations resulting in disease prevalence ranging from 1%-2% in
North America, 2% in Japan, 3%-6% in Pakistan and up to 22% in Egypt'. Genotype
distribution also varies considerably. On the basis of differences in the genomic
sequence, HCV can be divided into six distinct genotypes and more than fifty subtypes,
with genotype 1a and 1b prevailing in the United States, genotype 3 most common in

India, and genotype 4 predominant in Africa and in the Middle East”.

The first effective therapy against HCV infection, namely interferon (IFN)-based
therapy, was identified before the discovery of the virus itself and was used to treat
NANB hepatitis in 1986. Today, combination regimens of polyethylene glycol (PEG)-

modified interferon and ribavirin have become the predominant antiviral therapy for



HCV® 7. Trials have shown that this current standard treatment induces a sustained
virological response in about 40%-80% of patients with chronic HCV, depending on the
HCV genotype® * °. Despite these significant advances, the number of HCV infected
patients is expected to rise within the next 10-20 years, making it HCV is one of the
greatest public health threats faced in this century. Chronic HCV infection has also been
implicated in the rising incidence of hepatocellular carcinoma (HCC) and is the leading
cause of liver transplantation in the United States’. Consequently, there is an urgent need
for the development of newer and more effective therapy in combating the progression of
the disease. Progress toward developing a vaccine or new therapeutic strategies however,
depends on the continued research on the mechanisms of protective immunity, the

molecular biology of the virus, and the complete elucidation of the HCV life cycle.

1.2 Molecular Biology of HCV

1.2.1 The Viral Genome and Polyprotein Processing

The elucidation of the HCV genome structure led to its classification as a distinct
member within the family Flaviviridae', a family of positive-strand RNA viruses that
consist of the flaviviruses, which include Japanese encephalitis virus (JEV), dengue virus
and West Nile, the animal pathogenic pestiviruses such as the classical swine fever virus
(CSFV) and bovine viral diarthea virus (BVDV), and the recently cloned GB-viruses.
These viruses all have diverse biological properties but appear to be similar in terms of

virion morphology, genome organization, and RNA replication.



Figure 1: Genome Organization and Polyprotein Processing of HCV RNA
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Schematically depicted at the top is the HCV positive-strand viral genome containing a
9.6-kb open reading frame (ORF) that is flanked on either ends by 5’ and 3°UTRs.
Internal ribosomal entry site (IRES)-mediated translation yields a polyprotein of
approximately 3000 amino acids long, depending on the HCV genotype, which is
processed into mature structural (C-p7) and non-structural (NS2-NS5B) proteins. Solid
diamonds indicate ER signal peptidase cleavage sites, the cyclic arrow represents the
autocatalytic cleavage of the NS2-NS3 junction, and the solid arrows denote the NS3/NS4
proteinase complex cleavage sites. Amino acid positions are shown above each protein.

(Adapted from Moradpour et al.").



The genomic organization and proteolytic processing of the HCV polyprotein are
illustrated schematically in Fig. 1. HCV contains a positive-sense, single-stranded RNA
genome of approximately 9.6 kb in length'. The genome contains a single open reading
frame (ORF) encoding a polyprotein that varies in length from 3010-3030 amino acids
according to isolate and genotype, and is flanked by 5’ and 3’ untranslated regions
(UTR)!* (Fig. 1, top). Both 5’ and 3’UTR contain a number of highly conserved cis-
acting RNA elements (CREs) essential for polyprotein translation and genome
replication. These structures include the 5’-proximal stem-loop structure and internal
ribosome entry site (IRES) within 5’UTR that mediates cap-independent translation
initiation of the HCV polyprotein, and a highly conserved 98 nucleotide long RNA
element designated as the X-tail at the 3’UTR, important for the initiation of minus-
strand synthesis during HCV RNA replication. The viral proteins are translated as a
single polyprotein precursor that undergoes extensive post-translational processing by
both host and viral enzymes into structural (C, E1, E2, p7) and non-structural (NS2, NS3,
NS4A, NS4B, NS5A, NS5B) proteins (Fig. 1, bottom). For most of the HCV proteins,
distinct functions have been described. The structural proteins appear to be involved in
viral assembly and in the export and infection of new cells, while the non-structural
proteins play various important roles in viral genome replication and encode for proteases
(NS2, NS3), a helicase (NS3) and an RNA-dependent RNA polymerase (NS5B).
Recently, another protein of unknown function, designated the F-protein or ARFP (for
alternative-reading—frame-protein) has been identified and is synthesized by means of

ribosomal frameshifting in the sequence encoding the N-terminal region of the



polyprotein within the core gene' > '®. Whether this protein is expressed in patients during

HCYV infection remains to be determined.

1.3 The Viral Proteins

1.3.1 Core Protein

The first structural protein encoded by the HCV ORF is a 22 kDa highly basic,
RNA binding core (C) protein, considered to be involved in the formation of the viral
nucleocapsid. The HCV core can undergo post-translational processing by cleavage in its
hydrophobic C-terminal end to give rise to two additional core products, 19 and 16 kDa
in length'’; however, it is unknown at this time which precise length of the core is
required for viral encapsidation. In addition to its role in nucleocapsid formation, the C-
protein has been reported to interact with a variety of cellular proteins including the
heterogeneous nuclear ribonucleoprotein K (hnRNP K), the lymphotoxin B receptor (LT-
BR), the tumor necrosis factor receptor 1 (TNF-R1), DEAD box protein (DDX3, DBX,
CAP-Rf) (Reviewed in McLauchlan'®), as well as modulate cellular gene transcription'®
and participate in signal transduction pathways®. Its roles in other biological functions

such as apoptotic cell death?" 2

and immune modulation®* ** 2% %% have also been studied
extensively, although the conflicting data have led to distinct conclusions. Clearly, the

array of effects mediated by the viral core protein suggests its significant role in HCV

pathogenesis.



1.3.2 [El and E2 Envelope Glycoproteins

The viral envelope is produced from two envelope glycoproteins E1 and E2,
essential for host-cell entry through their role in receptor binding and inducing fusion
with the host cellular membrane”’. Both El and E2 are type-1 transmembrane
glycoproteins containing a large N-terminal ectodomain and a short C-terminal
hydrophobic transmembrane domain (TMD) region, which contributes to important
protein functions such as membrane anchoring”®, ER retention® 3% 3! 3 and E1-E2

. .33 34
heterodimer formation

. Extensive characterization of the E1-E2 heterodimer
complexes, stabilized by noncovalent interactions® and/or disulfide-linked aggregates®’,
have suggested that the noncovalent oligomeric complexes are the prebudding form of

the virus®.

El and E2 have also been extensively studied in terms of antigenic variation.
Within the N-terminal sequence of the E2 envelope glycoprotein are two extreme
hypervariable regions (HVR), HVR-1 and HVR-2. These regions are caused by random
mutations and by selection of mutants capable of escaping from the immune pressures of
protective B-cell or T-cell responses. HVR-1 appears to be one of the main targets of
anti-HCV neutralizing responses. Support for this concept is based on the finding that
HCV-negative chimpanzees are protected from HCV infection when inoculated with
hyperimmune rabbit serum raised against a synthetic peptide representing the HVR-1%.

The implication of these findings suggests that mutations in HVR-1 may render the host

immune response ineffective, as seen in patients with chronic HCV infection. Antibodies



raised against HVR-1 were also found to prevent viral entry into cells®®. In fact, a number
of cell surface molecules have been found to interact with the envelope protein,

implicating E2 as a critical protein involved in targeting the virus to the host cell®” *%*"

42;43;44; 45

Aside from its role in immune evasion and viral entry, E2 protein has been
associated with resistance to interferon-a-based therapy by inhibiting the IFN-o inducible
double-stranded RNA-dependent protein kinase (PKR) in vitro®. Within the C-terminal
end of E2 lies a 12 amino acid sequence termed PKR/elF2a phosphorylation homology
domain (PePHD), which is analogous to the phosphorylation site of PKR and the
eukaryotic translation initiation factor (eIF)2a. Interaction of PePHD with PKR abolishes

its kinase activity, and ultimately blocks its inhibitory effect on protein synthesis™.

133 P7

Until recently, very little information was known about the structural protein p7.
It appears that p7 is a small, membrane-spanning protein of approximately 63 amino
acids in length and consists of two TMDs connected by a cytoplasmic loop”’. P7 is often
incompletely cleaved from E2, resulting in a mixture of E2-p7 proteins whose specific
function, if any, remains unknown. Although not required for RNA replication in vitro®,
studies have demonstrated that p7 is critical for infectivity of HCV in vivo®. This is
further supported by functional data obtained from the p7 of the related pestivirus,

BVDV, which indicate that p7 is necessary for the generation of infectious virions in cell



culture®. Based on its structural and membrane-permeability properties, the p7 protein is
suggested to be an ion channel®"* % and belongs the viroporin family. In fact, Griffin et
al.>! reported that recombinant HCV p7 proteins form hexamers and possess ion channel
activity that could ultimately be blocked by amantadine, a known ion channel inhibitor.
While detailed function of the p7 protein in the viral life cycle remains to be determined,
its role in viral particle release and maturation is becoming increasingly apparent. In the

future, the p7 protein may prove to be an attractive target for antiviral drug development.

1.3.4 NS2

The biological function of the NS2 protein is still unclear. It appears that the C-
terminal end of NS2, along with the N-terminal end of NS3, encodes for a Zn*'-
dependent metalloprotease™ that is required for the proteolytic cleavage at the NS2-NS3
junction. It has been demonstrated that NS2 is not essential for HCV replication in
vitro®®, however, cleavage at the NS2-NS3 junction by this protease is a pivotal step in
HCYV replication in vivo, such that it is required to release the NS3 serine protease for
downstream polyprotein processing in the nonstructural region. In BVDV, the absence of
cleavage at this site is found in viruses that are non-cythopathic®®. NS2 has also been
shown to interact with NS3, although the precise role and functional significance of these
NS2/NS3 interactions remain unknown. Clearly, this interaction represents an attractive

antiviral target.

10



1.3.5 NS3

i) NS3-4A Serine Protease

The NS3 protein of the HCV genome is a multifunctional protein that encodes for
protease activity, located in the N-terminal one-third end of the protein, and for RNA
helicase/nucleoside triphosphatase (NTPase) activity, found in the C-terminal two-thirds
portion of the protein. The NS3 protease is necessary for cleavage of the downstream
protein junctions (NS4A/4B, NS4B/NS5A, NS5A/NS5B) into functional, individual viral
proteins that can assemble into replication complexes, and has therefore been the focus of
extensive studies. Several studies have confirmed that the NS3 protease contains the
catalytic triad formed by the amino acid residues, His-1083, Asp-1107 and Ser-1165,
characteristic of serine proteases’” °* *, The crystal structure of the protease domain

62; 63; 64

60:61 'in complex with its NS4A cofactor

alone , and more recently, in complex with
specific inhibitors®> ® ¢’ have been solved by several groups. Based on the success of
inhibitors targeting the protease enzyme of other viruses such as the human
immunodeficiency virus type-1 (HIV-1), the NS3 serine protease emerged as a major
target for the design of specific inhibitors. Initial efforts at designing specific inhibitors
were challenging because of its unusually shallow substrate-binding site. The finding that
NS3 protease is inhibited by N-terminal hexapeptide cleavage products®® ®, however, led

to the discovery of several effective peptide inhibitors in vitro, including the molecules

BILN 20617° and VX-950"",

11



ii) NS3 Helicase

The NTPase/helicase activity associated with NS3 resides in the C-terminal 500
amino acid residues of the protein. Based on both structural and biochemical analysis, the
HCV DExH/D-box helicase is a three-domain protein whose putative biological role is to
assist in viral replication by unwinding double-stranded replication intermediates,
displacing proteins from the RNA genome, and/or removing regions of RNA secondary
structures (Reviewed in Kwong et al.”). In fact, Lam et al.”® have recently provided
conclusive evidence that shows the absolute requirement for RNA unwinding by the NS3
helicase during viral replication in cells. Domains 1 and 2 of the NS3 helicase share
several conserved motifs characteristic of superfamily 2 helicases, while Domain 3 is a
novel domain that does not contain motifs conserved with other helicases™. To initiate
unwinding, the NS3 helicase requires a single-stranded region with a 3’-end overhang
strand, and is able to separate DNA/DNA, RNA/RNA and RNA/DNA duplexes. The
associated NTPase activity is believed to fuel the energy needed for unwinding through
NTP hydrolysis, or more specifically, ATP hydrolysis (Reviewed in Borowski ef al.”).
Although both the protease and helicase activities of NS3 can be expressed
independently, very little evidence suggests that they are separated during the viral life
cycle. Aside from its role in viral replication, NS3 also has been found to interact with
several cellular proteins including TBK17%, protein kinase A and C, p53, and histones
H2B and H4. The biological relevance of these interactions remains to be determined

(Reviewed in Tellinghuisen et al.””).
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1.3.6 NS4A/NS4B

The NS4A protein acts as an essential cofactor for the NS3 serine protease. With
its central domain directly implicated in interacting with NS3, NS4A markedly increases
the conformational stability of the protease by orientating its catalytic residues in an
optimal orientation, as well as contributes to the formation of the protease substrate
binding site®” ", NS4A also recruits the NS3 protease to the ER membrane and has been
found to interact with both NS4B and NS5A™. It is hypothesized that these interactions

are necessary for the formation of a viral replication complex.

Little is known about the function of the NS4B product other than it appears to
induce a specific membrane alteration of the ER, referred to as an ER-derived
membranous web that is suggested to serve as a platform for the formation of the HCV
replication complex®. Direct evidence that this membranous web is the site of RNA

1.8 who

replication and represents the replication complex was obtained by Egger et a.
observed similar intracellular membrane alterations containing all the NS proteins, as
well as the genomic HCV RNA, in replicon harboring cells. Further demonstration that
NS4B interacts with NS5B and with NS5A strongly suggests that it is a component of the
replication complex®'. NS4B has also been found to contain a nucleotide binding motif

(NBM) mediating GTPase activity that may be required for its membrane-altering

ability®.
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1.3.7 NS5A

The NS5A region codes for a phosphoprotein that exists as two phosphorylated
forms, a basally phosphorylated form of 56 kDa and a hyperphosphorylated form of 58
kDa. Hyperphosphorylation of NS5A is dependent on the presence of other non-structural
proteins, particularly NS4A®. To date, several kinases capable of phosphorylating NS5A
have been identified and include AKT, MEK1, MKK6, cAMP-dependent protein kinase
A-o0, and casein kinase II**. It has recently been proposed that the phosphorylation state of
NS5A has a regulatory function in HCV RNA replication®> . In addition, NS5A is
believed to be an essential component of the multi-protein replication complex and was

shown to interact independently with all the non-structural proteins, including NS5B% 87,

A definitive role of NS5A in HCV replication, however, is currently unknown.
NS5A has been implicated in modulating the response to IFN-a. Studies first performed
in Japan®® described a correlation between mutations within a discrete region of NS5A,
termed the interferon sensitivity determining region (ISDR), and increased sensitivity to
IFN-a therapy. The plausible mechanism behind which NS5A mediates IFN-a resistance
could be explained by its ability to disrupt the dimerization of PKR and thus interfere
with PKR function, although these findings are deemed controversial. NS5A has also
been shown to bind to a range of cellular signaling molecules including the growth factor
receptor-binding protein 2 (Grb2), the SNARE-like protein hVAP-33, the apolipoprotein
Al (ApoAl), p53, and amphiphysin II, to name a few (Reviewed in Macdonald and
Harris®®). Through these interactions, NS5A can modulate all three MAPK signaling

pathways, with varying cellular effects, as well as mediate both extrinsic and intrinsic
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stimulated apoptosis (Reviewed in Macdonald and Harris*). Additionally, studies with
subgenomic HCV replicons have shown that cell culture-adaptive mutations cluster
mainly in the central portion of the NSSA protein®®, indicating that NS5A is involved in
viral replication, either directly or indirectly, through interactions with host regulatory
factors. The physiological significance of many of these protein interactions remains to
be determined and will, in turn, facilitate a better understanding of the critical role of

NSS5A in HCV replication.

1.3.8 NSSB

Based on the primary amino acid sequence of the NS5B region, particularly its
highly conserved Gly-Asp-Asp (GDD) amino acid motif, NS5B was predicted to act as
an RNA-dependent RNA polymerase (RdRp). This prediction has subsequently been
confirmed and the polymerase has been studied extensively both biochemically and
structurally. Given its key role in viral replication, the polymerase is considered to be one
of the most attractive targets for drug discovery efforts. The role of the polymerase in

replication will be discussed in subsequent sections of the chapter.

1.4 The Viral Life Cycle

90; 91; 92

Systems that support HCV replication in vitro are only emerging now, 17

years after the discovery of the virus. Species-restriction of the hepatitis C virus, which

93

has limited infection models to the chimpanzee™ or immunodeficient mice carrying
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engrafted human livers”™*, along with the inherent difficulties in culturing the virus, have
made unraveling the details of HCV replication quite challenging. Since a great deal of
information is known about other members of the Flaviviridae family, the use of different
models systems have significantly contributed to a developing model of the steps
involved in the HCV life cycle, as summarized in Fig. 2 below. It is only now with the
development of the infectious JFH-1 cell-culture system that detailed analysis and

confirmation of most of what is known about the viral life cycle can be made.

Figure 2: HCV Life Cycle
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Hlustration of a hypothetical model of the HCV life cycle. Viral particles enter the cell,
possibly through interaction with CD81 receptor and/or additional co-receptors (step 1).
Upon viral entry and uncoating, the viral genome is released into the cytoplasm of the
cell (step 2), where it carries out three main functions: as a messenger RNA (mRNA) for

IRES-mediated translation of the viral polyprotein (step 3), as a template for viral
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replication (step 4), and as a genome to be packaged within newly forming virions (step
5). Note that RNA replication occurs at the ER-membrane in a specific membranous web,
where the viral proteins and/or additional host cell factors, form a replication complex.
Newly assembled viral particles exit the cell via the Golgi (step 6). (Adapted from

Lindenbach et al. *’ )

1.4.1 Attachment and Entry into Host Cells

Infection begins with the attachment of a protein present at the surface of the
virion to the surface of the host cell, a process that may require more than one type of
receptor and/or co-receptor. Like most viruses, HCV takes advantage of many cellular
proteins for viral entry into its host cell. The first such cellular factor to be identified,
based on binding studies with the E2 envelope glycoprotein, is the human tetraspanin
CD81%. CD81 is expressed on the surface of many different cell types and is involved in
membrane-fusion processes, suggesting a role for CD81 in the fusion phase of viral entry.
Although the involvement of CD81 in HCV viral entry has been confirmed by several
groups®® %697 %% % the fact that ectopic expression of this molecule in non-hepatic cell
lines does not lead to viral entry suggests that the virus requires additional molecules to
gain entry into the cell. Among them is a second E2-binding protein, the human

scavenger receptor class B type I (SR-BI)* %6

. SR-BI is predominantly high in
hepatocytes and supports the hypothesis that HCV is a hepatotropic virus. Like CD81,
additional studies are needed to determine the exact role of SR-BI in HCV entry and at

what entry stage it is required. Several other candidate receptors for HCV have been
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proposed including the mannose binding lectins DC-SIGN and L-SIGN, low-density
lipoprotein  (LDL) receptor, the asialoglycoprotein receptor (ASGPr) and

glycosaminoglycans (Reviewed in Cocquerel ef al. 100y,

1.4.2 Translation and Polyprotein Processing

Upon viral entry and uncoating, the viral RNA genome is released from the
nucleocapsid into the cytoplasm of the host cell where it will carry out three main
functions: as an mRNA for translation of the viral polyprotein, as a template for viral
replication, and as a genome to be packaged within newly forming virions. Translation of
the HCV genome is mediated by a high-ordered structure of about 340 nucleotides long
located within the 5’UTR, termed the internal ribosome entry site (IRES). Three of the
four highly structured domains (II, III, and I'V) within the 5’UTR, together with the first
24 to 40 nucleotides of the core-encoding region constitute the IRES region. The HCV
IRES binds directly to the host cell small ribosomal subunit (40S) in the absence of pre-
initiation factors, and induces a conformational change that positions the AUG initiation
codon in close proximity to or at the P-site of the ribosome!®" 12, This complex, in turn,
binds to the elF 3 and to the ternary complex of Met-tRNA—eIF2—-GTP, which eventually
enables the formation of the translationally active ribosomal complex. This HCV IRES-
mediated mechanism of translation is shared by other related viruses such as the GBV-B
virus and the pestiviruses, BVDV and CSFV'® 1% 19 However, it is fundamentally
different from initiation on encephalomyocarditis virus (EMCV), poliovirus and/or

cellular mRNAs IRES elements, which appear to require the presence of additional eIFs
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19) " Translation of the HCV genome results in the

(Reviewed in Hellen and Sarnow
production of a single, long polyprotein precursor that is proteolytically cleaved by host

and virally-encoded proteases to yield the individual structural and non-structural

proteins.

A number of cellular factors have been shown to interact with the HCV IRES.
These include the polypyrimidine-tract-binding protein (PTB), the human La antigen, the
poly (rC)-binding protein 2 (PCBP2), the heterogeneous nuclear ribonucleoprotein L and
ribosomal protein factors S9. Although unclear, it is hypothesized that these proteins
function by increasing the efficiency of translation by stabilizing secondary and tertiary
IRES structures (Reviewed in Dasgupta et al.'®). The HCV IRES is highly conserved
compared to the rest of the genome and utilizes a mechanism for translation initiation that
is distinct from most eukaryotic pathways thereby strengthening its validity as a potential
target for drug development. In fact, RNA-based drugs such as ribozymes and antisense
oligonucleotides targeting the HCV IRES are currently underway and show promising
results in reducing HCV RNA translation and replication in cell culture'®” 1%, Although
these approaches have shown limited efficacy in vivo, they do confirm the proof-of-
concept that blockage of IRES-mediated translation can be important for the future

development of antiviral therapy.

1.4.3 RNA Replication Process

The signals that induce a switch from translation to RNA replication are currently

unknown, although it has been speculated that the binding of certain cellular factors (i.e.,
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PTB) to both 5’and 3’UTRs may be important in modulating translation versus
replication. The site of the replication process, as identified in replicon-containing Huh-7
cells, occurs at the ER-membrane in a specific membranous web. Here the viral proteins,
along with the replicating RNA and host cell factors, form a membrane-associated
replication complex that is analogous to other positive-strand RNA viruses'®. The NS5B
polymerase, which plays a key role in the replication process, then synthesizes a
complementary minus-strand copy of the genome, which in turn, is used for the synthesis
of additional genome-length RNAs. Genetic studies have revealed the requirement for
CREs within the 3°UTR during RNA replication''®. The 3’UTR of the HCV genome is
composed of three main regions: a highly variable region, a polypyrimidine poly (U/UC)
tract of variable length, and a highly conserved 98-nucleotide long region, designated as
the X-tail. Three stem-loop (SL) structures have been identified in the X-tail region,

designated SL1, SL2 and SL3 and are important for replication.

In addition to the 3’UTR, the core and NS5B encoding regions are also predicted
to contain functional RNA elements. Through the use of computer-based secondary
structure prediction programs and enzymatic and chemical probing, six SL structures
were identified within the NS5B coding region by several groups''" 11% 113 114, 5pgq7 1
(codons 111-128), SBSL2 (codons 333-342) and the SBSL3 cruciform (codons 539-591),
which is folded into 4 RNA structures (i.e., SBSL3.1, 5BSL3.2, 5BSL3.3 and 5BSL3.4).
Subsequent mutational studies using the subgenomic replicon system revealed that
5BSL3.2 is indispensable for HCV replication''*. Upon further analysis, Friebe and co-

workers''® demonstrated that the loop region of 5SBSL3.2 can form important kissing-loop
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interactions with the loop region of SL2 in the 3°’UTR, and that this interaction involves a
highly conserved sequence motif (CACAGC) within the upper loop of SBSL3.2. These
findings have resulted in the development of a model for the initiation of minus-strand
RNA synthesis, which is summarized in Fig3. This model predicts that, through Watson-
Crick base pairing between the loop region of 5SBSL3.2 and that of SL2 in the 3’'UTR, the
3’end of the genome folds into a closed loop formation which ultimately facilitates
binding of the NS5B polymerase to the 3’ end of the genome to initiate minus-strand
synthesis1 10 Although not essential for replication in vitro, it cannot be excluded that the
other predicted SL structures within the NS5B region may function in different stages of

the HCV life cycle, like in RNA packaging and virion assembly.

It has been suggested that the formation of the kissing-loop interaction may
require the presence of additional host cell factors. A series of cellular proteins have
already been reported to bind to the 3°UTR!® 7 U8 19120 1y 5 recent study, Harris et

al'* identified more than 70 proteins and confirmed earlier findings that showed an

116; 117 119

association between the PTB protein , the La antigen’ ~, the heterogeneous nuclear
ribonucleoprotein C (hnRNP C)"® the HuR protein'”® and the 3° end of the HCV
genome. Although the roles of these proteins in HCV replication have yet to be analyzed,
possible mechanisms involve viral RNA stabilization, splicing, and regulation of host

gene expression.
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Figure 3: Initiation of the RNA Replication Process
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(4) Schematic representation of the various stem-loop (SL) structures located at the 3 ’-
end of the HCV RNA are important for virus replication. The SL-structures located in the
coding region of NS5B (5BSL3.1, 3.2, 3.3) are separated from those present in the 3 'UTR
(SL I II, II) by the variable region (VR) and the poly (U/C) tract. (B) Model for the
initiation of minus-strand RNA synthesis. According to this model, the loop region of
SL3.2 in NS5B forms important kissing-loop interactions with the loop region of SL2 in
the 3’UTR (step i). This interaction allows the 3’end of the genome to fold into a closed
loop formation, which facilitates binding of the NS5B polymerase to the 3’ end of the
genome to initiate minus-strand synthesis (steps ii and iii). Nucleotides and numbering

correspond to the HCVIbConl (4J238799) sequence. (Adapted from Seeger'™).
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1.4.4. Virion Assembly and Release

Despite the significant advances made in elucidating the earlier steps of the HCV
life cycle, the assembly of the viral genome, as well as the release of newly synthesized
viral particles, is still poorly understood. The establishment of efficient systems that

permit propagation of the virus in cells will aid in the establishment of these goals.

1.5 HCV Model Systems

For many years, progress in the HCV field has been hampered by the lack of a
small animal model and/or a reliable cell culture system that can efficiently support viral
replication. Since the discovery of the virus, a number of articles supporting cell lines as
appropriate in vitro model systems for HCV have been published, but none with great
acceptance as a robust model system for HCV replication. The discovery of the
subgenomic replicon system in 1999 by Lohmann and coworkers® represented a
milestone in HCV research. With it came the establishment of the infectious JFH-1 cell-
culture system, which allows for the study of the complete viral life cycle in vitro. The
following is a brief description of the different HCV model systems that led up to the

development of the JFH-1 system.
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1.5.1  Primary Cell Cultures and Cell Lines

Initial attempts in establishing efficient systems to propagate HCV in vitro
included the infection or transfection of cultured cells. Seeing how the chimpanzee is the
only animal that can reliably be infected with HCV, several groups used primary
chimpanzee hepatocytes or primary human hepatocytes that were either infected ex vivo
or isolated from chronically infected patients to propagate HCV in cell culture. Despite
evidence for short-term viral replication, these systems were clearly limited by the
availability of cells, poor reproducibility, and low levels of viral titre (Reviewed in

Bartenschlager and Lohmann'?*

). These limitations, combined with the difficulty in
maintaining human hepatocyctes in a differentiated form within a culture system, led
researchers to seek support for HCV replication in immortalized human hepatocyte-based
cell lines. Some of the most detailed studies have been conducted with PHSCH cells, a
cell line derived from normal human hepatocytes immortalized by transfection with
simian virus 40 (SV40) large T antigen. In these studies, evidence for HCV replication
was based on the prolonged detection of positive-strand HCV RNA for more than 100
days of culture, and on the strong selection of distinct variants, as determined by analysis
of the HRV sequence in the E2 protein'> '**, However, the recurrent findings of limited
HCYV replication, along with the inconsistency and irreproducibility of results, limited the
use of these cells as an accepted model for HCV replication. The majority of other cell

lines studied for infection by HCV included human B or T cell lines, in particular Daudi

cells, MOLT-4, MT-2 and HPB-Ma (Reviewed in Bartenschlager and Lohmann'®).
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1.5.2. The Replicon System

Improvements in the development of a cell-based system for HCV production
were largely based on the transfection of in vitro transcribed HCV RNA into the human
hepatoma cell line Huh-7. The transfection of cultured cells with cloned viral DNA or
with in vitro transcripts offers several advantages; it avoids the potential block of
infection at the level of viral entry, and the inoculum (i.e., in vitro transcribed RNA
genome) is usually well-defined, available in large quantities, and can be manipulated for
genetic analysis of viral functions. A major breakthrough came in 1999, with the
establishment of the HCV subgenomic replicon system by Lohmann and coworkers*.
The prototype replicon was derived from the consensus genotype 1b clone termed Conl,
isolated from the liver tissue of a chronically infected patient. As depicted in Figure 4, the
replicon RNA was modified such that the structural region of HCV, from the core to p7
or to NS2, was replaced by a gene encoding for the selectable marker neomycin
phosphotransferase (neo). The resulting replicon was biscistronic such that expression of
the neo gene was directed by the HCV IRES, while expression of the HCV nonstructural
proteins (NS3-NS5B) was directed by the EMCV IRES, located downstream of the reo
gene. Initial transfection of replicons into Huh-7 cells led to the selection of a low
number of colonies resistant to neomycin sulfate (G418), containing self-replicating HCV
RNA. Upon further analysis, it was determined that certain single amino acid
substitutions, referred to as cell-culture adaptive mutations, increased the efficiency of
replication by more than 10°-fold > 2% 27 These conserved mutations were found in

every non-structural protein, although most appeared to cluster in the central region of
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NS5A!2. The exact function of these mutations is currently unknown, although it has
been suggested that they may directly or indirectly affect interactions with host cell
factors. Interestingly, Bukh et al'® found that the replication efficiency of replicons with
adaptive mutations are highly attenuated in chimpanzees, leading to the conclusion that
although cell culture adaptive mutations are required for viral replication in vitro, they are
lethal for virus production. It is unclear how these mutations preclude infectious particle
production.

Figure 4: Comparison of the HCV genome and subgenomic replicon system
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Schematic representation of the HCV genome organization (top) and the structure of the
HCYV subgenomic replicon (bottom). The original replicon RNA was modified such that
the structural region of HCV, from the core to p7 or to NS2, was replaced by the neo
gene encoding for neomycin phosphotransferase. The expression of the HCV
nonstructural proteins (NS3-NS5B) is directed by the EMCV IRES, located downstream
of the neo gene, while the expression of the neo gene is directed by the HCV IRES located

in the 5’UTR. (Adapted from Bartenschlager et al.’*).
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Since its discovery, the replicon system has been improved substantially giving rise to

the development of a large number of replicons including replicons derived from

131, 132 133 34

genotypes 1la and 2a'®, full-length replicons', systems expressing easily
quantifiable marker enzymes (i.e., firefly luciferase)m, as well as systems that can track
functional replication complexes in living cells through the insertion of green fluorescent
protein (GFP) in NS5A'*. Amplification of HCV RNA has also been expanded to other

host cells including HeLa epithelial cells and mouse hepatoma cells'®.

1.5.3. The JFH-1 System

Despite these significant improvements, the replicon system still does not permit
analysis of the complete viral life cycle. Substantial progress has been made, however,
with the development of the infectious JFH-1 cell culture system by Wakita ef al.®’. The
JFH-1 system is derived from a genotype 2a replicon, isolated from the serum of a
Japanese patient with fulminant hepatitis C'33. Transfection of in vitro transcribed full-
length JFH-1 RNA sequences in Huh 7 cells was shown to result in the secretion of viral
particles that could be passed in cell culture, and that were infectious in both chimpanzee
and mouse animal models, thereby confirming the authenticity of HCV grown in cell
culture’” °% 1. Improved colony formation and high efficiency RNA replication of the
JFH-1 replicon has been demonstrated not only in Huh 7 cells, but also in other liver-
derived cell lines such as HepG2 and IMY-N9'%, as well as non-hepatic cell lines such as
HeLa and HEK293"’. Interestingly, replicons derived from JFH-1 ¢cDNA cells do not

require adaptive mutations for efficient replication in vitro® .
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The development of a robust cell culture system for HCV infection is definitely a
major breakthrough in HCV research. The JFH-1 system has already been proven
invaluable by enabling researchers to study the different aspects of the virus life cycle
including viral entry, cytoplasmic release, the assembly of viral particles, and host-virus
interactions. Additionally, the JFH-1 system facilitates the comparison between replicons
of distinct genotypes'®*. It has been suggested that patients infected with HCV of
different genotypes have different clinical profiles and responses to antiviral treatment.
Genotypes 2 and 3 are susceptible to IFN-a, while genotype 1 has a lower response rate
to interferon-based therapies'*!. Comparisons between replicons of distinct genotypes can
help determine the mechanisms of viral persistence. In the future, the establishment of
such a novel cell culture system will not only contribute to the current understanding of
the basic HCV biology, but will also reveal new aspects of HCV replication, facilitate the
development of specific antiviral compounds that inhibit unexplored targets, and

contribute to the development of an effective HCV vaccine.

1.5.4. BVDV

As mentioned above, recent advances now permit the study of the complete life
cycle of HCV in cell culture®® *" *2. Nonetheless, surrogate viruses such as BVDV are
still often applied as valuable model systems for HCV replication, and to study the
activity of inhibitors for use against HCV'** ', Even with the development of robust
HCV cell culture systems, insights into the mechanism of inhibition of anti-BVDV

compounds provide important information for the development of novel HCV inhibitors
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and for the study of the mechanisms of drug action and drug resistance (Reviewed in

Buckwold ef al.'**).

The pestivirus BVDV, a major pathogen of cattle, belongs to the Flaviviridae
family of positive-strand RNA viruses and is closely related to HCV'*. Due to the action
of the virus in cell culture, BVDV is divided into cytopathic (cp) and noncyopathic (ncp)
strains®®. The viral genome is approximately 12.5 kb in size and varies in length between
cp and ncp isolates, due to the insertion of cellular sequences, large in-frame deletions, or
gene rearrangements. These genomic rearrangements result in the processing of the
NS2/3 polypeptide into individual, mature NS2 and NS3 proteins, correlating with
cytopathogenicity in BVDV-infected cells. In cells infected with ncp BVDV, cleavage at
the NS2/3 site does not occur and the NS2-3 gene is expressed as a read-through
product™® '*®, Like HCV, the BVDV genome consists of a large ORF with UTRs at both
the 5” and 3’ends, and codes for functionally equivalent gene products, as depicted in
Figure 5. IRES-mediated translation of the BVDV genome yields a single polyprotein
represented by NH,-NP°-C-E0-E1-E2-P7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH.
This polyprotein is subsequently cleaved to give rise to four structural (C, EO, E1, and
E2) and six nonstructural (NS2-NS5B) proteins. The N-terminus of the pestivirus
polyprotein consists of two additional proteins, N*° and EO, which are not found in HCV.
NP is an autoprotease that functions to release the core protein by autoproteolysis, while
EO or E™ is an additional envelope glycoprotein with ribonuclease (RNase) activity

(Reviewed in Lindenbach and Rice'*).
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Figure 5: Comparison of the structural organization of the HCV and BVDV genome

p7 NS2 NS4A  NS4B
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Schematic representation of the HCV (top) and BVDV (bottom) genome organization.
Both genomes encode for a single polyprotein that is processed into structural (C-p7)
and non-structural (NS2-NS5B) proteins by means of viral and host proteases. The N-
terminus of the pestivirus polyprotein consists of two additional proteins, N°"° and E0,
which are not found in the HCV polyprotein. N functions as an autoprotease, while EO
(also known as E™) is an envelope glycoprotein with associated RNase activity. (Adapted

from Buckwold et al.’*).

In addition to the fact that HCV and BVDV share similarities in terms of their
genomic organization and mode of polyprotein translation and processing, the viruses
also share conserved motifs within the S’UTR, NS3, and NS5 regions, all of which are
considered to be major targets for HCV antiviral drug development. These similarities,
along with the fact that BVDV has a well-established cell culture system with common
strains readily available from the American Type Culture Collection (ATCC), makes
BVDV an important and widely utilized surrogate virus to study HCV replication and

identify specific inhibitors. Several studies have demonstrated how specific NS5B
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inhibitors have already been discovered using BVDV!2 M7 14819 Bor instance, Baginski
et al.'* identified the compound VP32947 as an effective inhibitor of BVDV replication
in cell culture. In vitro selection of drug resistance conferring mutations located in the
NS5B coding region provides strong evidence to show that this compound antagonizes
the function of the polymerase. Similarly, by screening a nucleoside library with the

1.147 identified the base-modified ribonucleoside

BVDYV cell culture system, Stuyver ef a
analogue, b-D-N4-hydroxycytidine (NHC) as an inhibitor of both BVDV and HCV RNA
production. Although the exact mechanism of inhibition remains elusive, the authors
hypothesize that NHC acts as a weak alternative substrate for the viral polymerase. The
cyclic urea derivative compound-1453 was also identified and characterized as a specific
inhibitor of BVDV replication'*®. Viruses resistant to this compound contain a specific
mutation mapped to the NS5B polymerase. Compound-1453 also directly inhibited
BVDV RNA polymerase activity in a membrane-based assay, suggesting that it
specifically targets the NS5B replicase and affects the activity of the polymerase
complex'*®. Recently, a highly selective inhibitor of pestivirus replication, BPIP, was
reported'*®. Identification of a drug resistance conferring mutation in the viral RdRp
strongly suggests that this compound interferes with viral polymerase activity. Structural
analogues of this molecule were also found to exhibit anti-HCV activity, thereby
implicating how distinct changes to a class of inhibitors of pestivirus replication may
result in molecules with anti-HCV activity. The agreement between the activities of other
inhibitors of the HCV and BVDV polymerases, however, is still unknown and remains an
important area for future studies, especially since the NS5B protein is an important target

for the development of novel antiviral inhibitors against HCV. The remainder of the
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chapter will focus on the role of the HCV polymerase in replication, highlight some of its
interesting features both structurally and biochemically, as well as compare it to other

well-characterized RdRps, in particular to the BVDV RdRp.

1.6 The Viral RNA-dependent RNA polymerase

1.6.1 Biochemical Characteristics of Recombinant NS5B

Initial studies aimed at characterizing the NS5B protein of the HCV genome
involved the expression of active recombinant protein from bacterial or insect cells.
Progress in this area, however, appeared to be quite challenging. The first active
recombinant NS5B protein was reported only 7 years after the identification of the HCV
genome. In their study, Behrens and coworkers'*® expressed an untagged, full-length
NS5B protein of HCV genotype 1b using a baculovirus expression system. The
extraction and purification of this untagged NS5B, however, required the use of high
concentrations of salts, glycerol, and non-ionic detergent. The expression of histidine-
tagged NS5B in insect cells followed shortly thereafter'!, along with the generation of
active NS5B protein in bacterial cells, expressed as either GST fusion, affinity-tagged at
the N- or C-terminus, full-length or C-terminal truncated forms of the protein'®" 1% 1%
154, 155:136: 157 " Many of these modifications resulted in soluble and easily purified protein.
Some of the difficulties in expressing, purifying, and studying recombinant NS5B can be

attributed to the insoluble and inactive nature of the full-length protein. NS5B contains a

hydrophobic C-terminal transmembrane domain of 21 amino acids and belongs to a class
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of membrane proteins termed tail-anchored proteinslss; 139: 160 Through the use of several
different experimental approaches, it has been demonstrated that this C-terminal domain
crosses the ER membrane phospholipid bilayer as a transmembrane segment. Expression
of the truncated NS5B protein in mammalian cells revealed that the C-terminal truncation

133 Although essential for anchorage to the

altered the localization pattern of the protein
perinuclear membrane and for HCV replication in cells'® 1! deletion of this C-terminal
hydrophobic domain increases the solubility of the NS5B recombinant protein without
compromising RdRp activity in vitro™ ' In fact, enzymatic activities of various full-
length and truncated forms of NS5B have been demonstrated using both homopolymeric
and heteropolymeric RNA templates'>" 3% 153 154162 Thjq reported lack of specificity for
HCV genomic sequences in vitro suggests that additional viral proteins and/or host
cellular factors are required to mediate specific interactions between the polymerase and
the viral RNA genome in vivo. These interactions may also be essential in maintaining
optimal polymerase activity. For instance, experiments conducted by Carroll et al.'®
demonstrated that only a small fraction of purified NS5B recombinant protein was active
and capable of processive synthesis, especially when compared to the catalytic efficiency
observed for the poliovirus polymerase (3DP) and HIV-1 RT. Interaction of NS5B with
other non-structural proteins, in particular, NS3, NS4A and NS5A have been described
and proven to modulate RdRp activity in various wayss7; 164 Shirota et al.¥’ reported a
dose-dependent inhibitory effect of NS5A on RdRp activity, due to the direct interaction
between NS5A and NS5B through two binding regions of NS5A. Mutational analysis

further demonstrated that these two regions in NS5A are indispensable for HCV

replication in the HCV replicon system, suggesting a modulating role of NS5A for RdRp
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activity in HCV replication'®. In another report, interaction of NS5B with NS3 and
NS4B has been described to have both positive and negative modulatory influences on
RdRp activity, respectively'®. In addition to its interactions with other non-structural
proteins, NS5B has been shown to interact with itself to form functional oligomers.
Oligomerization of NS5B has been detected both in vitro and in mammalian cells'®” '%,
Using various biochemical methods including chemical cross-linking, gel filtration and
yeast two-hybrid system, Wang ef al."®” demonstrated the ability of NS5B protein to form
an oligomeric complex, and identified several potential amino acid motifs condensed at
two interfaces of the polymerase that are critical for oligomerization. Subsequent
mutational analyses by Qin er al.'®® identified two amino acid residues, Glul8 and
His502, which are important for NS5B protein-protein interactions and for RdRp
catalytic activity. Based on these results, the authors hypothesized that the low catalytic
efficiency of the polymerase observed in vitro can be explained by interactions between
inactive NS5B proteins and active enzyme forms. Finally, several groups have reported
specific interactions between NS5B and a number of host cellular proteins including a
SNARE-like protein (hVAP-33)'%, cyclophilin B'7, eIF4AII'", protein-kinase C-related
kinase 2 (PRK2)'”%, p68'” and nucleolin'”* >, All of these interactions were shown to
modulate RdRp activity which may, in turn, affect HCV replication. An important
interaction is that mediated between NS5B and PRK?2, the cellular kinase responsible for
phosphorylation of NS5B. Although NS5B phosphorylation was shown to have a positive

effect on HCV replication in replicon-containing cells'”

, the mechanisms by which
phosphorylated NS5B regulates HCV replication are still largely unknown. Subsequent

experiments are required to determine the specific phosphorylation site(s) on NS5B, and
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to establish the possible mechanisms by which phosphorylation modulates RdRp activity.
It is possible that the specific interactions mentioned earlier with viral and/or cellular
proteins, and the oligomerization of NS5B may be influenced by NS5B phosphorylation

or by a phosphorylation-induced conformational change in the enzyme.

In addition to RdRp activity, NS5B has been reported to possess terminal
transferase activity (TNTase), the ability to catalyze the addition of nontemplated
nucleotides to the 3’-end of RNA'" '° This activity was originally believed to result
from cellular enzyme contaminants present in purified NS5B enzyme preparations'>’;!*®
77 However, subsequent experiments later provided evidence to show that TNTase
activity is indeed an inherent property of not only HCV RdRp, but also of BVDV

176 Whether this property is essential for replication in vivo remains to be

polymerase
established. It has been suggested that TNTase is utilized by RNA viruses as a
mechanism to maintain the integrity of the ends of their viral genomes, which contain the
sequences required for initiation of RNA synthesis. In agreement with this is the

observation that HCV polymerase-dependent TNTase activity was able to restore the

ability to initiate RNA synthesis on an initiation-defective RNA template'”®.

1.6.2 Structural Features of RdRps

As noted above, the availability of soluble forms of the HCV NSS5B protein

permitted detailed biochemical characterization of the HCV polymerase. Despite this, a

number of unanswered questions still remained; questions about the processes of
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initiation and elongation, and about unique structural features of the HCV polymerase
that can be targeted for drug development. Insights to these questions were made possible

by detailed structural analyses of the HCV polymerase.

Figure 6: Comparison of RARp crystal structures

Structures of HCV, BVDV and poliovirus RdRps resemble a right hand with fingers

(blue), palm (green), and thumb (red) domains. The N-terminal region of the BVDV RdRp
structure is colored yellow. Note that the fingers domain of the poliovirus polymerase is

mostly disordered. (Adapted from Choi et al.’ 78).
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The three-dimensional crystal structure of the HCV polymerase of genotype 1b,
with or without an incoming nucleotide, has been reported by several groups”g; 180; 181; 182;
183 and has led to the understanding of the overall structure of the enzyme and the
architecture of its active site. In all reported structures and as displayed in Figure 6 above,
the HCV NS5B contains the classic palm, fingers and thumb structural domains,
characteristic of all known RNA and DNA polymerases. Unlike the open structures of
most DNA polymerases, such as the Klenow fragment from Escherichia coli (E.coli) and
HIV-1 RT!# extensive interactions between the fingers and the thumb domains allows
the HCV polymerase to form a fully encircled active site to which the RNA template and
NTP substrates access through two positively charged tunnels'®®. This closed catalytic

pocket is not unique to HCV, and has also been identified as an unique feature of

BVDV'® and bacteriophage phi6'*® polymerases.

In HCV NS5B, this closed conformational state is attributed to the Al-loop that
extends from the fingers to the thumb domain and suggests the possibility of a concerted
movement between the two domains during enzyme translocation'®’. In their study,
Labonte et al.'®” showed by analytical ultracentrifugation experiments that substitution of
the amino acid residue Leu30 by serine or arginine impairs the ability of the thumb
domain to remain in a closed conformation, due to a local perturbation in the Al-loop.
This, in turn, resulted in a non-functional protein and gave rise to the idea that the HCV
RdRp can adopt both “open” and “closed” conformational states. Further structural
evidence for the existence of two conformations of NS5B came from the elucidation of

the crystal structure of HCV RdRp from genotype 2a'®. Structures of two crystal forms
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of the enzyme were described; a “closed” conformation that is believed to be the active
form of the enzyme, and an “open” conformation that is inactive. More importantly, the
authors revealed that the conformation of an NS5B-inhibitor-bound structure resembled
that of the “open” (inactive) form of the polymerase. In this inactive form, movement of
the Al-loop from the thumb domain, due to inhibitor binding, reduced fingers-thumb
interactions, and thus caused the enzyme to adopt an “open” form. Overall, these studies
provide evidence that the Al-loop is indeed responsible for determining the active state

of HCV polymerase.

As in other known polymerases, the catalytic core of HCV NS5B is located within
the palm domain and is conserved in virtually all polymerases. The palm domain contains
5 of the 8 conserved sequence motifs; motifs A, B, C and D are found in all classes of
polymerases, while motif E is unique to RTs and RdRps. These motifs are both catalytic
and structural, and contain highly conserved residues that carry out specific functions
such as metal ion coordination and sugar selection (Reviewed in O’Reilly and Kaolsg). of
importance is the highly conserved GDD sequence located in motif C that is absolutely
required for catalytic RdRp activity. Interestingly, motif D contains a lysine at position
345. This amino acid residue is found in all RTs and nearly all classes of polymerases,
except for HCV NS5B, where it is replaced by an arginine. Mutational analysis revealed
that substitution of this arginine to a lysine in HCV NS5B created an enzyme that
exhibited a 52% increase in RdRp activity compared to wild-type enzyme in vitro'>'. The
basis for this stimulation is currently unknown, although the presence of an arginine

residue which reduces RdRp activity may help explain the low levels of HCV replication
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observed in infected cells. Finally, the palm domain contains two conserved aspartic acid
residues (Asp220 and Asp318) that chelate two divalent metal ions and are essential for
polymerization. The metal ions are positioned such that they are involved in the precise
alignment of the primer and incoming nucleotide, thereby supporting the two-metal ion

mechanism of catalysis'®".

The thumb domain, consisting of the C-terminal region, is the most diverse
feature among the polymerase structures. In HCV, the thumb domain contains a novel
structural feature referred to as the B-hairpin'’® #% 8! It is composed of 12 amino acid
residues and protrudes toward the active site of the polymerase, imposing steric
hindrance that restricts binding to double-stranded RNA structures. This unique feature is
suggested to be involved in ensuring terminal initiation of RNA synthesis by correctly
positioning the 3’-end of the template at the active site. Supporting this hypothesis are
experiments showing that shortening of the B-hairpin by 8 amino acids did not disrupt
RdRp activity in vitro, but did allow for increased internal initiation from pre-annealed
duplex RNA'"'. Interestingly, truncations of the P-hairpin were shown to completely
abolish viral replication in replicon-containing cells, demonstrating its essential role in

192, On the basis of these findings, it was also concluded that a

viral replication in vivo
positional shift of the B-hairpin is necessary to accommodate the elongation of the
nascent double-stranded RNA product. Despite this shift, the B-hairpin is believed to
maintain contact with the template substrate and act as a “flap™ that positions the

substrate in the correct orientation during elongation. A structural element known as the

B-thumb region has also been identified in the thumb domain of BVDV, and is proposed

39



to play a similar role as the B-hairpin in HCV NS35B in allowing only single-stranded
RNA to access the active site!®®. In contrast, poliovirus 3Dp°l, which initiates RNA
synthesis through priming with the viral Vg protein, lacks an analogous loop and contains
a wider template channel that can accommodate binding to a template/primer complex
during initiation'®" '%. Along with the p-hairpin, a regulatory motif in the C-terminal tail
of RdRp, just upstream of the membrane anchor domain, is buried within the putative

RNA binding region and may also function in regulating initiation**.

Another notable feature of the HCV RdRp is the recently identified low affinity
GTP-binding site located 30A away from the active site of the polymerase, at the
interface between the fingers and thumb domain'®:. The functional role of this GTP-
binding pocket is currently unknown, although it is speculated that binding of GTP to this
site serves as a conformational switch between the initiation and elongation of RNA
synthesis'®”. Further mutational analysis of the amino acid residues defining this GTP-
binding pocket revealed that the mutants catalyzed RNA synthesis as efficiently as wild-
type enzyme in vitro, but either impaired or completely abolished HCV RNA replication

178 Based on these results, the authors suggested that the

in the cell-based replicon system
binding of GTP to this site may modulate the structure of the polymerase to allow for
efficient interactions with viral and/or cellular proteins involved in the formation of the
replication complex. Unfortunately, no conformational change was observed in the
crystal structure of HCV NS5B bound to GTP, suggesting that the presence of RNA may

be required for this change to occur. Crystallographic data has also pointed to the

existence of a GTP-specific binding site (G-site) in BVDV NS5B, located ~ 4 to 6A
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upstream of the active site of the polymerase'®. Based on structural comparisons
between the BVDV RdRp-GTP complex, and related polymerases with an RNA
template, it has been suggested that the 3’-hydroxyl group of the bound GTP helps
position the initiating nucleotide in a favorable orientation that facilitates its attack on the
first nucleotide substrate'®®. Notably, the requirements for high concentrations of GTP in
both HCV and BVDV enzymes, as well as GTP binding to the GTP-specific binding site
appear to mediate important yet different functions during viral replication. The exact

nature of these functions is an area that remains to be largely explored.

1.6.3 De Novo Initiation Mechanism by RdRps

Initiation is one of the most critical and complex steps in the replication of viral
genomes, especially since the precise terminal sequences have to be strictly maintained.
Many viruses have evolved mechanisms such as primer-dependent and de novo synthesis
through which precise terminal initiation is ensured. Primer-dependent initiation of RNA
synthesis is used in vivo by many polymerases including the poliovirus 3D, where the
viral VPg protein covalently linked to the terminal end of the genome, acts as a primer to

which the polymerase adds nucleotides in a template complementary manner'-.

1 . . . . .
6 86’ HCV177, 195; 196; 197; 198; 199’ and

Polymerases of RNA viruses such as bacteriophage phi
BVDV?% 21 however, have been reported to initiate RNA synthesis in vitro by both
primer-dependent and primer-independent (de novo) mechanisms. De novo initiation of

RNA synthesis by the HCV polymerase has been detected when utilizing either RNAs

derived from the HCV 3°UTR"® 199, full-length HCV RNA genomem, and nonviral or
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195197 a5 templates. According to the de novo initiation model of

homopolymeric RNAs
RNA synthesis, complementary RNA is initiated at the 3’-end of the genome where the

initiating nucleotide (NTP1), rather than a protein or oligonucleotide primer, provides the

3’-hydroxyl group for nucleotidyl transfer to a second NTP.

The initial focus of many studies was to identify essential features in the RNA
template and/or the NS5B polymerase required for initiating RNA synthesis de novo. It
has been determined that RdRps have a specificity for cytidylate as the preferred template
initiation nucleotide, although the preferred position in the template can significantly
differ among viruses'®> 2%, HCV RdRp directs synthesis strictly from the 3’-terminal
cytidylate, while BVDV RdRp can use either the 3’-terminal or penultimate cytidylate'*.
Subsequent research further confirmed the specificity for initiation pyrimidines by HCV
NS5B'% 197 198199 ‘Notably, the 3’end of both positive and negative strands of the HCV
RNA genome starts with a pyrimidine followed by two purine bases. Such arrangements
may be required to ensure that initiation occurs directly from the 3’-end of the genome?®.
Changes to nucleotides adjacent to the initiation cytidylate (i.e., at positions +2 and +3)
were also shown effect de novo initiation. For instance, RNAs that contained
deoxynucleotides at these positions were ineffective templates for RNA synthesis?®. Like
other polymerases, both HCV and BVDV RdRps require higher concentrations of the
initiation nucleotide, with a preference for GTP as NTPi**" 2% 204 205 1 ap attempt to
further characterize the requirements for NTPi, Ranjith-Kumar ez al.?®> examined whether

several GTP analogs could substitute for NTPi during initiation in vitro. In contrast to

BVDV and GBV RdRps, HCV RdRp was the most capable of accepting a range of GTP
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analogs, and it was determined that the triphosphate portion of GTP was not essential for
initiation of HCV RNA synthesis de novo. For instance, the lack of one or two
phosphates in NTPi significantly increased HCV RNA synthesis, while the use of
guanosine was able to initiate synthesis at approximately 80% compared to GTP. It was
also shown that HCV RdRp can use short oligonucleotides as substitutes for NTPi?%.
These short oligonucleotides may be produced by the polymerase during abortive
initiation. On the basis on these findings, it was concluded that the NTPi requirements for
HCV RdRp seems to be less strict than those for BVDV RdRp, which was able to
efficiently utilize only GTP for de novo synthesiszos. The authors attributed this
difference to the fact that cytidylate is the 3’-terminal nucleotide for both positive and
negative strands of the BVDV RNA genome while for HCV, uridylate and cytidylate are
present at the 3’termini of positive and negative strands respectively. The same group
later went on to show that the presence of divalent metal ions, either Mn** or Mg?*, can
also affect the specificity of the initiation reaction. Although both metal ions were found
to support de novo synthesis, the presence of Mn*" significantly increased the amount of
de novo initiated products by HCV and BVDV RdRps®”. Overall, these findings

highlight the fact that specific requirements for de novo initiation differs between viral

RdRps.

Finally, several groups have reported the initiation of RNA synthesis in vitro by
HCV NS5B through a copy-back mechanism'® *!. In the copy-back mechanism,
templates adopt a hairpin conformation due to the presence of short complementary

sequences at the 3’-end of the template which allows it to hybridize internally. The 3’-
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end hydroxyl group of the template is then used as a primer for polymerization, leading to
the synthesis of a double-stranded molecule in which the template and newly synthesized
RNA product remain covalently linked. Copy-back elongation, however, is considered to
be unique to in vitro experimental conditions. It is unlikely that this mechanism is used in
vivo since it would lead to loss of terminal sequences, as well as require additional
enzymatic functions to cleave the link between the template and newly synthesized RNA
strand. Rather, based on the structure of RdRps, and on functional analyses of RNA
synthesis of RdRps in vitro, it is generally accepted that de novo synthesis is the more
biologically relevant mechanism of initiation for HCV replication. Several studies
support this de novo initiation hypothesis. For one, de novo initiation has been reported to
be the mechanism utilized for the replication of many plus-stranded RNA viruses,
including the related bacteriophage phi6®®. The presence of the B-hairpin near the
catalytic pocket of HCV NS5B, which functions to correctly position the 3’-end of the
template, provides part of the structural basis for de novo initiation'8% 1!, Additionally,
the crystal structure of NS5B in complex with nucleotides reported the presence of three
distinct nucleotide binding sites in the catalytic site of the HCV polymerase, whose
geometry is remarkably similar to that observed in the de novo initiation complex of the
phi6 polymerase, thereby yielding a credible model for de novo initiation of RNA
synthesislsz; 186, Despite this ample evidence supporting de novo synthesis, it is currently
unknown at this time which mechanism is utilized by the virus to initiate replication in
infected cells. Of importance is the demonstration that that poliovirus 3D, which is
known to initiate in vivo with a primer, has also been shown capable of de novo initiation

in vitro under special reaction conditions®® *'°. This observation indicates that the
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detection of de novo initiation in vitro does not establish it as a biologically relevant
mechanism in infected cells. Clearly, additional experiments are required in determining
the mechanism(s) and specificity of HCV RNA replication in vivo, which in turn, will aid

in the identification of compounds that specifically target the replication process.

1.7 Nucleoside Analogue Inhibitors of HCV polymerase

Prominent success in the use of polymerase inhibitors for the treatment of other
viral infections (i.e., HIV-1, HBV and herpes viruses) has prompted extensive research
efforts for the development of inhibitors targeting the enzymes responsible for HCV
replication. Given that polymerase inhibitors are the largest class of approved antiviral
drugs, the HCV NS5B polymerase is regarded as one of the most promising targets for
the development of anti-HCV compounds. In recent years, researchers have witnessed
rapid advances in the identification of potent inhibitors targeting NS5B polymerase
activity. Currently, compounds belonging to three classes of HCV NS5B inhibitors,
namely nucleoside analogue inhibitors, non-nucleoside inhibitors (NNIs), and
pyrophosphate (PPi)-analogues, are either under preclinical evaluation or have advanced

108

to clinical trials (Reviewed in De Francesco and Migliaccio ). The chemical structures

of selected NS5B polymerase inhibitors are depicted in Figure 6.

45



Figure 7: Chemical structures of selected inhibitors of HCV NS5B polymerase
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Examples of nucleosides analogue inhibitors: ribavirin, 2’-C-methylcytidine and its oral
prodrug, NM283, as well as representative examples of different classes of NNIs:

benzimidazoles, benzothiadiazines, and thiopenes. (Adapted from Neyts*'!).
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Nucleoside analogue inhibitors are an important class of compounds that can
target viral polymerases and are already used in the clinic to treat infection with HIV-1,
HBYV, herpes simplex virus (HSV), and the human cytomegalovirus (HCMV). These
compounds are all simple pyrimidine or purine nucleosides with modifications made
mainly to the ribose portion. The majority of antiviral nucleoside analogues is
administered as prodrugs and must be intracellularly phosphorylated by the sequential
action of viral and/or cellular kinases to their corresponding 5’-triphosphate derivatives.
Once converted to their active form, these compounds function as alternative substrates
by competing with cellular NTP pools for incorporation by the viral polymerase into the
nascent RNA product. Many of these inhibitors can induce premature termination of
RNA synthesis after incorporation, and thus act as chain-terminators due to the lack of a

3’-hydroxyl group that is essential to attack the a-phosphate of the incoming NTP.

In the last few years, a number of novel nucleoside analogues with the potential to
inhibit the activity of HCV RdRp have been described. For instance, the base-modified
ribonucleoside analogue, b-D-N4-hydroxycytidine (NHC) has been found to inhibit
production of both HCV and BVDV RNA by acting as a weak alternative substrate for
the viral polymerase'”’. HCV NS5B has also been reported to be a mediator of the
antiviral activity of ribavirin, a guanosine analogue that is used in current drug regimens
to treat HCV infections. Unlike the nucleoside analogues directed against HIV-1 RT
which lack the 3’hydroxyl group, ribavirin contains a normal ribose moiety and does not
appear to cause chain termination. Rather, this analogue has been shown to increase error

frequency for both poliovirus genomic RNA and hepatitis C replicon synthesis®'® 213214,
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Magg et al.*"’ demonstrated that the triphosphate form of ribavirin is accepted by the
RNA polymerase of HCV and poliovirus. Although the efficiency of incorporation was
decreased by a factor in the 10* to 10° range compared to the natural purine nucleotides,
the enzymes incorporated the analogue opposite both cytosine and uracil, leading to
transition mutations (A-to-G, G-to-A). Ribavirin is therefore considered to be a powerful
mutagen and is thought to exert its antiviral activity through the accumulation of
replicative errors, which in turn, results in lethal mutagenesis of the viral genome and
diminished viral replication fitness. These findings are further supported by data showing
that a ribavirin resistance-conferring mutation in poliovirus 3DP® increased fidelity?'®.
The ability of the monophosphorylated form of ribavirin to inhibit inosine
monophosphate dehydrogenase (IMPDH) and cause moderate depletions of cellular GTP
pools has been postulated to accentuate this mutagenic effect by decreasing the
concentration of the natural nucleotide within the cell, and thus increasing the frequency
of ribavirin triphosphate incorporation. There is also a possibility that ribavirin or
ribavirin analogues may compete for binding into the GTP binding pocket of HCV RdRp
and inhibit the stimulating effects normally induced by the binding of GTP to this site.
Another interesting analogue shown to be a potent inhibitor of HCV NS5B is 2’-deoxy-
2’-a-fluorocytidine triphosphate (FdC). Experiments have demonstrated, however, that
FdC induces cytostasis in HCV replicon-containing cells, due to the inhibition of one or
more cellular targetsm. The fact that FAC and other 2’-fluoronucleosides have limited
selectivity, acting as substrates and chain-terminating inhibitors for several human
polymerases, makes them unlikely candidates for the treatment of HCV infection®'’.

Canonical 3’-deoxyribonucleoside triphosphates (3°-dNTP), which lack the 3’hydroxyl

48



group, were also found to function as highly effective chain-terminators for HCV NS5B-
mediated RNA synthesis in vitro, however, cell culture testing revealed a much weaker
cellular activity of the corresponding nucleosides for inhibition of HCV genome

218

replication”"®. More interestingly are studies on several compounds carrying a 2’-methyl

moiety that were found to strongly inhibit HCV RdRp activity in vitro and in cell

219, 220 21 These compounds, referred to as non-obligate chain-terminators,

culture
diminish the binding and/or incorporation of the next nucleotide and cause chain-
termination once incorporated, despite the presence of the 3 hydroxyl group. It appears
that the addition of a methyl group at the 2’position of the sugar moiety is sufficient to
cause chain-termination. As well, the presence of the 3’hydroxyl group is important for
substrate recognition by cellular kinases for phosphorylation to their active triphosphate

28 22 Ope member of this group of compounds, the prodrug of 2’-C-

forms
methylcytidine (i.e., NM283), is currently in Phase 2 clinical trials. This compound,
initially identified as an inhibitor of BVDV, exhibits potent inhibition against various
genotype RdRps, and thus has the potential to be active against many clinically relevant

220 2B Despite these promising results, in vitro resistance selection

viral variants
experiments using the HCV replicon system have demonstrated that a number of 2’-C-
methyl analogues, including 2’-C-methylcytidine, are readily susceptible to the
development of drug resistance®” 22, A single point mutation (S282T) within the active
site of NS5B is sufficient to confer resistance by increasing the ability of the polymerase
to discriminate between the inhibitor and its natural NTP counterpart. The exact effect of

replacing serine 282 with threonine on the NS5B structure is currently unknown,

although replicons harboring this mutation have decreased replication fitness®®>. The
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possibility that additional resistance mechanisms diminish the inhibitory effects of this
class of compounds irn vivo warrants further investigation. Recent studies have identified
a novel group of 4’-substituted nucleoside analogues as yet another promising class of
inhibitors for HCV replication*. More specifically, the compound 4’-azidocytidine was
found to inhibit HCV replication in replicon-containing cells with a similar potency
comparable to that of 2’-C-methylcytidine. The analogue has been shown to function as a
competitive inhibitor of RNA synthesis by preventing further elongation once
incorporated into nascent RNA by the HCV polymerase. Given its promising preclinical

profile, 4’-azidocytidine will soon enter clinical evaluation™,

Tremendous progress has been made toward the discovery of effective HCV
antiviral compounds. Despite this, new therapy options for the treatment of HCV
infection are still urgently required. Currently, ribavirin in combination with IFN-a. is the
only nucleoside analogue used for the treatment of HCV infection. However, the weak
antiviral effects observed in vitro and in clinical studies suggest that improved HCV-
targeted drugs with higher selectivity and inhibitory potency are required. As seen above,
the development of novel nucleoside analogues holds great promise for drug discoverers.
The first group of anti-HCV nucleoside analogues yielded promising results in early
clinical trials. The success of these inhibitors will greatly be influenced by their ability to
be selective against numerous HCV viral variants and to prevent the emergence of escape
mutants. Future therapeutic regimens for HCV infection may almost certainly involve

combinations of several drugs such as nucleoside or non-nucleoside analogue inhibitors,
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as well as drugs that target different viral proteins to control infection and prevent the

emergence of drug-resistant viruses.

1.7.1 Non-Nucleoside Inhibitors of HCV Polymerase

Over the years, a number of structurally diverse non-nucleoside inhibitors (NNIs)
of the HCV polymerase have been independently identified by several laboratories?>> 226
227, 228,229, 30, BL L B33 34 Among the compounds documented, representative molecules
from each of the three different classes of NNIs, based on benzimidazoles, thiophenes or
benzothidiazines derivatives, are either in preclinical development, or under investigation
in early clinical trials (Reviewed in De Francesco and Migliaccio'®). These inhibitors
bind directly to the viral polymerase and block RNA synthesis through an allosteric mode
of inhibition. Based on the location of resistance conferring mutations and on the
determination of the crystal structure of NS5B in complex with the analogues, it has been
determined that these inhibitors bind to three distinct, non-overlapping binding sites on

226; 235, 236, 237,238

the surface of the NS5B protein , as depicted in Figure 7.
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Figure 8: Crystal structure of the HCV RdRp detailing the location of binding

pockets for the three classes of NNIs

NNl site A

The thumb, palm, and fingers domain of the HCV NS5B polymerase are colored in blue,
green, and red respectively, while the two catalytic aspartic acids located in the active
site are colored in yellow. Based on resistance data, the location of the binding site for
the inhibitors of the benzimidazole (NNI site A), thiophene (NNI site B), and thiadiazine
(NNI site C) class of NNIs are indicated. The amino acid residues responsible for
resistance to benzimidazole (P495), thiophene (L419 or M423), or thiadiazine (M414)

are also shown. (Adapted from De Francesco and Migliaccio 108)
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The benzimidazole class of NS5B inhibitors bind to a site that encompasses the

interface between the thumb domain and the Al-loop of the fingertip domain®*®

. At least
three different types of NNIs based on thiophene, phenylalanine, and dihydropyranone
derivatives bind to a common site on an elongated hydrophobic cleft in the thumb
domain, near the C-terminus of the polymerase. Replicons resistant to these compounds
contain mutations at amino acid residues Met423 and Leu419 at the base of the thumb,
which is close to, yet distinct from the site occupied by benzimidazole-based inhibitors?2
28 Finally, inhibitors of the benzothiadiazine series bind to site which is located in the
inner surface of the thumb domain, close to the active site of the enzyme®’. Despite
binding to different sites on the polymerase, biochemical and structural studies have
suggested that these allosteric inhibitors function via a common mechanism by impeding
with the conformational transition needed for the formation of a productive RNA-enzyme
elongation complex®® ?*°. This inhibition occurs non-competitively with RNA template
or NTPs. Once this conformational transition occurs, the polymerase is no longer
sensitive to inhibition. This observation is supported by studies which have shown that
the addition of compounds to pre-formed polymerase-RNA complexes results in residual
enzyme activity, even at saturating inhibitor concentrations® " 2*!. Tt is conceivable that
the binding site is no longer accessible due to changes in the conformational behavior of

the polymerase during polymerization. As such, the potency of NNIs may critically

depend on both the binding site accessibility and the conformation of the polymerase.

The first NNIs of the HCV polymerase to enter clinical trials (i.e., JTK-109 and

108

JTK-003) are part of a series of compounds based on a benzimidazole or indole core
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In general, compounds of the benzimidazole series have been shown to have specific
antiviral activity against the HCV polymerase and can effectively inhibit the replication
of subgenomic replicons with no apparent cytotoxicity235. Detailed interactions between
the polymerase and an analogue belonging to this class of inhibitors, as revealed by
crystallographic studies, have shown that these compounds bind to a site within the
thumb domain in a cavity that is normally occupied by the fingers domain®’. Inhibitor
binding to this location appears to causes a perturbation of the interaction between the
fingertip Al-loop and the thumb domain, forcing the enzyme to adopt an “open”, inactive
conformation®’. The binding of thiophene inhibitors also induces a conformational
change of the enzyme toward an “open” form, suggesting a common mechanism of
inhibition'®®. It has also been suggested that both these classes of inhibitors may exert a
second mode of inhibition by affecting the integrity of the allosteric GTP-binding site. In
agreement with this hypothesis is the identification that resistance to benzimidazole
inhibitors arises through a mutation of the amino acid residue Pro495 with either alanine
or luecine”®. Notably, GTP binding to the GTP-binding pocket also involves interaction
with Pro495'82. Recently, a detailed comparison of the crystal structures of unbound
NS5B with that of the NS5B protein in complex with thiophene-based inhibitors has
shown that inhibitor binding induces large conformational changes in the binding site
residues Pro495 to Arg505, some of which are also involved in GTP recognition®*.
Additionally, Tomei er al.”® have demonstrated the antagonistic effects that high
concentrations of GTP have on the inhibition potency by this class of compounds. There
is also evidence to suggest that these classes of NNIs may have an effect on the

oligomerization process of the HCV polymerase by perturbing the position of His502,
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one of the amino acid residues involved in NS5B protein-protein interactions®*.
Recently, Powers ef al.** have reported a new series of NNIs for HCV NS5B that utilize
yet another distinct mechanism of inhibition. These compounds bind to the amino acid
residue Cys366 located in the hydrophobic pocket around the B-hairpin, approximately 8
A away from the GDD motif of the active site. Based on the X-ray structure information
obtained, compound binding at this position is unlikely to interfere with the active site, or
compete with nucleotide binding. Rather, inhibition likely occurs through stabilization of
the B-hairpin. By interacting with the compound, the B-hairpin is positioned in such a
way that may inhibit the conformational change in the thumb domain required for
template binding, or for the formation of the initiation platform. Inhibitor binding also
blocks the template channel and thus interferes with the advancement of the RNA
template strand**. Pfefferkorn et al.*** ** has reported a series of NNIs which also bind
in the hydrophobic pocket around the B-hairpin where C366 is located, although

interactions with the B-hairpin were not observed with this specific class of inhibitors.

Over the years, it has become increasingly evident that multiple regions of the
NS5B thumb domain are potential antiviral targets for allosteric inhibition. This is in
contrast to HIV-1 RT for which all known NNIs have been shown to bind to the same site
of the enzyme. This is of particular relevance considering the possible requirement for
combination therapy based on the use of multiple NNIs as the future therapeutic regimen

for HCV infection.
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1.8 Thesis Objectives

As shown above, a vast number of structural and biochemical studies have been
carried out on the HCV polymerase. Despite this, many important questions on the topic
of initiation and elongation remain. For instance, the exact initiation mechanism utilized
by HCV RdRp is still unclear. Moreover, the functions of many of the structural features
involved in initiation, as well as the signals that regulate the switch from initiation to
elongation remain to be elucidated. The answers to these questions will be crucial with
regards to the development of specific antiviral agents directed against the viral
polymerase, as well as will facilitate the understanding of the underlying mechanism(s)

associated with drug resistance.

When I began my PhD project, I was interested in studying the fundamental
aspects of the mechanisms of initiation and elongation of viral RdRps. Preliminary data
have suggested that related viruses such as BVDV can be utilized as surrogate model
systems for the analysis of HCV replication and the evaluation of antiviral inhibitors,
especially since its polymerase behaves favorably with regards to its expression and
purification, as compared to the HCV RdRp'** 143 144246 The first objective of the thesis
was therefore to develop a tool to arrest the BVDV polymerase complex at different
template positions with the use of chain-terminators, in an attempt to study the structural
and functional nature of these complexes during initiation and elongation. The second
major objective was to assess the potential of these inhibitors as antiviral agents to treat

infection with HCV. As such, Chapter 2 describes the biochemical mechanisms
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associated with the inhibition of BVDV RNA synthesis by 3’dNTPs. Previous studies
with HIV-1 RT have shown that the incorporation of a chain-terminator is not always an
irreversible process. Rather, the incorporated chain-terminator can be removed from the
primer terminus through phosphorolytic cleavage in the presence of pyrophosphate
(PPi)247 or a PPi donor**®. We therefore questioned whether phosphorolytic excision is a
possible mechanism that can diminish the efficiency of nucleotide analogues directed
against viral RdRps. These chain-terminators then served as valuable tools in subsequent
experiments to obtain information about specific initiation events that occur during
BVDV RNA synthesis, as well as to analyze the functional role(s) of the G-site and the
consequences of GTP binding during initiation (Chapter 3). Finally, Chapter 4 describes
the development of a ribonuclease-based footprinting assay used to obtain structural
information about catalytically active complexes that exist during the elongation of

BVDV RNA synthesis.
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CHAPTER 2

EXCISION OF INCORPORATED NUCLEOTIDE ANALOGUE CHAIN-
TERMINATORS CAN DIMINISH THEIR INHBITORY EFFECTS ON VIRAL

RNA-DEPENDENT RNA POLYMERASES

This chapter was adapted from an article that appeared in Journal of Molecular

Biology, 2004, 337(1):1-14.
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Preface to Chapter 2:

Although the HCV polymerase was shown to efficiently incorporate 2’-hydroxyl,
3’-deoxynucleoside triphosphates (3’-dNTPs) and cause effective chain termination in
cell-free assays, further analyses showed that the corresponding nucleosides functioned
as poor inhibitors in replicon-harboring cells. Several parameters including metabolic
activation, as well as the efficiency and accuracy of nucleotide incorporation can greatly
influence susceptibility to this specific class of compounds. Phosphorolytic excision of
incorporated chain-terminators is another mechanism that can also severely compromise
the potency of both classical and non-obligate chain-terminators. Previous biochemical
studies with HIV-1 RT have shown that chain-termination is not always irreversible, and
that the removal of the nucleotide analogue through phosphorolytic cleavage in the
presence of either PPi or a PPi donor may eventually rescue RNA synthesis. On the basis
of these reports, we questioned whether PPi-mediated excision is likely to be an
important factor that can influence the potency of chain-terminating nucleotides against

viral RdRps.
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Abstract

Bovine viral diarrhea virus (BVDV) is amongst the best-characterized members
of the Flaviviridae that includes the hepatitis C virus (HCV). The virally encoded RNA-
dependent RNA polymerase (RdRp) plays a crucial role during replication and therefore
represents an important target for the development of antiviral drugs. Here we studied
biochemical mechanisms associated with the inhibition of BVDV RNA synthesis by 2'-
hydroxyl, 3'-deoxynucleoside triphosphates (3'-dNTPs). All four nucleotide analogues are
effectively incorporated and act as chain-terminators. However, relatively low,
physiologically relevant concentrations of pyrophosphate (PPi) are sufficient to drive the
reaction backwards, which results in primer unblocking and rescue of RNA synthesis.
Metal ion requirements for nucleotide incorporation and pyrophosphorolysis are similar;
the efficiency of both reactions is higher with Mn** as compared to Mg”*. Complexes
containing chain-terminated primer strands are stable in the presence of heparin, which
increases the probability that pyrophosphorolysis occurs before the enzyme can dissociate
from its nucleic acid substrate. In contrast to the reverse transcriptase of the human
immunodeficiency virus type-1 (HIV-1 RT), the BVDV RdRp may not recruit NTP pools
as PPi-donors. Conversely, we found that the efficiency of primer unblocking is severely
compromised in the presence of increasing concentrations of the NTP that is
complementary to the next template position. These data suggest that the incoming NTP
can access its designated binding site, which, in turn, prevents the catalytically competent
complexation of PPi. The results of this study provide novel insights into mechanisms

involved in pyrophosphorolysis associated with viral RdRps, and suggest that the
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excision reaction is likely to be an important parameter that can affect susceptibility to

nucleotide analogue inhibitors directed against viral RdRps.
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Introduction

Bovine viral diarrhea virus (BVDV) is a member of the Pestivirus genus in the
Flaviviridae family, which includes important human pathogens like the hepatitis C virus
(HCV). Both BVDV and HCV contain a plus-stranded RNA genome, which encodes a
single polyprotein that is processed into individual structural and non-structural proteins.
The virally encoded RNA-dependent RNA polymerase (RdRp), termed NS5B
(nonstructural protein 5B), is essential for the production of minus-strand intermediates
and the plus-stranded RNA genome. The development of replicon systems has greatly
advanced our understanding of the molecular biology of the HCV virus" % *; however,
cell culture systems that facilitate continuous viral replication remain to be established.
The study of related pestiviruses such as BVDV became an important approach to gain
information not only in regard to the molecular biology of positive-strand RNA viruses,
but also in regard to the discovery and development of novel antiviral drugs that inhibit

replication of members of the Flaviviridae family.

Non-nucleosidic small molecule compounds that effectively inhibit replication of
BVDV in cell culture have recently been described*”. Although the exact mechanism
involved in inhibition of viral replication remains to be elucidated, the in vitro selection
of drug resistance conferring mutations located in the NS5B coding region provide strong
evidence to show that these compounds antagonize the function of the BVDV enzyme.
Nucleoside analogue inhibitors represent another important class of compounds that can

target viral RdRps. 2’-deoxynucleoside analogue inhibitors are used in the clinic to treat
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infection with the human immunodeficiency virus type 1 (HIV-1), herpes simplex virus
(HSV), hepatitis B virus (HBV) and the human cytomegalovirus (HCMV). These
compounds are intracellularly phosphorylated, and compete with cellular ANTP pools for
incorporation by viral DNA polymerases. Many of these inhibitors act as chain-
terminators due to the lack of a 3' hydroxyl group that is essential to attack the -
phosphate of the incoming deoxynucleoside triphosphate (dNTP). Novel nucleoside
analogues with the potential to inhibit the activity of RNA polymerases of viruses

belonging to the Flaviviridae family are currently under investigation.

Stuyver et al. (2003)° showed that the base-modified ribonucleoside analogue, p-
D-N*-hydroxycytidine (NHC, Fig. 1A) inhibits production of HCV and BVDV RNA.
However, the mechanism of action remains elusive, since this compound does not appear
to inhibit the polymerization process and attempts to select for resistant strains have been
unsuccessful. Various mechanisms have been associated with the antiviral effects of the
guanosine analogue ribavirin’ (Fig. 1B). The monophosphorylated form of ribavirin
causes moderate depletions of cellular GTP pools through inhibition of inosine
monophosphate dehydrogenase, which may help to explain its broad spectrum of antiviral
activities. More recently, it has been demonstrated that the triphosphate form of ribavirin
is accepted by the RNA polymerase of HCV and poliovirus suggesting a direct effect on
viral replications’g. However, ribavirin does not appear to cause chain-termination. The
drug contains a 3' hydroxyl group, which allows continuation of RNA synthesis, albeit
with diminished rates’. Ribavirin is incorporated opposite cytidine and also opposite

uridine, which has been shown to be associated with an increased mutation rate and

63



diminished viral replication fitness® '°. These findings and conclusions are strongly
supported by recent data showing that a ribavirin resistance-conferring mutation in the

RdRp of poliovirus increased fidelity'".

Chain-termination has been demonstrated with 2'-methylated nucleoside
analogues that are effectively incorporated by the HCV NS5B enzyme'? (Fig. 1C).
Although these compounds contain the 3' hydroxyl group, they block the continuation of
RNA synthesis once incorporated into the growing strand. Increased intracellular
concentrations of their triphosphate forms correlated well with increased drug
susceptibility in replicon systems. Thus, metabolic activation as well as the efficiency and
accuracy of nucleotide incorporation are important factors that can influence
susceptibility to nucleoside analogue inhibitors. However, these parameters may not
suffice to assess the efficiency of members of this family of compounds. 2'-hydroxyl, 3'-
deoxynucleoside triphosphates (3'-dNTPs) have been shown to act as highly efficient
chain-terminators of HCV RNA synthesis in cell-free assays, while the corresponding
nucleosides are poor inhibitors in cell-based replicon systems'> '* (Fig. 1D). The reason

for this disparity is unknown.

Insufficient phosphorylation of the nucleoside diphosphate metabolite is a
possible factor, considering that the 3'-hydroxyl group appears to play an important role
in substrate recognition by homologues of the human nucleoside diphosphate kinase'’;
however, it is also conceivable that high rates of nucleotide incorporation may not

necessarily translate into efficient chain-termination. Previous biochemical studies with
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the reverse transcriptase (RT) of the human immunodeficiency virus type-1 (HIV-1) have
shown that the incorporation of a chain-terminator is not always irreversible. The
incorporated chain-terminator can be removed from the primer terminus through
phosphorolytic cleavage in the presence of either pyrophosphate (PPD)', or in the
presence of NTPs'”, that were shown to act as PPi donors. Such unblocking of the primer
may severely compromise the potency of nucleoside analogue inhibitors. Notably,
mutations that confer resistance to these drugs can sometimes dramatically increase the
rates of excision of chain-terminating nucleotides' '°. Here we studied the effects of both
incorporation and excision of 2'-hydroxyl, 3' deoxynucleoside monophosphates (3'-
dNMPs) on RNA synthesis by the RdRp of BVDV. Our data suggest that the PPi-
mediated excision is likely to be an important factor that can influence the potency of

chain-terminating nucleotides against viral RdRps.

Materials and Methods

Chemicals and nucleic acids - The RNA template substrate used in this study
was derived from the 3’end of the minus-strand BVDV genome®®. Sequences of the

nucleic acid substrate utilized are as follows:

5’-CCUUUUCUAAUUCUCGUAUAC (T-21 template), 5’-GG (primer).

All RNA oligonucleotides were chemically synthesized. The RNA template was
further purified on 12% polyacrylamide-7M urea gels containing 50 mM Tris-borate (pH

8.0) and 1 mM EDTA, followed by elution from gel slices in a buffer containing 500 mM
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NH4Ac and 0.1% SDS. 5° end-labelling of the RNA primer was performed with [y-
32P]ATP and T4 polynucleotide kinase according to the manufacturer’s recommendation

(Invitrogen). Ribonucleoside triphosphates were purchased from Roche and 3'-dNTPs

were purchased from TriLink BioTechnologies.

Expression and purification of BYDV NS5B protein - We generated a
truncated version of the BVDV NS5B enzyme to facilitate its purification. This protein,
termed NS5BA18, lacks the 18 C-terminal residues. The coding sequence was amplified
from an infectious cDNA clone (pACNR/BVDV NADL-Xbal)*®. EcoRI and Xhol sites
were engineered into the PCR primers to facilitate cloning into the expression vector
pET-21b (Novagen). The truncated protein was expressed in E.coli strain BL21 (DE3)
(Novagen). Purification was conducted using a combination of metal ion affinity and ion
exchange chromatography as previously described”. The eluted protein was dialyzed
against a buffer containing 10 mM Tris-HCI pH 7.5, 10 % glycerol, 5 mM DTT, 600 mM

NaCl. The protein was stored at —80°C in 50% glycerol.

RNA synthesis and chain-termination assay - Standard reaction mixtures
consisted of 0.75 uM of RNA template (T-21), 0.75 pM BVDV NS5B and 0.25 uM 5°-
end labelled primer in a buffer containing 20 mM Tris-HCI pH 7.5, 50 mM NaCl, 1 mM
DTT, 0.15 mM MnCl, and 100 uM NTPs. Reactions were initiated by the addition of
enzyme at room temperature. The efficiency of chain-termination was monitored in

reaction mixtures as described above except that each of the four NTPs was added at a

constant concentration of 10 uM in the presence of increasing concentrations of 3'-dNTPs
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as specified in the figure legends. Samples were precipitated with ethanol, heat-denatured
for 5 min at 95°C, and resolved on 12 % polyacrylamide—7M urea gels. ICsy values were
obtained by quantifying the relative amount of full-length versus chain-terminated
products. Determinations of K and kea values were performed using gel-based assays
essentially as previously described™. Kinetic parameters were determined in ‘running
start’ experiments, in which the correct NTP or the chain-terminator, respectively, was

added at different concentrations to the reaction mixture.

Pyrophosphorolysis and rescue of chain-terminated RNA synthesis - Rescue
of RNA synthesis was studied at a single template position using a similar assay as
recently described for HIV-1 RT?*. Reaction mixtures consisted of 0.75 uM template,
0.75 uM BVDV NS5B enzyme and 0.25 pM 5'-end labelled primer in a 20 pl volume
containing 20 mM Tris-HC1 pH 7.5, 50 mM NaCl, 1 mM DTT, 0.15 mM MnCl,, 100 uM

ATP/UTP and 100 uM 3'-dCTP. Reactions were allowed to proceed for 30 min to ensure
efficient extension of the primer and incorporation of the 3'-dCTP. The excision of the 3'-
dCTP was initiated by the addition of different concentrations of either PPi or ATP and
other NTPs that potentially act as PPi donors. A mixture of 200 uM CTP and 100 uM 3'-
dGTP was simultaneously added in the reaction mixture to enable rescue of RNA
synthesis. Pyrophosphorolysis was assayed by the addition of various concentrations of
PPi, in the absence of other NTPs. The effect of the next NTP on PPi-dependent rescue
was monitored as described above except that the excision of 3'-dCTP was initiated by
adding 100 pM PPi, 200 pM CTP and different concentrations of correctly templated

(GTP) or incorrect (ATP or UTP) NTPs.
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Results

Inhibition of RNA synthesis in the presence of 3'-dNTPs - Throughout this
study, we utilized a short synthetic RNA template (T-21) and a C-terminal truncated
version of the BVDV NS5B enzyme as a model system to scrutinize the effects of chain-
terminators on RNA synthesis by RdRps. We initially established cell-free assays in
order to analyze the incorporation of chain-terminating nucleotides into the growing
RNA chain (Fig. 2). Previous studies have demonstrated that viral RdRps, including
BVDV NS5B, are capable of initiating RNA synthesis either de novo, i.e. in the absence
of a primer, or in the presence of short dinucleotide primers®® ' %% 23, The latter
conditions facilitate the analysis of efficiency of RNA synthesis, since the formation of
reaction products can be monitored by extension of the 5'-end-labelled primer.
Throughout this study we used an end-labelled GG-dinucleotide primer, which, we
found, is more efficiently used compared to a GU-primer that is complementary to the
two 3' terminal residues of the template (data not shown). The incorporation of chain-
terminators was analyzed in the presence of increasing concentrations of 3'-dNTPs. Each
of the four NTPs was used at a constant concentration of 10 pM. The results show that
formation of the full-length product was compromised concomitantly with an increase in
concentrations of the different 3'-dNTPs (Fig. 2). Concentrations required to inhibit the
formation of the full-length product by 50% (ICs¢) were in a range between 2 to 10 uM
(Table 1), which suggests that the modified nucleotides are efficiently incorporated.
Steady-state kinetic parameters were determined for the incorporation of 3’-dGTP and

GTP at a later stage after the initiation of RNA synthesis, i.e. at position +7. The catalytic
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efficiency was similar for 3’-dGTP (k.o /Ky = 2.45 pM'lmin'l, K, = 0.2 uM), and GTP
(kear ’Km=2.3 pM'lmin'l, K,, = 0.2 uM). These data show that relatively low K,, values
can facilitate the incorporation of the chain-terminator and its natural counterpart at this
advanced stage of the reaction; however, we note that K, values for nucleotide
incorporation can be considerably higher at early stages after immediately following

initiation of the reaction (see below).

Differences in ICsy values between the four different analogues correlated well
with differences in the number of possible incorporation sites (Table 1). Lower ICsg
values correlated with an increasing number of template positions that provided
complementarity to the nucleotide analogue. All four chain-terminators are preferentially
incorporated opposite the expected, complementary template sites (compare Fig. 2A-D).
The absence of doublets (double bands) shows that the initiation of RNA synthesis occurs
precisely from a single position. The patterns of chain-termination suggest that initiation
takes place from the penultimate template position (+2), as indicated in the sequence
alignments shown in Fig. 2. This interpretation is consistent with a previous study, in
which differences in the length of final reaction products have been indicative for

different sites of initiation with GG- and GU-dinucleotide primers®*.

We also noted the appearance of additional bands that did not correspond to
correct incorporation events (asterisks, Fig. 2B and 2C). These bands point to
incorporation events opposite template uridines, early after initiation at positions +3 and

+5. GTP and/or 3'-dGTP are possible candidates in this regard, considering that G:U
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mispairs are the easiest to form. Consistent with this proposal is the observation that
increased concentrations of 3'-dGTP correlated with increased chain-termination opposite
uridine at position +5 (Fig. 2C). Moreover, nucleotide mixtures with higher
concentrations of NTPs, including higher concentrations of ATP, i.e. the correct
nucleotide for positions +3 and +5, completely prevented the appearance of these bands
(see below, Fig. 3B/C). In fact, the K,, value for incorporation of ATP (K, 47p = 14.8
uM) was relatively high at these early stages after initiation. Thus, to overcome the
possible formation of G:U mispairs, we increased the concentration of ATP and UTP

from 10 uM to 100 uM in the following experiments.

Phosphorolytic excision of incorporated chain-terminators - We next studied
the effects of exogenously added PPi on the efficiency of chain-termination. As
previously described in the context of HIV-1 RT24, we utilized an assay that allowed us to
monitor the excision of the chain-terminator and the subsequent rescue of RNA synthesis
at a single template position (Fig. 3A). RNA synthesis was initiated in the presence of a
nucleotide mixture that permitted RNA extension up to template position +6, at which
point the incorporation of 3'-dCTP blocked further RNA synthesis (Fig. 3B, lane C1).
The reaction was almost completed after 30 min, since the subsequent addition of the
natural nucleotide CTP and 3'-dGTP, which is complementary to the next template
position, did not yield significant amounts of the longer product (Fig. 3B, lane 1).
However, the simultaneous addition of increasing concentrations of PPi caused an
accumulation of the longer product. The band at position +6 disappeared concomitantly

with increased chain-termination at position +7 (Fig. 3B, lanes 2-14; left panel). These
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data demonstrate that the incorporation of the chain-terminator is not irreversible. The
nucleotide analogue is susceptible to phosphorolytic excision, which is a prerequisite for
the ensuing rescue of RNA synthesis. To drive the reaction forward we used significantly
higher concentrations of 3’-dGTP (100 uM) than the Km value (K., 3.467p = 0.2 pM). The
addition of PPi alone allowed us to directly monitor pyrophosphorolysis. The 3’-dCTP
chain-terminator was efficiently removed at position +6, concomitant with an increase of

a product at position +5 (Fig. 3C; left panel).

These findings are reminiscent of properties described for HIV-1 RT'¢. Both HIV-
1 RT and BVDV NSS5B can recruit PPi to catalyze the excision of incorporated chain-
terminators; however, in contrast to the retroviral DNA polymerase”, the BVDV RdRp
might be unable to use its natural NTPs substrates as PPi donors. Increasing
concentrations of ATP, and the simultaneous presence of CTP and 3'-dGTP, did not
significantly promote the rescue of chain-terminated RNA synthesis (Fig. 3B, right
panel). The increase in the amount of product at position +7 is almost negligible as
compared to the control reaction in the absence of higher concentrations of ATP (Fig. 3B,
compare lane C2 with lanes 1 to 14; right panel). These data are in good agreement with

the low levels of ATP-dependent phosphorolytic cleavage shown in Fig. 3C.

The PPi-mediated rescue of RNA synthesis occurred most effectively in a
window of concentrations between 80 and 300 uM (Fig. 3E). Higher concentrations of
PPi inhibited the reaction, which is attributable to a blockage of RNA synthesis (Fig. 3D).

However, we also noted that the addition of PPi prior to the start of the reaction inhibited
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RNA synthesis at significantly lower concentrations as observed in the context of the
combined excision and rescue reaction (compare Figs. 3 B with D, and E with G). 50%
inhibition of RNA synthesis was seen at a concentration of approximately 100 uM PPi. In
contrast, the rescue of RNA synthesis was highly efficient under these conditions,
suggesting that the initiation is more sensitive to PPi-mediated inhibition as compared to
later stages of the reaction. It is conceivable that the negatively charged PPi interferes
with nucleotide and/or the dinucleotide binding, which appears to be less relevant at later
stages of the reaction when the interaction with the template provides an additional
anchor for the growing primer strand. The exogenous addition of ATP shows similar

effects, although less pronounced.

Notably, the sequence of excision and rescue of RNA synthesis is highly
processive. The addition of a trap, i.e. heparin, from the start of the reaction, at
concentrations as low as 0.5 pg/ul, ultimately inhibited the initiation of RNA synthesis
(Fig. 4B, left panel). In contrast, the addition of heparin after initiation and chain-
termination took place, simultaneously with the addition of PPi and nucleotides, had little
effect on the rescue of RNA synthesis (Fig. 4B; right panel). These data suggest that the
complex containing the chain-terminated primer is considerably stable, and dissociation
between enzyme and nucleic acid substrate at this advanced stage of RNA synthesis may

only occur infrequently.

Requirements for divalent metal ions - Like all other polymerases, BVDV

NS5B and HCV NSS5B require divalent metal ions to catalyze the incorporation of
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nucleotides. Previous biochemical data have shown that RdRps are capable of recruiting
both Mn?* and Mg?*, albeit at different optimal concentrations>> ***’, In good agreement
with these studies, we found that Mn®" supports RNA synthesis in a range between 0.15
and 1.25 mM, while Mg?* is most efficiently used in a range between 2.0 and 8.0 mM
(Fig. 5A; left and right panels). Effects of the nature and concentration of the divalent
metal ion on the excision and rescue of RNA synthesis are unknown. Considering that the
excision of an incorporated nucleoside monophosphate is the reverse reaction of its
incorporation, one would predict very similar, if not identical requirements for the metal

cofactor.

To test this hypothesis we analyzed the effects of increasing concentrations of
Mn?* and Mg2+ on the efficiency of rescue of RNA synthesis. The efficiency of the
rescue reaction peaked at concentrations of 0.3 mM Mn®*. Concentrations higher than
0.60 mM specifically blocked the rescue reaction (product formation at position +7),
while RNA synthesis (product formation at position +6) is still effective at 1.25 mM
Mn®" (Fig. 5B, left panel). Thus, it appears that relatively high concentrations of MnZ*
diminish the rescue reaction due to a diminution in pyrophosphorolysis. To test this
directly, we looked at PPi-mediated excision in the absence of ensuing rescue events
(Fig. 5C, left panel). The data obtained support the aforesaid, and show that higher
concentrations of Mn”>" exert differential effects on nucleotide incorporation and
pyrophosphorolysis. The excision (product formation at position +5) is efficient below
concentrations of 0.3 mM Mn*", while higher concentrations are inhibitory. In contrast,

RNA synthesis is still detectable at concentrations as high as 2.5 mM. These differences
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are not evident with Mg®". The efficiency of RNA synthesis peaks in the same range of
Mg?**concentrations, as seen with the rescue of RNA synthesis (Fig. 5B; right panel).
Pyrophosphorolysis is generally weak in the presence of Mg (Fig. 5C; right panel). The
chain-terminator, which is still present in the reaction mixture, is likely to be

reincorporated after its excision.

Formation of a dead end complex - The concentration of NTPs is another
important factor that may influence the efficiency of pyrophosphorolysis. Previous
biochemical studies with DNA polymerases have shown that the presence of the
nucleoside triphosphate that is complementary to the next template position following the
incorporated chain-terminator can diminish the efficiency of excision'® 2. Blockage of
the reaction has been linked to the formation of a stable ternary complex composed of
enzyme, nucleic acid substrate and the bound nucleotide®. Such constellation, referred to

as dead-end complex (DEC), may prevent the competent binding of PPi.

Here we studied the influence of increasing concentrations of NTPs on the
phosphorolytic excision of incorporated chain-terminators and the ensuing rescue of
RNA synthesis. In contrast to the previous experiments, we monitored the reaction by
looking at the ratio of the blocked primer at position +6 and the full-length product. Thus,
the addition of 3'-dGTP, that was previously used to monitor rescue events, was replaced
with the addition of increasing concentrations of either the next correct complementary
NTP (GTP) or incorrect NTPs (ATP and UTP) (Fig. 6A). The results show that the

presence of GTP significantly decreased the efficiency of PPi-dependent rescue of RNA
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synthesis (Fig. 6B, left). The concentration required to inhibit the reaction by 50% was
determined to be approximately 250 uM for GTP (Fig. 6C). These data suggest that the
correct nucleotide facilitates the formation of a stable DEC. Inhibition of rescue of RNA
synthesis was less pronounced in the presence of nucleotides that mismatched with the
next template position, i.e. ATP (Fig. 6B, middle) and UTP (Fig. 6B, right), respectively.
The concentration required to inhibit the reaction by 50% was approximately an order of
magnitude higher as determined for GTP (Fig. 6C). Together, these results provide strong
evidence to show that both pyrophosphorolysis and its NTP-dependent inhibition are
important parameters that can influence the efficiency of nucleoside analogue inhibitors

directed against viral RdRps.

Discussion

In this study, we analyzed the phosphorolytic excision of chain-terminating
nucleotides in the context of viral RdRps using the BVDV NS5B enzyme as an example.
The major results obtained are discussed with the help of simplified models to illustrate
possible scenarios that involve binding of PPi and NTPs, nucleotide incorporation, and
the requirements for its excision. Our data are in some cases reminiscent of properties
described for HIV-1 RT. As recently suggested for the retroviral DNA polymerase®®, we
distinguish between the nucleotide binding site (N-site) and the primer binding site (P-
site) that constitute the active center’” *"*** *  In this model, productive RNA synthesis
requires that the incoming nucleotide, which can be a chain-terminator, binds to the N-

site, while the 3' end of the primer occupies the P-site (Fig. 7A). Crystal structure models
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of different polymerases** *°, including structures of truncated forms of the HCV NS5B
enzyme%; 37.3839 suggest that two divalent metal ions, referred to as metal ions A and B,
are involved in the precise alignment of primer and incoming nucleotide. The relative
positions of the two metal ions suggest that metal ion A facilitates the attack of the 3°OH
group of the primer terminus to the a-phosphorous of the incoming NTP, while metal ion

B stabilizes the leaving group, i.e. PPi*% .

Immediately after bond-formation, the newly generated PPi occupies the binding
sites for the - and y-phosphates of the formerly bound nucleotide triphosphate. The same
configuration also permits the nucleophilic attack of PPi on the terminal phosphodiester
bond (Fig. 7B). However, studies with DNA polymerases have shown that weak binding
of PPi, associated with its rapid release from the active site prevent the excision of
incorporated nucleotides during active DNA synthesis***!. In contrast, the polymerase of
the duck hepatitis B virus shows high-affinity binding to PPi, which appears to be an
exception in this regard42. Pyrophosphorolysis gains importance when the polymerization
process is blocked by chain-terminators, provided that PPi is present at sufficiently high
concentrations. Here we show that the BVDV NS5B enzyme promotes the excision of
incorporated 3'-dNTPs in the presence of exogenously added PPi. Pyrophosphorolysis,
and the ensuing rescue of RNA synthesis, is highly effective within a range of
physiologically relevant concentrations of PPi of approximately 100 uM*. However, the
local intracellular PPi concentrations close to the membrane associated replicase complex
of flaviviruses'* have yet not been determined, and it remains to be seen whether high

levels of PPi can be maintained in this environment. The metal ion requirements for
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nucleotide incorporation and pyrophosphorolysis are similar but not identical. The
efficiency of both reactions is higher with Mn®* as compared to Mg®*. At the same time
we note that pyrophosphorolysis is sensitive to inhibition with increased concentrations
of Mn?*. This may reflect differential metal ion affinities with respect to the two different
metal binding sites A and B, as recently proposed for the RT enzyme of yeast Ty1*. It is
conceivable that Mn®* binds to the B site with relatively high affinity, which may
stabilize the complex with PPi. At this point, we also consider the possible existence of
additional, low affinity metal binding site(s) that may affect the specific binding of PPi
(Fig. 7B). These questions are important and warrant further detailed investigation, which

is beyond the scope of this study.

Unlike HIV-1 RT, viral RdRps may not be able to recruit ATP or other NTPs as a
PPi donor to catalyze the excision of incorporated chain-terminators (Fig. 7C). Previous
biochemical data with the retroviral enzyme provided evidence for the existence of an
ATP binding pocket that is located in close proximity to the active site of the enzyme'®.
Resistance conferring mutations appear to modulate this binding site, which helps to
explain why the relevant mutant enzymes increase rates of ATP-dependent primer
unblocking®” **. ATP must bind in the reverse orientation to allow the B-, and Y-
phosphates to act as a PPi-donor (Fig. 7C). Unlike HIV-1 RT, which shows low affinity
to NTPs*, RdRps recruit NTPs as their natural substrates for incorporation. Thus, it is
unlikely that such reverse binding plays an important role in this context. In fact, our data
provide strong evidence to show that the incoming nucleotide binds to complexes with a

chain-terminated primer predominantly in the correct orientation. First, NTP-dependent
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primer unblocking is difficult to detect, even at millimolar concentrations of ATP or other
NTPs. Second, we have shown that high concentrations of NTPs inhibit the PPi-mediated
removal of the chain-terminator in dose-dependent fashion. These data suggest that the
presence of nucleotide triphosphates promote the formation of a ternary dead-end

complex (DEC).

Using site-specific footprinting techniques, we have recently demonstrated that
the presence of the next nucleotide forces HIV-1 RT to translocate a single position
further downstream®. Such a scenario is illustrated in Fig. 7D. The primer terminus
occludes the N-site immediately after the incorporation of the last nucleotide (Fig. 7B).
The 3'end of the primer must then translocate into the P-site to allow binding of the next
nucleotide (Fig. 7D). The P-site occupation brings the active center in a position that
facilitates nucleotide incorporation, but disfavors nucleotide removal (compare Figs. 7B
and D). Excision can only occur when the incorporated chain-terminator occupies the N-
site’ 3. For HIV-1 RT, access to N- and P-sites are controlled by a translocational
equilibrium that depends on multiple parameters including the concentration of the next
nucleotide®®. The data in this study suggest the existence of similar control mechanisms
for BVDV NS5B. First, the 3'end of the primer does not appear to move ultimately into
the P-site, as shown by the fact that pyrophosphorolysis occurs efficiently in the absence
of NTPs. Second, the NTP concentration required to block pyrophosphorolysis is
significantly lower with the correctly templated nucleotide, as compared to nucleotides

that form mispairs with the template.
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Taken together, our data show that viral RdRps can excise incorporated chain-
terminators in PPi-dependent reactions. Primer unblocking reactions may be relevant in
vivo as proposed for HIV. The efficiency of rescue of RNA synthesis will critically
depend on the available local concentrations of PPi and NTPs. High NTP concentrations
promote the formation of a DEC that diminishes excision, and high concentrations of PPi
promote excision. We also found that chain-terminated complexes are heparin-stable,
which increases the probability that pyrophosphorolysis eventually occurs before the
enzyme can dissociate from its nucleic acid substrate. These questions merit further
investigation in the HCV system. Although both HCV and BVDV NS5B enzymes

22; 23; 25; 47 - .
<> 27 it remains to be seen whether

behave similarly in various biochemical assays
the RdRp of HCV also promotes the excision of incorporated nucleotides to better
understand the diminished potency of 3'-deoxyribonucleosides in cell-culture-based
replicon systems'. Both a possible poor metabolic activation, as well as the PPi-mediated
excision of incorporated nucleotide analogue should be considered in this regard. The
latter reaction may also be considered in the context of nucleoside analogues that contain
the 3’-hydroxyl group, e.g. ribavirin or the 2'-modified nucleosides. These inhibitors,
once incorporated opposite correct or incorrect template position.s, diminish the

efficiency of incorporation of the following nucleotide® '

, which likely diminishes the
overall production of viral RNA. This effect might be neutralized, at least in part, if the
incorporated nucleoside monophosphate is effectively removed from the primer terminus.
Thus, the excision of nucleotide analogue inhibitors adds to the repertoire of reactions

that may be of importance regarding the assessment of drug susceptibilities in the context

of both wild type and resistant mutant viruses.
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Table 1

Chain- a Number of Possible
terminator ICsy (uM) Incorporation Sites
3’-dATP 1 10
3°-dCTP 12 1
3"-dGTP 2 4 (6)°
3°-dUTP 4 3

2 Values are averages of at least three independent measurements

b The number in parenthesis indicate ‘correct’ and the two ‘incorrect’ incorporation sites

at positions +3 and +5
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Figure 1: Chemical structures of nucleoside analogue inhibitors of RdRps.
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Figure 2: Inhibition of RNA synthesis in the presence of 3'dNTPs. Effects of
increasing concentrations of each of the four 3'-dNTPs on the formation of full-length
product: (A) 3’-dATP, (B) 3’-dCTP, (C) 3°-dGTP, (D) and 3’-dUTP. The nucleoside
analogue was added to reaction mixtures containing the RNA template, the 5’end-
labelled dinucleotide primer (GG), and constant concentrations of 10 uM of each of the
four natural NTPs. Lane 1 is a control in the absence of nucleoside analogue
triphosphates. Lanes 2-9 show reactions in the presence of the following concentrations
of 3’-dNTPs: (0.78uM, 1.56uM, 3.125uM, 6.25uM, 12.5pM, 25uM, 50uM and 100uM).
Reactions were allowed to proceed for 60 min. Correct sites of incorporation of the
chain-terminator are indicated by arrows. Asterisks denote possible mismatch formation.
Note that the numbering refers to the underlined template positions, and not to the length
of the primer, since initiation takes place from the correct C:G base pair at template

position +1 (see text).
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Figure 3: PPi-dependent rescue of chain-terminated RNA syntheéis. (A) Schematic
description of the assay utilized to monitor excision of the chain-terminator and the
ensuing rescue of RNA synthesis at a single template position. The template and the 5°-
end labelled dinucleotide primer were incubated with BVDV NS5B and a nucleotide
cocktail that included 100 uM of UTP, ATP, and 3’-dCTP. Reactions were allowed to
proceed for 30 min. Newly incorporated nucleotides are shown in bold. The incorporation
of the chain-terminator opposite template position +6 is underlined. Rescue of RNA
synthesis was initiated by the addition of a mixture containing PPi or ATP, 200 uM of
CTP and 100 pM of 3°-dGTP. The efficiency with which 3°-dGMP is incorporated serves
as a direct measure for the efficiency of rescue of RNA synthesis. The addition of PPi or
ATP alone allows direct monitoring of pyrophosphorolysis. (B) Effects of different
concentrations of PPi (left panel) and ATP (right panel) on the combined excision and
rescue of RNA synthesis. Lane C1 is a control that shows chain-termination at position
+6 after a 30 min reaction. Lanes 1-14 show the rescue of chain-terminated RNA
synthesis in the presence of different concentrations of PPi or ATP: OuM, 1.22uM,
2.4uM, 4.9uM, 9.8uM, 19.5uM, 39uM, 78uM, 156pM, 312.5uM, 625uM, 1.25mM,
2.5mM and 5SmM. PPi, or ATP, was added together with 200 uM of CTP and 100 pM of

3°-dGTP. Lane C2 is a control reaction that contained CTP and 3°-dGTP in the absence
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of ATP. (C) Effects of different concentrations of PPi (left panel) and ATP (right panel)
on nucleotide excision. Lane C1 is a control that shows chain-termination of the template
at position +6 after 30 min, as described in A. Varying concentrations of PPi or ATP
were added in lanes 1-14 to monitor the phosphorolytic excision of the nucleoside analog.
(D) Effects of different concentrations of PPi and ATP on the initiation of RNA
synthesis. Reactions were initiated in the presence of 100 uM of UTP, ATP, 3’-dCTP and
different concentrations of PPi (left panel) or ATP (right panel), as described above. (E),

(F), (G) Graphic representation of data shown under B, C, and D, respectively.
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Figure 4
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Figure 4: Rescue of RNA synthesis in the presence of trap: (A) Schematic
representation of the experimental procedure. Reactions were conducted according to the
conditions specified in Fig. 3. The addition of heparin together with the addition of PPi,
allows the study of the rescue of RNA synthesis under processive reaction conditions. (B)
Effect of heparin on the initiation of RNA synthesis (left panel) and combined
excision/rescue reactions (right panel). Increasing concentrations of heparin were added
to reactions containing 100uM UTP/ATP and 3’-dCTP: Ong/ul, 0.5ng/pl, 1.0ng/ul,
2.0ng/pl, 4.0ng/pl, 8.0ng/pul, 15.0ng/pl, 0.03pg/ul, 0.06pg/ul, 0.125ug/ul, 0.25ug/ul and
0.5pg/pl (lanes 1-12). Excision reactions were monitored in the presence of increasing
concentrations of 100 uM PPi. Heparin was added together with PPi, CTP, and 3'-dGTP.

The 3°-dCTP terminated primer prior to the initiation of PPi is shown in lane C1. Lane

C2 shows a control reaction that contained CTP and 3’-dGTP in the absence of PPi.
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Figure 5
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Figure 5: Requirements for divalent metal ions. Effects of increasing concentrations of
MnCly(left panel) and MgCl, (right panel) on RNA synthesis (A), rescue of RNA
synthesis (B) and phosphorolytic cleavage of 3’-dCTP chain-terminator (C). Reactions
were conducted according to the conditions specified in Fig. 3 using a constant
concentration of 100 uM PPi. The initiation of RNA synthesis, the excision of the chain-
terminator, and the ensuing rescue reaction were all performed at different concentrations

of the metal cofactor, as indicated.
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Figure 6
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Figure 6: Formation of a dead-end-complex (DEC). (A) Schematic representation of
the strategy used to determine the effects of the templated NTP on efficiency of rescue of
RNA synthesis. The basic set-up is identical to the approach described in Fig. 3A., except
that the addition of the 3’-dGTP was replaced with the addition of either GTP (next
correct complementary nucleotide) or ATP or UTP (incorrect nucleotides). (B) Lane C
shows a 30 min reaction to produce the 3’-dCTP-terminated primer. Lanes 1-10 show the
rescue of RNA synthesis, monitored through the formation of the full-length product in
the presence of increasing concentrations of GTP (left), ATP (middle), or UTP (right).
Concentrations of GTP: OuM (lane 1), 3.9uM (lane 2), 7.8uM (lane 3), 15.6uM (lane 4),
31.25uM (lane 5), 62.5uM (lane 6), 125uM (lane 7), 250uM (lane 8), 500uM (lane 9)
and 1mM (lane 10). Concentrations of the next ATP or UTP in lanes 1-10 are 19.5uM,
39uM, 78uM, 156pM, 312.5uM, 625uM, 1.25mM, 2.5mM, 5.0mM, and 8.0mM,
respectively. (C) Graphic representation of data shown in (B). The concentrations of
GTP, ATP and UTP required to inhibit the rescue of RNA synthesis by 50% are indicated

below.
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Figure 7
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Figure 7: Models of complexes involved in nucleotide binding, chain-termination,
phosphorolytic excision, and DEC-formation. The proposed models describe events
that take place directly at the active site, and do not rely on specific assumptions with
respect to nucleic acid binding characteristics®” *"* % 33, Primer/template sequences are
identical with sequences used throughout this study. (A) Nucleotide incorporation. The
incoming nucleotide (middle blue), which is the chain-terminating 3'-dCTP, in this case,
binds to the nucleotide binding site termed the N-site. The primer terminus (light blue)
occupies the priming site or P-site. Specific binding sites for divalent metal ions (pink
circles) are shown in close proximity to the a-, B-, and y phosphates of the incoming
nucleotides, according to the two-metal ion mechanism proposed by Steitz (1999)*°. The
attack of the 3'-OH-group (red) of the 3'-end of the primer, and the ensuing release of PPi
is indicated by the red arrow. (B) Pyrophosphorolysis. PPi occupies the binding sites that
are occupied by the B-, and y phosphates of the incoming nucleotides in A. Putative
additional Mn?" site(s) (C, yellow) might alter the specific binding mode at relatively
high concentration of the metal ion (see text). (C) NTP-dependent primer unblocking.
NTPs can only act as PPi-donors if the a-and B-phosphates are in a position to attack the
incorporated chain-terminator. This requires reverse binding of the NTP substrate, which
is unlikely in the context of RdRps. (D) DEC-formation. Following the incorporation of
the chain-terminator, the 3'end of the primer must leave the N-site to allow binding of the
next nucleotide. The translocation of the nucleic acid substrate (grey arrow) brings the
chain-terminator to the P-site. Primer unblocking through phosphorolytic excision cannot

occur in this configuration.
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CHAPTER 3

CONTROL OF TEMPLATE POSITIONING DURING DE NOVO INITIATION

OF RNA SYNTHESIS BY THE BVDV NS5B POLYMERASE

This chapter was adapted from an article that appeared in Journal of Biological

Chemistry (in press, 2006).
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Preface to Chapter 3:

Based on the data presented in Chapter 2, which showed that the BVDV
polymerase was able to efficiently incorporate chain-terminating nucleotides to arrest
RNA synthesis, we utilized these nucleotide analogues as tools in subsequent
experiments to study the specific events that take place during initiation of RNA
synthesis. Currently, the understanding of the mechanisms involved during de novo
initiation of RNA synthesis by RdRps remains incomplete. Recent crystallographic data
have shown that the BVDV polymerase binds an additional GTP to a guanosine-specific
binding site (G-site), just upstream of the active center. In contrast, a so-called
“allosteric” GTP-specific binding pocket is located at a position further away from the
active site of the HCV polymerase. For both enzymes, the underlying function of this G-
site, as well as the consequences of GTP binding during initiation is unknown. We thus
explored the functional role(s) of this G-site during de novo initiation of RNA synthesis

and analyzed whether de novo initiation by RdRps is based on a common mechanism.
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Abstract

The RNA-dependent RNA polymerase (RdRp) of the hepatitis C virus (HCV) and
the bovine viral diarrhea virus (BVDV) are able to initiate RNA synthesis de novo in the
absence of a primer. Previous crystallographic data have pointed to the existence of a
GTP-specific binding site (G-site) that is located in the vicinity of the active site of the
BVDV enzyme. Here we have studied the functional role of the G-site, and present
evidence to show that specific GTP binding affects the positioning of the template during
de novo initiation. Following the formation of the first phosphodiester bond, the
polymerase translocates relative to the newly synthesized dinucleotide, which brings the
5’end of the primer into the G-site, releasing the previously bound GTP. At this stage, the
3’end of the template can remain opposite to the 5’end of the primer, or be repositioned
to its original location before RNA synthesis proceeds. We show that the template can
freely move between the two locations, and both complexes can isomerize to equilibrium.
These data suggest that the bound GTP can stabilize the interaction between the 3’end of
the template and the priming nucleotide, preventing the template to overshoot and extend
beyond the active site during de novo initiation. The HCV enzyme utilizes a dinucleotide
primer exclusively from the blunt end; the existence of a functionally equivalent G-site is
therefore uncertain. For the BVDV polymerase we show that de novo initiation is
severely compromised by the T320A mutant that likely affects hydrogen bonding
between the G-site and the guanine base. Dinucleotide primed reactions are not
influenced by this mutation, which supports the notion that the G-site is located in close

proximity but not at the active site of the enzyme.
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Introduction

Despite structural and functional differences among various viral polymerases,
previous biochemical and crystallographic data suggested that several distinct steps
define a minimum, general mechanism of DNA or RNA synthesis” % * *. These steps
involve binding of the nucleoside triphosphate, a conformational change that traps the
nucleotide substrate, formation of the first phosphodiester bond, and the release of
pyrophosphate (PPi). The addition of the next nucleotide requires that the polymerase
translocates a single position further downstream relative to the primer/template. This
movement clears the nucleotide binding site in a processive mode of polymerization
before the enzyme dissociates from its nucleic acid substrate. Such a mechanism is likely
to be relevant during elongation of a growing DNA or RNA chain; however, the initiation
of the reaction is often more complex. Initiation in the absence of a primer, referred to as

de novo initiation, is of particular interest in this regard.

Viral RNA-dependent RNA polymerases (RdRps) that belong to members of the
Flaviviridae family, which includes the hepatitis C virus (HCV) and the related bovine
viral diarrhea virus (BVDV), were shown to initiate RNA synthesis de novo %678 %1015
12 Both HCV and BVDV contain a plus-stranded RNA genome, which encodes a single
polyprotein that is processed into several structural and non-structural proteins'®. The
non-structural protein 5B (NS5B) shows RdRp-activity that is required for viral

Lo 145 15; 16; 17; 18 . . e e .
replication'® % '¢ 17 8 " A minimum mechanism of de novo initiation likely involves

binding of the initiating nucleotide (NTPi) at a specific site of the enzyme referred to as
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the priming or initiation site (P-site)'”. For polymerases that recruit a primer, the P-site is
occupied by the 3’-terminal nucleotide of the primer. The first NTP substrate (NTPi+1)
that is later attached to the primer terminus (primed RNA synthesis) or to the initiating
nucleotide (de novo initiation, Fig. 1) binds to the nucleotide binding site (N-site, also
referred to as catalytic site or substrate site). Both nucleotides NTPi and NTPi+1 need to
be aligned such that the 3’OH group of the initiating nucleotide in the P-site can attack
the a-phosphate of the nucleotide substrate in the N-site. Following catalysis, the release
of PPi, and translocation, the 3’end of the newly formed dinucleotide (NTPi+1) occupies
the P-site and the next incoming nucleotide (NTPi+2) gains access to the N-site, which

permits another cycle of RNA synthesis?.

Nucleotide binding to both P- and N-sites is likely to be necessary, but not
sufficient to efficiently initiatte RNA synthesis in the absence of a primer.
Crystallographic data suggested that both BVDV NS5B and the HCV enzyme form
specific GTP binding sites, albeit at different locations®" %, In the HCV enzyme, a low-
affinity G-specific binding site is seen 30A away from the polymerase active site®!.
Possible effects on RNA synthesis, if any, would be mediated indirectly if one considers
the long distance. In contrast, the structure of the BVDV polymerase bound to a GTP
substrate revealed the existence of a GTP-specific binding site, herein referred to as G-
site, that is located = 4 to 6A upstream of the P-site®*. This is supported by superimposing
the BVDV structural data onto the solved crystal structure of the related phi6 ($6)
bacteriophage polymerase with bound template and an initiating GTPi*’. The 3’-OH

group of the bound GTP is seen in the vicinity of the a- and - phosphates of the modeled

106



nucleotide that occupies the P-site. This location suggests a possible role in the process of
de novo initiation. Based on this model, it has been proposed that the bound GTP helps to
position the initiating NTPi in an orientation that facilitates the attack on the first

nucleotide substrate NTPi+1 (Fig. 1).

De novo initiation requires that the 3’end of the template interacts specifically
with the initiating nucleotide NTPi*****, Here we show that the GTP-specific binding site
of BVDV NS5B can control the precise positioning of the template strand. A dinucleotide
primer with a guanosine monophosphate (GMP) at its 5’end binds preferentially to a 3°-
recessed template. Specific binding of the 5’terminal guanosine to the G-site, and, by
extension, specific binding of GTP during de novo initiation, appears to prevent
overshooting of the template. Based on comparative analyses of de novo- and
dinucleotide-primed reactions, we propose a model for early steps of G-site dependent

RNA synthesis by BVDV NS5B.

Material and Methods

Enzymes and nucleic acids — Truncated versions of the BVDV (BVDVA18) and
HCV (HCVA21) NS5B, which lack the 18 or 21 C-terminal residues respectively, were
generated to facilitate their expression and purification®® ¥ 3. The coding sequence of
the BVDV enzyme was amplified from an infectious cDNA clone (pACNR/BVDV
NADL-Xbal)*. EcoRI and Xhol sites were engineered into the PCR primers to facilitate

cloning into the expression vector pET-21b (Novagen). The BVDVAI18 protein was
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expressed in Escherichia coli and purified as described previously’®. The plasmid
encoding the BVDVAI18 was then utilized as the parental clone for the construction of the
GTP-binding site mutants. Mutant enzymes T320A and Y581F were generated through
site-directed mutagenesis using the Stratagene Quick-change kit according to the
manufacturer’s protocol. The HCVA21 NS5B sequence inserted into the expression
vector pET-22 (Novagen) was also expressed in Escherichia coli and purified utilizing a
combination of metal ion affinity and ion exchange chromatographyZS. The sequences of
all clones were confirmed by sequencing at the McGill University and Genome Quebec

Innovation Centre.

The RNA template substrates utilized in this study were:
5’-AACCGUAUCCAAAACAGUCC-3’ (T-20 template, HCV),
5’-CCUUUUCUAAUUCUCGUAUAC-3’ (T-21 template, BVDV) and
5’-CCUUUUCUAAUUCUCGUAUACC-3’ (T-22 template, BVDV) while 5’-GG-3°,
and 5°-GGG-3" served as RNA primers. All RNA oligonucleotides were chemically
synthesized. The RNA templates were further purified on 12% polyacrylamide-7M urea
gels containing 50 mM Tris-borate pH 8.0 and 1 mM EDTA, followed by elution from
gel slices in a buffer containing 500 mM NHyAc and 0.1% SDS. 5’-end-labelling of the
RNA primers was conducted with [y-**P]JATP and T4 polynucleotide kinase according to

the manufacturer’s recommendation (Invitrogen).

Primer extension assay — Primer extension assay was performed as described

previously 2”. Briefly, standard reaction mixtures consisted of 0.75 uM of RNA template
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(T-21 or T-22), 0.75 uM BVDV NS5B and 0.25 uM 5’-end labelled primer in a buffer
containing 20 mM Tris-HCI pH 7.5, 50 mM NaCl, 1 mM DTT, and 100 uM NTPs.
Reactions were initiated by the addition of 0.15 mM MnCl, and incubated at room
temperature for 30 minutes, unless otherwise stated. The effect of primer binding on
chain-termination was monitored in reaction mixtures as described above except that
each of the four NTPs was added at a constant concentration of 10 pM in the presence of
increasing concentrations of 3'-dNTPs (TriLink Biotechnologies). All subsequent chain-
termination reactions consisted of 100 uM ATP, 100 uM GTP, 100 uM UTP and 100 uM
3’-dCTP. The HCVA21 primer extension assay was conducted with the following
modifications: 1 pM T-20 template, 1 uM HCV enzyme and 200 nM 5’-end labeled
primer were added to a buffer containing 20 mM Tris-HCI pH 8.0, 10 mM NaCl, 1 mM
DTT, 0.2 mM MnCl, and 10 uM NTPs and incubated at room temperature for 60

minutes.

De novo initiation assay — Reaction mixtures for the de novo initiation assay are
similar to those described for the primer extension assay except that the concentration of
NTPs was modified to include 100 uM 3’-dCTP, 100 pM GTP, 100 uM UTP, 10 uM
ATP and 1 pCi [0->2P] ATP (Amersham). Reactions were initiated by the addition of
0.15 mM MnCl, and incubated at room temperature for 30 minutes, unless otherwise
stated. To monitor whether the products obtained during primer-dependent and de novo
initiation reactions are identical, GMP (Sigma) was added to de novo reactions at varied
concentrations. For both assays, reaction mixtures were stopped with 100 pl of a solution

containing 0.3 M NH4Ac, 1 pg bulk tRNA and 90 % isopropanol. Samples were
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precipitated with ethanol, heat-denatured for 5 minutes at 95°C, and resolved on 12 %
polyacrylamide—7M urea gels. Quantification of product bands was performed using a

phosphor-imager (Bio-Rad Molecular Imager FX).

Results

Experimental Design - Both the BVDV and HCV NS5B are capable of utilizing
dinucleotide primers to initiate RNA synthesis®> ?®, Such reactions could mimic early
stages of RNA synthesis immediately following the formation of the first phosphodiester
bond. Moreover, a complex with a dinucleotide primer has also been compared with an
initiation complex that contains GTP and the initiating NTPi in the G-site and P-site,
respectively”® %°. For the BVDV enzyme, the 5’-terminal guanosine of a 5°-GG-3’ or 5°-
GN-3’-type primer may thus occupy the G-site. Our recent biochemical studies provided
support for this notion’”. We have utilized a 5’-end labelled GG-dinucleotide primer and
a short 21-mer RNA template (T-21) as a model system to study the incorporation of
chain-terminating 3’deoxynucleotide triphosphates (3’-dNTPs). The 3’terminal CA-
sequence of the T-21 template provides only partial complementarity with the GG
primer; however, the efficiency of RNA synthesis was significantly higher as compared
to reactions with the matching GU primer. With the GG primer, we found that chain-
terminated elongation products were always a single nucleotide longer than one would
expect from the length of the template. These findings show that the 5’-terminal
guanosine of the primer can indeed extend beyond the 3’end of the template to interact

with the G-site, while the 3’terminal guanosine occupies the P-site?”. At the same time,
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these data raise the question as to whether G-site binding, and, in turn, “overhang
priming” may also occur when the dinucleotide GG primer is perfectly complementary to
the 3’end of the template. To address this issue, we devised a 22-mer as model RNA
template (T-22) that contains an additional cytidine at its 3’-terminus and is otherwise
identical to T-21 (Fig. 2A). This template is designed to allow both “overhang priming”,
which is indicative of specific interactions between G-site and the 5’terminal guanosine
of the dinucleotide primer, and “blunt-end priming”, which is indicative of perfect
Watson and Crick base-pairing between the two guanosine residues of the primer and the

two 3’terminal cytidines of the template (Fig. 2A).

With the T-21 template, the BVDV NS5B enzyme extends the GG primer to
generate a major full-length product of 22 nucleotides in length (Fig. 2B; left panel). In
contrast, we observed a mixture of products containing 22 and 23 nucleotides in length
when T-22 was utilized as a template (Fig. 2B; right panel). The mixture of products
points to differences in priming locations; however, it cannot be excluded that template
independent nucleotide additions may have confounded the results®®. Moreover, there are
also shorter products that point to truncations at the 5’end of the RNA template. To
control for these problems, we included chain-terminating 3’-dNTPs in the reaction
mixture and looked for the appearance of duplet bands that would unambiguously show
heterogeneous priming. Increasing concentrations of 3’-dCTP were added to reactions
containing either T-21 (Fig. 2C; left panel) or T-22 (Fig. 2C; right panel). The use of T-

21 shows a single band at position +7, while reactions with the T-22 template show two
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distinct bands at positions +7 and +8, which is indicative of blunt-end and overhang

priming, respectively.

Parameters affecting the ratio between overhang and blunt-end priming -
The incorporation of the first nucleotide requires that the NTP substrate binds to the N-
site. At the same time, the dinucleotide GG primer occupies the G- and P-site. Both the
dinucleotide primer and the nucleotide substrate must bind in this configuration to allow
the chemical step. However, the appearance of two distinct reaction products suggests
that the template strand is not located at a fixed position. The precise positioning of the
template may crucially depend on base complementarity with the incoming nucleotide.
To test this hypothesis, we varied systematically the concentration of the incoming
nucleotide opposite template positions n, n+1, n+2, and n+3 (Fig. 3A). The results show
that increasing concentrations of GTP (opposite template position n and n+1) provide
conditions that favor overhang priming (8-mer product) (Fig. 3B, lanes 5-8; right panel).
Low concentrations of GTP yield the shorter 7-mer product, which is gradually replaced
by the 8-mer product as the concentration of GTP increases (Fig. 3B, lanes 1-5; right
panel). Longer products are not seen, which indicates that priming cannot take place from
template position n. Two connected template nucleotides are perhaps required to stabilize
a fragile alignment between the two reacting residues that are located in the P- and N-

sites, respectively.

The effect of the incoming nucleotide on the positioning of the template becomes

evident with increasing concentrations of UTP, which is complementary to template
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position nt+2 (Fig. 3A). Increasing concentrations of this substrate facilitates RNA
synthesis through blunt-end priming (7-mer product) (Fig. 3B, lanes 5-10; middle panel).
Varying concentrations of ATP, that binds opposite template position n+3, has no effect
on the mode of priming (Fig. 3B; left panel). The ratio between overhang and blunt-end
priming remains unchanged when increasing the concentration of ATP. This result was
expected, since priming from position n+3 would involve a mismatch at the P-site (Fig.
3A). Together the data show that the template can freely move between two positions,
which allow both overhang priming and blunt-end priming. A third reaction product, that
migrates a little faster, is probably the result of an unspecific priming event that could
involve G: U misincorporation in the beginning of the reaction (asterisks, Fig. 3B). This
product is not seen in the absence of GTP, while it becomes dominant when increasing
the concentrations of GTP (Fig. 3B, lanes 5-10; right panel). Alternatively, it is also
possible that increasing concentrations of GTP may promote internal binding of the GG

dinucleotide.

De novo initiation versus dinucleotide-primed reactions - A dinucleotide is the
first reaction product during de novo initiation. After formation of the first
phosphodiester bond, the newly synthesized dinucleotide must translocate to clear the N-
site for the next incoming nucleotide. The dinucleotide would then occupy the G- and P-
site, which raises the question whether de novo initiation and dinucleotide-primed RNA
synthesis give rise to the same distribution of reaction products. To study which of the
two priming modes may adequately mimic events that take place during de novo

initiation, we looked at product formation in the presence of [a->°P] ATP (Fig. 4). Time
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course experiments show a single dominant product, and a faint band that migrates a little
higher (Fig. 4; middle panel). The spacing between both bands is reminiscent of the
spacing seen between the two products generated with the dinucleotide primer (Fig. 4;
left panel). However, the corresponding fragments do not co-migrate because the
initiating GTP utilized during de novo initiation remains attached to the product in its
triphosphate form, while the GG-primer contains a (radiolabelled) guanosine
monophosphate at its 5’terminus. To confirm whether these products are identical to
those obtained during primer-dependent synthesis, we tested the effects of increasing
concentrations of GMP during the de novo reaction (Fig. 4, lanes 9-16). We found that
increasing concentrations of GMP yielded reaction products that co-migrated with the
two products generated with the dinucleotide primer; however, the ratio of the two
reaction products differs significantly. Dinucleotide-primed synthesis favors the 8-mer

product, while de novo initiation provides conditions that favor the 7-mer product.

Mutational analysis of the G-site - The crystal structure of the BVDV NS5B
complex with GTP points to several residues that lie in close proximity to the guanine
base??. These include H499, R517, K525, and R529 that are found in close proximity to
the phosphate groups, and residues T320, P321, L322, Y581, and 1677 that are found in
close proximity to the base moiety. T320 and Y581 appear to interact through hydrogen
bonds with positions N1, N2, and O6 of guanine. We generated mutant enzymes to study
the effects of structural changes at crucial positions on both de novo initiation and
dinucleotide primed reactions. The efficiency of RNA synthesis was monitored in the

presence of increasing concentrations of GTP (Fig. 5). We found that de novo initiation
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with a T320A change is severely compromised (Fig. 5; right panel). In contrast, the
efficiency of dinucleotide primed RNA synthesis remains largely unaffected, which
shows that the active site of the enzyme is intact. Thus, this mutation affects selectively
the formation of the first phosphodiester bond during de novo initiation. We have also
tested the Y581F mutant that potentially disrupts hydrogen bonding between guanine 06
and the hydroxyl group of the side chain. However, this mutant behaves essentially like
the wild type enzyme (data not shown). It appears that the Y581F change alone may not

be sufficient to influence GTP binding.

Template positioning during initiation of RNA synthesis by HCV NS5B — We
next compared early events of RNA synthesis by BVDV and HCV NS5B. We devised
another model template, since T-21 and T-22 were poorly accepted by the HCV enzyme.
As for BVDV, we utilized a short synthetic RNA template (T-20) which contains two
cytidines at its 3’-end (Fig. 6). We observed the presence of single bands during
incorporation of the 3°-dGTP chain-terminator, which indicates that the HCV
polymerase, unlike the BVDV enzyme, preferentially positions the GG primer to bind
complementary to the 3’-end of the template (Fig. 6, lanes 3 and 5; left panel). Overhang
priming takes place only when the binding of at least two nucleotides is pre-established,
as in the presence of a GGG primer (Fig. 6, lane 3; right panel). Thus, a functionally

equivalent G-site, as described for the BVDV enzyme, is not evident in HCV NS5B.
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Discussion

A minimum requirement for de novo initiation of RNA synthesis by BVDV and
HCV RdRps involves binding of the initiating nucleotide (NTPi) to the P-site and binding
of the first NTP substrate (NTPi+1) to the N-site. Crystallographic data have shown that
the BVDV polymerase binds an additional GTP to a guanosine-specific binding site,
herein referred to as G-site, just upstream of the active center”. However, the functional
role of this GTP-binding pocket remains elusive. Based on structural comparisons
between the BVDV RdRp-GTP complex, and related polymerases with an RNA
template, with and without an incoming nucleotide, it has been suggested that the 3’-OH
of the bound GTP may help orient the 3’OH group of NTPi to attack the first nucleotide
substrate® 2% 3% 3L 32 The biochemical data shown in this study corroborates the
existence of a GTP binding site at this position; however, we invoke an alternative
functional role for the bound GTP. We provide strong evidence to show that binding of
GTP to the G-site can affect the precise positioning of the template, which leads us to
suggest that the bound GTP may facilitate the alignment between the 3’terminus of the
template and the priming nucleotide. Both suggestions are not mutually exclusive, and
the bound GTP could play a dual role in promoting de novo initiation by orienting the
priming nucleotide, and by controlling the positioning of the template. We developed a
model that helps to reconcile the biochemical and crystallographic data. This model
covers eatly stages during de novo initiation by BVDV NS5B, including the formation of
the first phosphodiester bond, polymerase translocation and incorporation of the second

nucleotide substrate (Fig. 7).
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A possible configuration with the bound nucleotides involved in the initiation
reaction is schematically shown in Fig. 7A. The G-site, P-site, and N-site accommodate
the three nucleotides involved: GTP, NTP1, and NTPi+1, respectively (step 1). The 3’end
of the template is located in close proximity to the priming position opposite to the
initiating NTPi. This model is supported by biochemical data showing that de novo RNA
synthesis yields products that match the length of the template (blunt-end priming);
however, the structural determinants that control the positioning of the template remain to
be defined. The study and comparison of dinucleotide primed reactions and de novo

initiation of RNA synthesis shed light on this problem.

Following catalysis, the enzyme must translocate relative to the newly
synthesized dinucleotide in order to clear the N-site for the next nucleotide substrate (Fig.
7A, steps 2 and 3). For polymerizing enzymes in the elongation stage, it is assumed that
the primer/template substrate forms a stable duplex that moves as a whole relative to the
enzyme. During de novo initiated reactions, such movement brings the 3’-end of the
newly synthesized dinucleotide to the P-site and its 5’-end to the G-site, while the
formerly bound GTP is released (Fig. 7A, step 3). The N-site is now accessible for the
next nucleotide, and its incorporation yields products that match the size of the template
(blunt-end priming). Our data show that blunt-end priming dominates during de novo
initiation. In contrast, dinucleotide-primed reactions give rise to longer products that
originate from overhang priming. To explain these data, we suggest that the template can
be repositioned to its initial location following translocation, and both complexes may

isomerize to equilibrium (Fig. 7A, step 4). We propose that the existence and occupancy
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of the G-site promotes template repositioning, which is illustrated in Fig. 7B. Following
enzyme translocation, the 5’-terminal G of the newly synthesized dinucleotide is either in
contact with the 3’terminal base of the template (complex 1), or with the G-specific
binding site (complex 2). It is unlikely that the 5’-terminal G can interact simultaneously
with the G-site and the complementary 3’end of the template strand, given that both
contacts engage positions 06, N1, and N2 of the guanine base?’. Thus, the repositioning
of the template appears to be facilitated by the loss of interactions with the 5’-terminal
guanosine of the primer strand (Fig. 7B, complex 2 and 3). The movement of the
template relative to the dinucleotide involves breakage of only a single base pair under
these conditions, which is probably compensated by the newly formed interaction
between the primer and the G-site. The intermediate complex, shown in Fig. 7B (complex
2), may not exist as illustrated. It is conceivable that the conformational change at the
5’terminal guanosine of the primer might be accompanied by, or even triggers template
repositioning. Regardless of the precise mechanism, the data suggest that the 3’terminal
cytosine of the template is unlikely to be found in the vicinity of the G-site if this pocket
is occupied with the 5’terminal guanosine of the primer. Thus, both the specifically
bound GTP during de novo initiation, and the 5’terminal GMP in the context of
dinucleotide-primed reaction, could restrict the free movement of the template and lock

its 3’-end in close proximity to the P-site.
Our data further support the notion that both complexes can isomerize to reach an

equilibrium. We found that the ratio of blunt-end priming and overhang priming depends

critically on the concentration of NTPs opposite template positions n+1 and n+2, which
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provides strong evidence to show that the template can indeed freely move between these
locations. The existence of an isomerization equilibrium can also explain why the de
novo reaction is preferentially blunt-end primed, while dinucleotides are preferentially
overhang primed. We suggest that the incubation of enzyme, dinucleotide primer, and
template pre-establishes the equilibrium, and the most stable configuration will
predominate. This appears to be the complex with the 5’-end of the primer interacting
with the G-site and the 3’-end of the template base-pairing with the 3’-end of the primer
(Fig. 7B, complex 3). As a result, overhang priming is favored. A dinucleotide product is
also generated during de novo initiation; however, in this case, blunt-end priming is
favored. Thus, binding and incorporation of the next nucleotide is probably faster than

the isomerization step and the ensuing repositioning of the template.

Taken together, the results of this study show that the GTP-binding site of the
BVDV RdRp can affect the positioning of the template strand, which, in turn, affects the
mode of priming. Such effects are not seen with the HCV enzyme (Fig. 6). In this case,
dinucleotide-primed reactions give rise to identical products that have been originated
from blunt-end priming. Overhang priming is only seen when initiating the reaction with
a trinucleotide GGG primer that extends beyond the 3’terminus of the template. It is
therefore unlikely that the HCV enzyme contains a functionally equivalent G-specific
binding site adjacent to the active site. Here the requirement for high concentrations of
GTP may have different reasons, which remains to be addressed®® 3% 3% 36 37 For the
BVDV enzyme, high concentrations of GTP, and, ultimately its binding to the G-site

could help orient the priming nucleotide, and binding of GTP may also help position the
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3’-end of the template to facilitate the formation of the first phosphodiester bond.
However, the comparison of reactions carried out by BVDV NS5B and the HCV enzyme

shows that de novo initiation by RNA polymerases is not necessarily based on a common,

unifying mechanism.
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Figure 1

G-site dependent De Novo Initiation

G P N
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Fig. 1. Schematic model of G-site dependent de novo initiation of RNA synthesis by
the BYDV RdRp. De novo initiation of RNA synthesis involves binding of the initiating
nucleotide (GTPi; red) at the priming or initiation site (P-site; white box) and binding of
the first NTP substrate (GTPi+1; blue) to the nucleotide binding site (N-site; purple box).
GTP (i-1; green) bound to the GTP-specific binding site (G-site; green box) is positioned
in such a way that its 3’-hydroxyl group is located in the vicinity of the a- and B-
phosphates of the initiating nucleotide. Specific binding sites for divalent metal ions
(pink circles A and B) are shown in close proximity to the a- ,-, and y- phosphates of

the first nucleotide substrate.
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Figure 2
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Fig. 2. Heterogeneous priming of the GG dinucleotide primer during primer-
dependent initiation of RNA synthesis. (A) Schematic representation of the
template/primer systems used in this study as well as possible binding positions of the
5’end-labelled dinucleotide primer (*GG, bolded) and expected full-length product sizes.
(B) Time course reactions comparing the extension of the 5’-end labelled GG
dinucleotide primer utilizing T-21 (left panel) and T-22 (right panel) as templates. Lanes
1-5 show reactions after 0, 5, 15, 30, and 60 min. (C) Incorporation of 3’-dCTP at
increasing concentrations during heterogeneous priming after a 30 min reaction. Lanes 1-
8 show reactions in the presence of 0, 1.5, 3.125, 6.25, 12.5, 25, 50, and 100 uM 3°’-
dCTP, while maintaining each of the four natural NTPs at 10 uM. Arrows denote chain-
termination incorporation sites while the asterisk denotes possible unspecific priming

events. Note that the numbering refers to the length of the primer.
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Figure 3
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Fig. 3. Effect of incoming nucleotide on template positioning. (A) Schematic
description depicting the priming position of the incoming nucleotides tested (bolded), as
well as the expected chain-terminated product lengths. Note that blunt-end priming
results in the formation of a 7-mer product while overhang priming forms an 8-mer
product. Site of 3’-dCTP incorporation is underlined. (B) Effect of increasing
concentrations of ATP (left panel), UTP (middle panel), and GTP (right panel) on
template positioning (lanes 1-12: 0, 2.5, 5, 10, 19.5, 40, 80, 156, 312.5, and 625 uM, and
1.25 and 2.5 mM). Reactions were conducted with the T-22 template and incubated for
30 min. Asterisks denote possible unspecific priming events such as G:U

misincorporation or internal binding of the GG primer.

126



Figure 4
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Fig. 4. Difference in template positioning during de novo and dinucleotide-primed
initiation. Time course experiments comparing the incorporation of 3’-dCTP during
dinucleotide-primed (left panel) and de novo (middle panel) initiation of RNA synthesis.
Reactions were conducted with the T-22 template and were incubated for 0, 5, 10, 15, 30,
45, 60, and 120 min (lanes 1-8). For de novo reactions, a mixture of GTP and UTP was
used at 100 uM and ATP at 1 pM to allow for the incorporation of [a-32P] ATP, which is
used as a tracer. To confirm whether the products generated between the two priming
modes were identical, GMP was added at increasing concentrations during de rovo
initiation for 30 min (right panel). Lanes 9-16 show reactions in the presence of 0, 19.5,
40, 80, 156, 312.5, and 625 pM, and 1.25 mM GMP. The 5’-end of the primer strand for
the dinucleotide-primed (GMP) and de novo (GTP) reactions, as well as positions of
products formed (double-arrows) are indicated. Asterisks denote possible unspecific

priming events such as G:U misincorporation or internal binding of the GG primer.
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Figure §
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Fig. 5. Effect of G-site specific mutation during de novo and dinucleotide-primed
initiation of RNA synthesis. Comparison of the effect of G-site specific mutation at
position T320A (A) with wild-type enzyme (B) on the incorporation of 3’-dCTP during
dinucleotide-primed (left panel) and de novo (right panel) initiation of RNA synthesis.
Lanes 1-12 show reactions that were allowed to proceed for 30 min in the presence of 0,
2.5,5, 10, 19.5, 40, 80, 156, 312.5, and 625 pM, and 1.25 and 2.5 mM GTP. Asterisks
denote possible unspecific priming events such as G:U misincorporation or internal
binding of the GG primer. The 5’-end of the primer strand for the dinucleotide-primed
(GMP) and de novo (GTP) reactions, as well as the positions of products formed (double-

arrows) are indicated.
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Fig. 6. Difference in template positioning between BVDV and HCV polymerases.
Each panel shows reactions conducted with the T-20 template and 5’-end labelled
dinucleotide (GG, left panel) or trinucleotide (GGG, right panel) primer during full-
length extension (lanes 2 and 4) or the incorporation of 3’-dGTP (lanes 3 and 5) by the
HCV (lanes 2 and 3) or BVDV (lanes 4 and 5) RdRp. Lane 1 is a control which shows
unextended primer. Reactions were incubated for 60 or 120 min, depending on whether
GG or GGG was used respectively. Template positions for the incorporation of 3’-dGTP
are underlined. Possible binding positions of GG and GGG primers are also shown. A
minor product, represented by an asterisk, is generated through blunt-end priming of the

GGG primer to the 3’-end of the template.
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Fig. 7. Model of GTP-facilitated de novo initiation of RNA synthesis by the BVDV
polymerase. (A) The initial stages of RNA synthesis by BVDV RdRp can be divided
into four steps: nucleotide binding (step 1), catalysis (step 2), translocation (step 3), and
template repositioning (step 4). In this model, repositioning of the template is triggered
by the bound GTP. (B) Following enzyme translocation, the 3’-end of the newly
synthesized dinucleotide occupies the P-site (white box) and the 5’-end interacts with the
complementary 3’-end of the template strand (complex 1). A conformational change at
the 5’-terminal guanosine of the primer strand initiates its loss of contact with the
templated base and facilitates specific interaction with the G-site (complex 2). The loss of
terminal base-pairing may trigger repositioning of the template to its original location.
RNA synthesis resumes with a 3’-recessed template (complex 3). The isomerization
equilibrium is controlled by the concentration of NTPs at template positions n+1 (GTP)

and n+2 (UTP).
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CHAPTER 4

CONSECUTIVE FOOTPRINTS OF THE BOVINE VIRAL DIARRHEA
RNA-DEPENDENT RNA POLYMERASE COMPLEXES DURING

ELONGATION

This chapter was adapted from a manuscript that is in preparation for submission

for Virology.
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Preface to Chapter 4:

Another area requiring additional characterization includes specific interactions
between the polymerase and its nucleic acid substrate after the initiation of RNA
synthesis. Our biochemical studies in Chapter 2 have shown that the BVDV RdRp
enzyme complex can be arrested at different positions along the template strand during
elongation. These arrested complexes are insensitive to the addition of heparin, indicating
that they are quite stable during elongation and thereby facilitate a footprinting approach.
As such, we developed a ribonuclease-based footprinting assay to obtain information
about catalytically active complexes that exist during the elongation of BVDV RNA

synthesis.
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Abstract

Little is known about the interaction between the bovine viral diarrhea virus
(BVDV) RNA-dependent RNA polymerase (RdRp) and its nucleic acid substrate. We
developed a ribonuclease (RNase) H-based footprinting assay to obtain information with
respect to the enzyme-nucleic acid interface during elongation of RNA synthesis.
Chimeric RNA-DNA templates were utilized as substrates for BVDV RdRp to generate
RNA/DNA hybrids that are recognized by E. coli RNase H. The BVDV polymerase was
able to extend the chimeric templates and E. coli RNase H mediated cleavage of the RNA
product strand. Footprints of arrested polymerization complexes suggest that the enzyme
complex sits on the template with a protection of 11 to 12 nucleotides in length.
Considering that the RNase H active center contacts the substrate by at least 5 base pairs,
we suggest that RdRp contacts the newly synthesized RNA with approximately 6 to 7
base pairs. This protection moves along the template according to the position where
RNA synthesis is arrested. This novel enzymatic footprinting technique facilitates the

study of mechanisms involved in polymerase elongation and translocation.
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Introduction

The pestivirus bovine viral diarrhea virus (BVDV) is one of the best characterized
members of the Flaviviridae family, which also includes the hepatitis C virus (HCV).
Both viruses contain a positive-strand RNA genome that encodes for a single polyprotein
that is processed by host and virally encoded proteases to generate mature structural and
nonstructural proteins required for viral assembly and viral genome replication!. The
NS5B protein (non-structural protein 5B) functions both as a catalytic RNA-dependent
RNA polymerase (RdRp) and as a cooperative RNA-binding protein that is required for

viral RNA synthesis, and therefore represents an important target for drug developmentZ;

3:4;5,6

Crystal structures of RdRps from various RNA viruses including HCV,
poliovirus, bacteriophage phi6, and BVDV have greatly expanded the knowledge of the

7, 8 9; 10; 11; s
12 Similar to other

structure and functions of this class of enzymes
polymerases, the general shape of RdRps resembles a right hand with fingers, palm, and
thumb domains. Unlike the open structures of most DNA polymerases, such as the
Klenow fragment from Escherichia coli (E.coli) and the human immunodeficiency virus
type-1 reverse transcriptase (HIV-1 RT), RdRps contain an encircled active site through
which the RNA template and NTP substrates must gain access” 1°. RdRps have also been

postulated to adopt an open conformational state, although this “open” form of the

enzyme is considered inactive'*.
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Despite the elucidation of several structures of RdRps, with or without an
incoming nucleotide, little is known with regards to the specific interactions between the
polymerase and its nucleic acid substrate. This is in part due to the fact that most of the
crystallographic data available do not include structures of the enzyme associated with an
RNA template. As such, several models of the ternary complex and of RNA template
binding have been proposed on the basis of structural comparisons among the available
RdRp structures, in particular to that of the related bacteriophage phi6 polymerase® ! 1%,
In fact, the phi6 structural data has provided the framework for biochemical studies on
the initiation mechanism of RNA synthesis by RdRps'!. According to this model, the
template strand enters a highly charged template channel leading to the active site of the
enzyme. Initially, the template overshoots the active site and binds to a specificity pocket
within the C-terminal domain. In the presence of incoming nucleotides, however, the
template ratchets back to the active site to form the initiation complex. One intriguing
feature of the phi6 initiation complex is the presence of a C-terminal platform loop that
protrudes into the active site and forms stacking interactions with the incoming
nucleotides. A similar structural element known as the B-hairpin has also been identified
in the thumb domain of both HCV and BVDV RdRp, and has been suggested to stabilize

e 7,8,9;12;1
the initiation complex” %% 1216,

Although several biochemical studies have analyzed how the RNA template can
interact with the NS5B polymerase to form a stable initiation complex, little information
is know about specific interactions between the enzyme and its nucleic acid substrate
during elongation. Our previous biochemical studies on BVDV RdRp have shown that

the enzyme complex can be arrested at different positions along the template strand
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during elongation through the incorporation of chain-terminating nucleotides. These
complexes are heparin stable which facilitates a footprinting approach'’. Here we
developed a ribonuclease (RNase) H-based footprinting assay to obtain structural
information on catalytically active complexes that exist during the elongation of BVDV
RNA synthesis. RNase H enzymes are a class of RNA-binding proteins that specifically
cleave the RNA moiety of RNA-DNA hybrids'®. As such, chimeric RNA-DNA templates
were utilized as substrates for BVDV RdRp to generate RNA/DNA hybrid products that
are recognized by E. coli RNase H. Footprints of arrested polymerization complexes
suggest that the BVDV RdRp contacts the newly synthesized RNA with approximately 6
to7 base pairs. The priming strand beyond 6 to 7 base pairs is cleaved by E. coli RNase
H. These findings suggest that the primer and template maintain their duplex form and

share the same exit.

Materials and Methods:

Enzymes and nucleic acids — Construction of the plasmid used for the expression
and purification of BVDV NS5B containing a deletion of 24 C-terminal residues
(BVDVA24) was performed as described previously'’. Briefly, the DNA sequence
encoding BVDV NS5B (pACNR/BVDV NADL-Xbal) was cloned into the bacterial
expression vector pET21b (Novagen), which contains a polyhistidine tag at the C-
terminal end to allow for affinity purification'®. The sequence of the NS5B protein was
confirmed by sequencing at the McGill University and Genome Quebec Innovation

Centre. The final BVDV enzyme preparation was dialyzed against a buffer containing
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10mM Tris-HCI (pH 7.5), 10% (v/v) glycerol, SmM DTT, 600mM NaCl and stored at

-80°C in 50% glycerol.

The chimeric RNA/DNA template substrates utilized in this study include:

R/D1: 5°-CCT CTA TAC AGC TTC ATA CTT TCT AAu ucu cua uac-3’;

R/D2: 5°-CCT CTA TGC ACC TTC ATA CTT TCT AAu ucu cua uac-3’;

R/D/R5: 5°-cgu cua aac ugc cac a ACC CAC ACA CAC aca cac aac-3’;

R/D/R6: 5°-cgu cua aac uge cac ac ACC CAC ACA CAC aca cac aac-3°;

R/D/R7: 5°-cgu cua aac ugc cac aac ACC CAC ACA CAC aca cac aac-3’;

with the RNA portion of the templates represented by lower-case letters and the DNA
portion by upper-case letters. All chimeric oligonucleotides were chemically synthesized
and purified by UV shadowing at 254nm on 8% denaturing polyacrylamide gels. Purified
templates were eluted from excised gel slices in a buffer containing 500mM NHyAc and
0.1% SDS. After ethanol precipitation, the concentration of nucleic acids was determined
spectrophotometrically. 5° end-labelling of the dinucleotide RNA primer, 5°-GG-3’, was
performed wusing T4 polynucleotide kinase and [y-32P]ATP according to the

manufacturer’s recommendation (Invitrogen).

Nucleotide Incorporation Assay — Standard nucleotide incorporation assays

were conducted in a primer-dependent manner. In a reaction volume of 20ul, 0.75 uM
chimeric template, 0.75 pM BVDV NS5B and 0.25 uM 5’-end labelled GG primer were

added to a buffer containing 20 mM Tris-HCI pH 7.5, 50 mM NaCl, 1 mM DTT and 100
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uM NTPs. Reactions were initiated by the addition of 0.15 mM MnCl, and incubated for

30 minutes at room temperature.

E.coli RNase H Protection Assay — E.coli RNase H protection assay was
monitored in reactions similar to those described above except that 100 pM of the
nucleoside analogue, 3°-dCTP or 3’-dATP (TriLink Biotechnolgies), replaced the natural
NTP in the reaction to arrest the BVDV enzyme complex at specific positions along the
template strand. Reaction mixtures were initiated by the addition of 0.15 mM MnCl, and
incubated at room temperature for 30 minutes. The resulting RNA-DNA hybrid product
was then subjected to cleavage by the addition of a combined mixture of increasing
concentrations of E. coli RNase H (MBI Fermentas) and 8 mM MgCl, RNase H
preparations were diluted from stock solutions directly before use. Reactions were
incubated at 37°C for 10 minutes. For control purposes, the enzyme complex was heat
inactivated at 95°C for Sminutes followed by the re-annealing of the RNA-DNA hybrid
product at 72°C for 15 min and slow cooling to room temperature, prior to the addition of
1.25U of E. coli RNase H. All reaction mixtures were stopped with 100 pl of a solution
containing 0.3M NHjAc, 1pg bulk tRNA and 90% isopropanol. Samples were
precipitated with ethanol, heat-denatured for 5 min at 95°C, and finally resolved on 12 %

polyacrylamide—7M urea gels.
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Results:

Experimental Rationale — A number of reagents, either enzymatic or chemical
that promote specific cleavages in RNA or DNA are available and can be utilized in
footprinting assays>’. For our purposes, the use of enzymes were chosen over a number of
possible chemical cleavage agents because the extent of digestion with an enzyme is
easily controlled and the end-chemistry at the site of cleavage is homogeneous (i.e., one
cleavage product produced by cutting corresponds to one nucleotide position on the
template). Our previous biochemical studies on BVDV RdRp have shown that the
enzyme complex can be arrested at different positions along the template strand during
elongation, through the incorporation of chain-terminating nucleotides'’. These
complexes are heparin stable, thereby facilitating a ribonuclease footprinting approach

that requires the preparation of arrested homogeneous enzyme complexes.

Chimeric RNA-DNA templates containing unique sites of incorporation for the
chain-terminator 3’-dCTP were utilized as substrates for the BVDV polymerase (Fig.
1A). We tested the ability of BVDV RdRp to generate RNA/DNA hybrid products with
chimeric templates R/D1 and R/D2 (Fig. 1B). We observed that the BVDV enzyme
efficiently extends both templates to generate full-length products 36 nucleotides in
length, as well as efficiently incorporates the CTP chain-terminator at position +26 or
+29 for templates R/D1 or R/D2, respectively (Fig. 1B). The presence of homogenous

products indicates that chain-termination is highly efficient.
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RNase H footprints of arrested polymerization complexes — Throughout this
study, we utilized a 5’-end labelled GG dinucleotide primer to monitor the formation of
specific cuts generated after the addition of E. coli RNase H to arrested polymerization
complexes. Given the low percentage of active BVDV enzyme complexes (Fig. 1B), the
use of a labelled primer facilitates the analysis of only those complexes that are
catalytically active. A schematic description detailing the components of the RNase H-
based footprinting assay utilized is shown in Fig 2A. Essentially, the addition of E. coli
RNase H to arrested polymerization complexes cleaves the RNA portion of the RNA-
DNA hybrid product synthesized by the BVDV polymerase. With this approach, we
compared the footprints generated when catalytically active enzyme complexes were
arrested at either template position +26 (R/D1) or +29 (R/D2) (Fig. 2B). The resulting
footprints show two specific cuts at positions +13 and +14 with both templates (Fig. 2B,
right and left panels). The strong cut at position +13 corresponds to the template position
3 base pairs away from the RNA-DNA junction. The inability of E.coli RNase H to
cleave up to the hybrid junction may result from steric effects or a loss of substrate
specificity. We also observed the appearance of three additional cuts when the enzyme
complex was arrested on template R/D2 as compared to R/D1 (Fig. 2B, right panel). This
is consistent with the fact that the site of incorporation of 3’-dCTP is moved by 3
nucleotides, allowing the bases that are normally protected on the R/D1 template to
become cleaved (Fig. 2B, right panel, lanes 2-4). Based on these results, we determined
that the catalytically active enzyme complex sits on the template substrate with a

protection of approximately 11 to12 nucleotides in length, and that this protection moves
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along the template according to the position where RNA synthesis is arrested (Fig. 2B

and 2C).

The cleaved products appear to be RNase H-specific. The cuts increase with
increasing amounts of E.coli RNase H, and are absent when RNase H is not added to the
reaction (Fig. 2B, lane 1). The arrested enzyme complexes are also considerably stable.
The fact that the site of protection is observed over the course of the reaction indicates
that the interaction between the polymerase and the template substrate is stable. This
protection is no longer visible when the complexes are heat inactivated at 95°C, prior to
the addition of RNase H, as represented by a ladder of cleaved products (Fig. 2B, lane c).
As well, the overall range of RNase H concentrations over which ‘single-hit’ conditions
can be obtained was found to occur between 0.08 and 0.3 units (U) (Fig. 2B, lanes 2-4).
Further increases in RNase H concentrations led to over-cleaved products (Fig. 2B, lanes
6-7). It is important to note that the amount of RNase H required for effective ‘single-hit’
conditions, such that less than 50% of the RNA is cut during the reaction, was optimized

for each template utilized.

Translocation of catalytically active enzyme complexes along the template
strand - We next modified our footprinting assay to include the use of short RNA-DNA-
RNA chimeric templates for the following reasons: i) to arrest the BVDV enzyme
complex on its natural RNA substrate; ii) to determine the minimum RNA template
length required before the RNA-DNA junction to generate an RNase H-specific cut; iii)

to change the site of incorporation of specific chain-terminators; and finally iv) to
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confirm whether arrested enzyme complexes can move along the template strand (Fig.

3A).

The results of the footprinting analysis with chimeric templates R/D/R5-7 are
consistent with the previous cleavage patterns obtained (Fig. 3B). With all templates, a
strong cut was observed at position +13, located 4 base pairs away from the RNA-DNA
junction (Fig. 3B, lane 3°-dCTP/+H). As noted previously, the RNase H enzyme induces
cleavages not more than 3-5 nucleotides away from this junction, presumably because
this positions its binding region on an RNA-RNA hybrid for which it exhibits
significantly lower affinity. The RNA template length downstream of the RNA-DNA
junction appears to have a direct effect on the number of cleaved products. The addition
of RNase H to substrate R/D/R7, which contained the longest RNA region of 9
nucleotides when arrested with 3°-dATP, generated four specific cleavage products (Fig.
3B, right panel, lane 3’-dATP/+H). Increasing this length further did not generate a
greater number of RNase H-specific cuts, as observed in the heat inactivation control
(Fig. 3B, lane Heat/+H). Similarly, we were able to monitor enzyme translocation along
the template strand. For instance, RNase H digestion of substrate R/D/RS resulted in two
cleavage products when the enzyme complex was arrested with 3°-dCTP, as opposed to
three cleavage products when arrested one position further downstream with 3’-dATP
(Fig. 3B, left panel). As in Fig.2, analysis of the RNase H digestion products suggests
that the catalytically active enzyme complex generates a protection of approximately 11

to 12 nucleotides in length. Notably, the footprints generated with these substrates appear
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to have a higher level of background cutting. This can be attributed to the presence of

Mg?" in the reaction.

Discussion

Although considerable progress has been made in determining the structure of
RdRps, little 1s known about specific interactions between the polymerase and its RNA
template substrate after the initiation of RNA synthesis. Here we report the development
of an RNase H-based footprinting technique that enables the study of the interaction
between the BVDV polymerase and its nucleic acid substrate during elongation of RNA
synthesis. An interpretation of our footprinting results is modeled in Figure 4. We
designed our experiments to study footprints of arrested BVDV polymerization
complexes. The results of our footprinting assay suggest that the catalytically active
enzyme complex sits on the template substrate with a protection of approximately 11 to
12 nucleotides in length, and that this protection moves along the template strand
according to the position where RNA synthesis is arrested. Studies on the E.coli RNase H
enzyme have shown that 4 to 5 base pairs of the substrate are accommodated by the
RNase H active center'®. As such, we suggest that the active site of the BVDV RdRp
contacts the newly synthesized RNA with approximately 6 to 7 base pairs. At this time, it
is not known if the polymerase is completely stationary on the RNA template substrate, or
if it can passively slide along the template strand. Sliding might allow bases that are
normally protected to become susceptible to cleavage. Given these considerations, an

exact length of protected bases would be difficult to state using this approach.
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Nonetheless, it should be noted that our findings of a protection of 6 to7 base pairs in
length is in some agreement with molecular modeling studies on the HCV RdRp®* °. In
these studies, interactions of the HCV RdRp with a nucleic acid substrate, as inferred
from the comparison with the crystal structure of HIV-1 RT in a ternary complex with
DNA and incoming nucleotide, suggest that at least 5 nucleotides of the template region
are in direct contact with the HCV polymerase’. Several other groups have analyzed
RNA binding by RdRps during initiation of RNA synthesis®" %% 2 2% 25 For instance,

1.2 have determined that 7 nucleotides is the minimal size of RNA template

Kim et a
required for stable binding of the HCV RdRp. Consistent with their findings are the
results obtained in previous biochemical studies on the poliovirus 3DP%, the BVDV
RdRp* and HCV polymerase® 2% % all of which suggest that 6 to 8 nucleotides of the
template RNA can interact with the RdRp to form a stable initiation complex. The RNase
H-based footprinting assay described here, however, enables the study of catalytically
active enzyme complexes after the initiation of RNA synthesis. The results of our study
suggest that BVDV RdRp contacts the RNA template with approximately to 6 to 7 base
pairs during elongation. The priming strand beyond 6 to 7 base pairs is cleaved by E.coli
RNase H. These findings further suggest that that the primer and template maintain their
duplex form and share the same exit. Based on this observation, we consider the possible

positioning of the NS3 helicase upstream of the polymerase acting to unwind the double-

stranded product as it exits the active site.

To date, this is the first footprinting of a viral RdARp enzyme complex on its RNA

template substrate during elongation of RNA synthesis. An understanding of the nature of
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the contacts made between the polymerase and its nucleic acid substrate during initiation
or elongation of RNA synthesis may help determine the specific locations and functions
of the accessory proteins within the RNA replication complex. The possibility that the
RdRp-RNA interaction changes as the enzyme enters different stages of RNA synthesis
cannot be excluded. Other polymerases, such as DNA-dependent RNA polymerases, are
known to change their interactions with the template during different stages of
transcription®® 27 2, Several lines of evidence suggest that RdRps also adopt different
conformations during different stages of RNA synthesis, or upon binding to different
RNA templates'® '® % It has been suggested that the thumb domain undergoes a
conformational change involving the movement of the B-hairpin, to accommodate the
growing double-stranded product during elongation'®. The elucidation of two different
crystal structures of the HCV RdRp from genotype 2a further demonstrates that the
polymerase can exists in two different conformations; a “closed” conformation that is
believed to be the active form of the enzyme, and an “open”, inactive form'*, Finally, it
has been demonstrated that the HCV polymerase alters its conformation to bind circular

RNA, which then serve as templates for the initiation of RNA synthesis®’.

Overall, the RNase H-based footprinting approach described in our study has
provided novel insights into the binding properties of the BVDV polymerase during
elongation. The development of this novel footprinting technique may be used in the
future to facilitate the study of mechanisms involved in polymerase elongation and
translocation. Ultimately, our data can aid in determining the effects of antiviral

compounds on RdRp-RNA interactions. Information regarding this interaction would be
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an obvious advantage when attempting to design specific inhibitors with improved

antiviral efficacy.
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Figure 1: Use of RNA-DNA chimeric templates as substrates for BYDV RdRp.

(A) Schematic representation of the chimeric RNA-DNA template systems, R/D1 and
R/D2, utilized. The site of incorporation of 3’-dCTP is bolded. Note that the RNA portion
of the template is represented by lower-case letters while the DNA portion is in upper-
case letters. The template sequence that generates an RNA-DNA product is boxed in light
grey. (B) Primer extension assay comparing full-length extension (left panel) and
incorporation of 3’-dCTP (right panel) with templates R/D1 (lane 1) and R/D2 (lane 2).

The site of incorporation for 3'-dCTP occurs at positions +26 (R/D1) or +29 (R/D2).
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Figure 2
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Figure 2: Footprints of arrested polymerization complexes generate a protection of
11 to 12 nucleotides. (A) Schematic description of the components involved in the
RNase H-Based footprinting assay. A series of RNA-DNA chimeric templates were
utilized as substrates for BVDV RdRp (step 1). The RNA portion of the template is
represented by the light grey box, while the DNA portion by the dark grey box. RNA
synthesis is initiated through the extension of a 5’-end labeled dinucleotide primer
(asterisk) bound to the 3’-end of the template and takes place until the incorporation of
specific nucleoside analogues (black box), generating an RNA-DNA hybrid product (step
2). Addition of E. coli RNase H cleaves the RNA portion of the RNA-DNA hybrid that is
not protected by the arrested polymerization complex, as visualized by a series of
radiolabelled bands on denaturing polyacrylamide gels (step 3). (B) Comparison of the
footprints generated by BVDV NS5B with chimeric templates R/D1 and R/D2. RNA
synthesis proceeded until the incorporation of 3'-dCTP at position +26 (R/D 1, left panel)
or +29 (R/D 2, right panel). Lane ¢ shows a control reaction in which the arrested enzyme
complex was heat inactivated at 95°C for 5 minutes, prior to the addition of 1.25U of E.
coli RNase H. Lanes 1-7 show reactions in the presence of increasing concentrations of
E. coli RNase H: 0U, 0.08U, 0.15U, 0.3U, 0.6U, 1.25U, and 2.5U. The asterisk represents
a cut close to the RNA-DNA junction at template position +13. Note that the numbering
refers to the length of the template. (C) Schematic description of the footprint pattern
obtained in (A). The catalytically active enzyme complex (circle) sits on the template
substrate with a protection of 11 to12 nucleotides in length, and moves along the template

according to the position where RNA synthesis is arrested.
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Figure 3
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Figure 3: Translocation of arrested enzyme complexes. (A) Schematic representation
depicting the modified chimeric RNA-DNA-RNA template systems (R/D/R 5-7) utilized
in this experiment. Site of incorporation of chain-terminators, 3’-dCTP (bold) and 3’-
dATP (shadowed), as well as the template length prior to the RNA-DNA junction
(underlined) are highlighted. Note that the RNA portion of the template is represented by
lower-case letters while the DNA portion in upper-case letters. (B) RNase H-based
footprinting assay comparing the protection generated by arrested enzyme complexes on
templates R/D/R5, R/D/R6 and R/D/R7. Incorporation of 3’-dUTP served as a control for
the specific assignment of the positions of cleaved products obtained. The asterisk
represents a cut close to the RNA-DNA junction at template position +13. Numbering

refers to the length of the template.
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Figure 4: Schematic model of the interaction between BVDV RdRp and its nucleic
acid substrate during elongation. Catalytically active enzyme complexes are arrested
on RNA/DNA substrates (light grey /dark grey) through the incorporation of chain-
terminating nucleotides (black square). An overall protection of 11-12 base pairs in
length is generated, with the active site of the BVDV RdRp (clear circle) contacting the
RNA template by 6 to 7 nucleotides, and the active site of E. coli RNase H (grey circle)

accommodating 4 to 5 base pairs of the substrate.
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GENERAL DISCUSSION

5.1 Initiation vs. Elongation

The HCV replication complex is composed of several multi-domain enzymes that
exhibit important activities such as unwinding, RNA synthesis, and protease activities.
Elucidating the roles of the individual proteins will help advance both structural and
functional studies on the replication complex as a whole. Currently, the structure and
functions of many of the HCV non-structural proteins have been determined. While all
proteins of the complex play an important role in replication, the RdRp is a key enzyme
that is absolutely essential for the RNA replication process, and is often the target of
antiviral drug development. To understand the polymerase, it is important to examine
both the initiation and elongation stages of RNA synthesis. Despite the increasing
number of studies on the characterization of RdRp activity and structure, the precise
molecular mechanism of how HCV RNA synthesis is initiated, terminated, and regulated
remains unclear. The fact that there are currently only poorly defined mechanisms of
RNA synthesis impedes the precise evaluation of antiviral inhibitors that can specifically
target the initiation and/or elongation stages of HCV replication. Evidently, precise
knowledge of the different steps of RNA synthesis can serve as a molecular basis for the
evaluation of antiviral compounds, as well as help determine the extent of discrimination
of these inhibitors at the polymerase active site during initiation or elongation. A better
understanding of the mechanism and regulation of HCV RNA replication is now possible
with the use of replicons and the recent development of the JFH-1 model system, which

ultimately permits the study of the entire HCV life cycle. At the time when I began my
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PhD studies, these models systems were not available. Related viruses such as BVDV
were used as surrogate model systems to study HCV replication. Despite the many
similarities between both viruses in terms of their replication cycle and genetic
organization, it is clear from the experiments described in this thesis that there are
inherent differences in the activities of RdRp from HCV and BVDV, and that generally
polymerases from the same viral families do not necessarily share a common, unifying

mechanism of initiation of RNA synthesis.

The postulated HCV RNA replication process is a two-step mechanism. First,
initiation of RNA synthesis begins at or near the 3' end of the positive strand RNA
genome. Although still unclear, it is generally accepted that primer-independent (de
novo) synthesis is the more biologically relevant mechanism of initiation for HCV and
BVDV replication. De novo initiation consists of the addition of an NTP to the 3'-
hydroxyl group of the first initiating nucleotide. During elongation, this nucleotidyl
transfer reaction is repeated with subsequent NTPs to generate a complementary RNA
product. In the past few years, de novo initiation of viral RNA synthesis has been the
focus of many studies, which have provided most of what is known now about the
specificity and requirements for initiating RNA synthesis de novo. For instance, the
specificity of cytidylate as the preferred template initiation nucleotide has been
identified"®> 7 1% 22 the involvement of the B-hairpin and the regulatory motif in the
C-terminal tail of RdRp in this initiation process has been demonstrated'®" 9% 1% and the
requirements for high concentrations of the initiation nucleotide has been proven®’": 2%

204 2% However, the observation that both BVDV and HCV NSS5B enzymes form
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specific GTP binding sites'®” '®, combined with the fact that GTP is the preferred NTPi
in vitro, raised the possibility that the binding of GTP to the GTP-specific binding site
might be an important step required during the initiation of RNA synthesis. In order to
contribute to the characterization of the initiation step, we studied the functional role of
this G-site during BVDV and HCV initiation. In the HCV enzyme, crystallographic data
have pointed to the existence of a so-called “allosteric” or surface GTP binding site
located behind the thumb domain, approximately 30A away from the catalytic site'®?. In
contrast, the structure of the BVDV polymerase bound to a GTP substrate revealed the
existence of a G-site located in the vicinity of the active site of the BVDV enzyme, just
upstream of the priming site (P-site) and nucleotide binding site (N-site)'®>. In Chapter 3,
we showed that the binding of GTP to this G-site in the BVDV enzyme affects the
precise positioning of the template during de novo synthesis, thereby stressing the
functional importance of GTP binding to the G-site during initiation of RNA synthesis.
Our data suggest that the bound GTP plays an important role in promoting de rovo
initiation by facilitating the alignment between the 3’terminus of the template and the
priming nucleotide, and by preventing the template to overshoot and extend beyond the
active site of the polymerase. Previous structural data on the BVDV polymerase has
suggested that the 3’-hydroxyl group of the bound GTP may also help orient the

3’hydroxly group of NTPi to attack the first nucleotide substrate'®’

. As such, we propose
that the bound GTP plays a dual role during de novo initiation by orienting the priming
nucleotide, and by controlling the positioning of the template. Such effects are not seen

with the HCV enzyme, indicating that the requirement for high concentrations of GTP

plays a different role in promoting efficient de novo synthesis. It is speculated that, in the
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case of HCV NS5B, binding of GTP to the GTP binding site might trigger a
conformational change in the enzyme. This change might involve movement of the p-
hairpin away from the active site or allow for alternative interactions between the fingers
and thumb domains which, in turn, may render efficient de novo initiation. Based on the
results of Chapter 3, we also conclude that unlike the BVDV polymerase, the HCV
enzyme does not contain a functionally equivalent GTP-specific binding site adjacent to
the active site. This observation is in agreement with the HCV polymerase crystal
structure which shows that this GTP position corresponds to a cavity filled with water
molecules'®, but differs from the structural model proposed by Ferron er al.**. In their
model, a GTP molecule was docked in the HCV polymerase structure to determine
whether a GTP pocket next to the active site can accommodate GTP in a similar manner
as observed for BVDV RdRp. The model suggests that motif E, proposed to be part of the
P-site, may also constitute a specific pocket to which the binding of a GTP molecule is
needed to hold the initiation complex together. The role of this bound GTP comes into
play once the first reaction of initiation occurs. Here the template enters the pocket and
stacks against the guanine base of the motif E GTP. This stacking triggers a
rearrangement of the guanine base pushing GTP toward the p-hairpin, which
consequently induces a partial movement of the hairpin to accommodate the elongation
of the growing RNA strand. This first rearrangement corresponds to previous kinetic data
which shows that the N2 to N3 polymerization reaction is a rate-limiting stepzso. The
authors also sﬁggest that the reorganization of the thumb domain, through binding of a
GTP molecule at the “allosteric” G-site located away from the active site, results in the

complete opening of the B-hairpin, and allows the double-stranded RNA molecule to exit
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the active site. Given that the corresponding -thumb region in the BVDV RdRp shows
higher conformational flexibility than that in HCV RdRp'®, it is unlikely that GTP
binding to the G-site in BVDV induces a similar conformational change. Additionally,
the proposed role of GTP in HCV initiation is based on a structural model and not on
experimental findings. The possibility that the role of GTP binding in the HCV NS5B
enzyme may require different enzyme conformations with different catalytic properties
remains to be established. Nonetheless, the structural model described above and the
conclusions made in Chapter 3 highlight some of the significant differences in the role(s)
of GTP during de novo initiation of RNA synthesis by both HCV and BVDV RdRps.
Additional experiments exploring the role of GTP, especially in other experimental
systems (i.., subgenomic replicons, JFH-1 cell culture system, etc.) and with other
related viruses will definitely provide a more accurate model of de novo synthesis, and
aid in the characterization of the distinct steps involved in the initiation process. Precise
knowledge of these steps is considerably important for the design of potent HCV
inhibitors targeting the initiation of HCV RNA replication. This knowledge may also
help in achieving optimal combinations of HCV polymerase inhibitors for effective
therapeutic purposes. Given that initiation of RNA synthesis is likely the rate-limiting
step in HCV replication, inhibitors targeting the initiation step might prove to be more
potent than elongation inhibitors in vivo. For instance, it has been demonstrated that
entecavir, a specific HBV initiation inhibitor, blocks viral genome replication with
greater efficiency as compared to lamivudine (3TC), which inhibits the elongation

s‘[ep2 3

172



Further investigation is also needed to confirm whether GTP is the preferred NTPi
in vivo. In their study, Cai et al.”? have found that the replication of both positive- and
negative-strand RNAs of the subgenomic HCV replicon was selectively initiated with
ATP rather than with GTP. The authors attributed this discrepancy due to differences in
the sequence and/or structure of the HCV RdRp between different viral isolates. For this
reason, it would be interesting to identify the specific amino acids and/or structures of the
HCV polymerase that are involved in discriminating incoming NTPs for efficient
initiation in vivo. Additional studies are required to determine whether the site of HCV
replication or the nucleotide pools within the infected cell can affect the selection of
nucleotides used. Alternatively, the environmental conditions within the infected cell,
along with the presence of other viral and cellular proteins may also affect binding of
GTP to the G-site in both HCV and BVDV RdRp. The possibility that occlusion of the
active site by the C-terminal domain of the NS5B protein, which has been truncated in
our studies, may effect template positioning and/or GTP binding during initiation cannot
be excluded. Although it is certain that advances remain to be made, our model of de
novo initiation reveals remarkable new facets into the role of GTP during de novo
initiation of BVDV replication, and can be utilized to shed light on the similarities and

differences between the initiation mechanisms among viral polymerases.

In line with the goal of examining the different stages involved in the viral
replication process, we studied the interaction between the polymerase and its nucleic
acid substrate during elongation of RNA synthesis. Although considerable progress has

been made in determining the structure of viral RdRps, either alone or in the presence of
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an incoming nucleotide'” 8% 181 182 Jittle data exists regarding how the enzyme interacts
with its template after the initiation of RNA synthesis. The RNase H-based footprinting
strategy devised in Chapter 4 has a generic application for the study of protein-nucleic
acid complexes. Footprinting techniques serve as powerful tools that are often utilized for
investigating the DNA or RNA binding sites of proteins, oligonucleotides, and small
molecules. These methods provide rapid results pertaining to the sequence, location, size,
and affinity of each site in a single molecule. We therefore designed our experiments to
look at the footprinting pattern of arrested BVDV polymerization complexes. The
combined results of our footprinting assay suggest that BVDV RdRp contacts the newly
synthesized RNA with approximately 6 to 7 base pairs. At this time, it is not known if the
polymerase is completely stationary on the RNA template substrate, or if it can passively
slide along the template strand. Sliding might allow bases that are normally protected to
become susceptible to cleavage. Given these considerations, an exact length of protected
bases would be difficult to state using this approach. Nonetheless, it should be noted that
our findings of a protection site of 6 to7 base pairs in length is in some agreement with
molecular modeling studies on the HCV RdRp'®'. To date, this is the first footprinting of
a viral RdRp enzyme complex on its RNA template substrate during elongation. The
development of this novel enzymatic footprinting technique may be used in the future to
facilitate the study of mechanisms involved in polymerase elongation and translocation.
As with HIV-1 RT, this technique can be expanded upon to study whether parameters
such temperature, the nature of the nucleic acid substrate, the concentration of the next
complementary nucleotide, or the mutational background of the enzyme can affect

enzyme translocation. Our data can also aid in determining the effects of these
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compounds on the RdRp-substrate interactions during inhibition of RNA synthesis.
Additionally, the RNase H-based footprinting strategy can be used to characterize the
binding properties of the polymerase with respect to other viral proteins within the
replication complex. Based on our results, it is assumed that the NS3 helicase is
positioned ahead of the polymerase to unwind the double-stranded product as it exits the
active site. It would be interesting to confirm this observation and determine whether the
presence of the NS3 helicase modifies the contact between the polymerase and its

template substrate during polymerization.

A question that usually arises is whether the C-terminal domain of the NS5B
protein should be included for enzymatic characterization studies. While it is true that the
full-length protein is more native than its truncated version, the possibility that the
presence of this hydrophobic anchor domain may cause aggregation or interfere with the
stability of the remainder of the NS5B protein cannot be excluded. Given that the
experiments presented in this thesis were conducted utilizing a C-terminal truncated form
of the BVDV polymerase, it is important to explore whether the presence of this C-
terminal domain plays a functional role during BVDV polymerization in vivo. The use of
the full-length BVDV RdRp or the addition of crude extracts of virally-infected cells to
the footprinting assay may help shed some light on this topic. The choice of probing
nuclease also warrants discussion. While it is technically easier to utilize a nuclease that
specifically degrades dsRNA molecules, E. coli RNase H was chosen for enzymatic
probing to facilitate the analysis of only enzymatically active BVDV enzyme

preparations, given that crystallographic data on E. coli RNase H is available®>.
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Overall, this classical footprinting approach has provided novel insights into the
binding properties of the BVDV polymerase during elongation, and has initiated research
into a relatively new field for viral RdRps. Eventually, this approach can be expanded
upon to establish site-specific footprinting techniques that can be used to monitor the

precise positioning of the protein on its nucleic acid substrate.

5.2 Future Therapeutic Implications

The recurring theme throughout this thesis is to advance research with the
ultimate goal of improving drug design for the development of effective polymerase
inhibitors. As mentioned in Chapter 1, several anti-HCV nucleoside analogues have

1% Most of our understanding of

already yielded promising results in early clinical trials
the mechanism of action of nucleoside analogues comes from studies performed on HIV-
1-RT and its nucleoside inhibitors. Through these studies, it has been determined that
there are two major biochemical mechanisms associated with resistance to this specific
class of compounds, which include increased rates of phosphorolytic excision, or
improved discrimination between the nucleoside analogue and its natural counterpart
during incorporation®* 2*°, In Chapter 2, we addressed whether phosphorolytic excision
is a possible mechanism that can also diminish the efficiency of nucleotide analogues
directed against viral RdRps. We showed that the BVDV NSS5B enzyme can excise
incorporated obligate chain-terminators in PPi-dependent reactions and rescue RNA

synthesis. Based on these results, we developed specific models to describe the events

that take place directly at the active site of the BVDV polymerase during nucleotide
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binding, chain-termination, phosphorolytic excision, and DEC formation. These models
provide novel insights into the mechanism of translocation of viral RdRps, as well as
describe how access to N- and P-sites is controlled by a translocational equilibrium that
depends on multiple parameters. This precise positioning of the BVDV enzyme is a
crucial parameter that can influence rates of excision of incorporated chain-terminators,
and ultimately affect drug susceptibility. Studies with HIV-1 RT have shown that
excision can only occur in a complex that contains the 3’end of the chain-terminated
primer in the N-site (pre-translocation complex)>% . Upon binding of the next
nucleotide, the polymerase translocates a single position further downstream, which
brings the 3’end of the primer back to the P-site (post-translocation complex) and places
the chain-terminator away from the active site, literally blocking excision. A similar
scenario is described for the BVDV polymerase. We showed that the efficiency of
excision and rescue of RNA synthesis critically depends on the concentration of PPi and
NTPs. High NTP concentrations promote the formation of a DEC that diminishes
excision, while high concentrations of PPi promote excision. Our laboratory further
investigated whether obligate and non-obligate chain-terminators can also be excised by
the HCV enzyme. It was determined that all inhibitors tested, including a broad panel of
adenosine and cytidine analogues, as well as the clinically relevant non-obligate chain-
terminator 2’-C-Me-CTP, are excised in the presence of physiological relevant
concentrations of PPi. More importantly, it was determined that the efficiency of excision
is largely influenced by the nature of the nucleobase, with pyrimidines being more

efficiently excised than purines.
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Taken together, the data obtained with both BVDV and HCV RdRps have
important implications for future drug development. While metabolic activation of
nucleoside analogue prodrugs, as well as the efficiency and accuracy of nucleotide
incorporation are important factors that can influence susceptibility to this class of
compounds in vivo, it cannot be excluded that phosphorololytic excision may also be
relevant. As such, several approaches are needed to overcome the phosphorolytic
removal of incorporated chain-terminators. These approaches, which are currently under
investigation for HIV-1 RT, involve the identification of compounds that can trap the
enzyme complex either pre- or post-translocation®®. For instance, the development of
small molecules that bind at or in close proximity to the N-site ultimately traps the
complex post-translocation and blocks excision. In contrast, the development of small
molecules that compete with the binding of PPi and/or PPi donor molecules traps the
enzyme complex pre-translocation and diminishes excision by preventing the binding of
PPi. Alternatively, our findings also warrant further investigation toward the development
of novel purine analogues, given that they are less efficiently excised than pyrimidine

analogues.
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5.3 Final Conclusion

The research presented in this PhD thesis has answered several important basic
questions regarding the different aspects of initiation and elongation of RNA synthesis of
viruses belonging to the Flaviviridae family, in particular BVDV and HCV. Throughout
this work, however, other questions have been raised, the answer to which will hopefully
further our knowledge and understanding of the HCV replication process. This
knowledge may potentially lead to the identification of novel targets, support the design
of specific inhibitors that can block critical stages of the viral life cycle, and ultimately
aid in the prevention of one of the most common causes of liver cirrhosis and HCC
worldwide. It is my hope that the data presented in this thesis will provide the platform

upon which further progress in the study of hepatitis C will proceed.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

The work presented below is a summary of the major findings contained in Chapters 2-4
of this thesis, which has been adapted from articles published or prepared for submission
to refereed scientific journals. The focus of this thesis was to study the molecular

mechanisms involved in initiation and elongation of viral RdRps.

Chapter 2: Prior to the initiation of projects detailed in this thesis, it has been determined
that the NS5B protein of HCV and BVDV functions as an RNA-dependent RNA
polymerase required for viral replication. Despite extensive biochemical and structural
characterization of the polymerase, important and unresolved questions relating to the
mechanisms of initiation and elongation of RNA synthesis remained. In this chapter, cell-
free assays were established utilizing BVDV RdRp as a model system to study the
fundamental aspects of the mechanisms of initiation and elongation of polymerases
belonging to the Flaviviridae family. The first main objective was to assess the potential
of chain-terminating nucleotides as antiviral agents. The major contribution of the work
presented in Chapter 2 demonstrated for the first time that the incorporation of chain-
terminating nucleotides by viral RdRps is not irreversible, and that the presence of PPi
promotes the excision of the inhibitor and rescue of RNA synthesis. Given that
phosphorolytic excision provides an important mechanism for HIV resistance, the results
of Chapter 2 demonstrated that this PPi-dependent excision is also a possible mechanism

that can diminish the efficiency of nucleotide analogues directed against viral RdRps.
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Chapter 3: These chain-terminating nucleotides were utilized as tools to study the role of
the GTP-specific binding site of BVDV NS5B during de novo initiation. Both HCV and
BVDV NS5B have been co-crystallized with GTP'®% 13, In the HCV enzyme, it has been
demonstrated that GTP binds to the thumb domain at an allosteric GTP site that lies 30A
away from the polymerase active site. GTP binding to this site has been implicated in the
regulation of the dynamic interactions between the fingers and thumb subdomains'’® %2,
In contrast, the G-site in BVDV NS5B is located ~ 4 to 6A upstream of the polymerase
active site'®, thereby suggesting different yet important functions mediated by GTP
binding during initiation of RNA synthesis. Strong biochemical evidence was presented
in Chapter 3 to show that the G-specific binding site of BVDV NS5B controls the precise
positioning of the template strand during de novo initiation. The other important results
described in Chapter 3 showed that these effects were not observed with the HCV
enzyme, indicating that the requirement for high concentrations of GTP plays a different

role in promoting efficient de novo synthesis. As such, de novo initiation by BVDV and

HCV RdRps is not based on a common, unifying mechanism.

Chapter 4: Although considerable progress has been made in defining the biochemical
requirements during initiation and elongation, the detailed mechanism remains elusive.
The RNA-RdRp interface has yet to be defined at different stages of RNA synthesis. In
Chapter 4, a robust experimental system was established to study the protein-nucleic acid
interactions at different stages during initiation and elongation. The results obtained
provide the first footprints of elongation complexes of viral RdRps. Furthermore, the

data suggest that this approach can be potentially used to study mechanisms involved in
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polymerase elongation and translocation, as well as to study the effects of RNA,

nucleotide, and/or inhibitor binding at different stages during initiation and elongation.
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