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I.INTRODUCTION

Essentially every living organism studied thus far may serve as a host for the
infection and propagation of species-specific RNA viruses. An infectious virus
particle, i.e. a virion, carries the genome in the form of nucleic acid surrounded
by a protein or protein-lipid coat.

RNA virus genome replication is driven by the viral genome-encoded RNA-
dependent RNA polymerase (RdRp). More specifically, viral RNA genome
replication is performed by a replicase, a multisubunit enzyme complex that
possesses a core component with RdRp activity. RdRp first utilizes a viral RNA
genome template to catalyze the synthesis of complementary RNA, which
subsequently serves as a template for the production of viral genomes. RdRp is
a molecular machine that transfers the genetic information embedded in genetic
material from one RNA molecule to another. All RNA viruses encode the RdRp
component of the replicase because host cells either cannot replicate long RNA
genomes of viruses (e.g., invertebrates and plants) or do not possess intrinsic
RdRp (e.g., vertebrates). Hepatitis delta virus, a satellite virus, is an exception to
this rule. In addition to RdRp, all of the other protein subunits required for
replicase assembly are encoded by either the viral RNA genome or the host
genome.

This dissertation involved a journey from the test tube to the host cell to
analyze the effects of the viral RdRp activities of “yellow” and “mantled” RNA
viruses of Flaviviridae and Togaviridae families. First, we performed structure-
function relationship analyses of the hepatitis C virus (HCV) core RdRp
component in different molecular environments. Second, by conducting Semliki
Forest virus (SFV) replication studies, we found that the SFV replicase not only
replicates viral nucleic acids but also has the capacity to transcribe host cell
RNA templates. The latter “side effect” of SFV replicase RdRp activity triggers
a potent cellular antiviral response. This finding led to the development of a
generalized novel model that describes how vertebrate host cells might detect
RNA viruses similar to SFV and how viruses counteract this detection.
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2. LITERATURE ANALYSIS

2.1. General introduction to RNA viruses
2.1.1. RNA viruses and their RdRps

The virions of all RNA viruses contain RNA genomes, which encode specific
viral RdRps required for their replication. RNA extracted from the virions of
most RNA viruses is infectious, although exceptions exist. The finding that
extracted viral RNA is infectious indicates that translation machinery of the host
cell utilizes this RNA directly for the production of viral replicase. The common
substrate for translation machinery is single-stranded (ss) messenger RNA
(mRNA), which is produced during the transcription of the host cell genome.
Thus, the translation machinery utilizes infectious viral RNA extracted from
virions as if it were cellular mRNA. This finding led to a proposition to
designate infectious viral RNA and cellular mRNA as positive-strand RNAs (or
+RNA) (Baltimore, 1971) (Figure 1). Simultaneously, active viral RdRps were
found in the virions of Newcastle disease virus (NDV) (Huang et al., 1971),
vesicular stomatitis virus (VSV) (Baltimore et al., 1970; Marcus et al., 1971),
influenza virus (Bishop et al., 1971), and reoviruses (Borsa and Graham, 1968;
Gomatos, 1970; Shatkin and Sipe, 1968). The RNA extracted from the virions
of these viruses was noninfectious, thus, the role of virion RdRp in the
production of viral mRNA and, subsequently, replicase was evident. Hence,
noninfectious RNAs of NDV, VSV, and influenza virus were defined as
negative-strand RNAs (or —-RNA), whereas the double-stranded (ds) RNA of
reoviruses was defined as +RNA (Baltimore, 1971). Furthermore, the virions of
arenaviruses were found to contain RdRp (Carter et al., 1974), however, in
contrast to other negative-strand RNA viruses, arenaviruses used both viral
genomic RNA (VRNA) and its complementary RNA (cRNA) to encode viral
proteins. Hence, the noninfectious RNAs of arenaviruses were defined as
single-stranded £RNA (Bishop, 1986). Thus, virion RdRp is the hallmark of —
sSRNA, +ssRNA, and +dsRNA viruses, whereas no RdRp is present in the
virions of +ssRNA viruses.

-ss RNA
Virion
RdRp
Virion
RdRp
+ss RNA <> mRNA <—— ds RNA
Virion
RdRp +ss RNA

-ss RNA +ss RNA

Figure 1. Expression (i.e., mRNA production) of RNA virus genomes (modified from
(Baltimore, 1971)). See text for details.
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2.1.2. Virion coat

The production of a multitude of viral genomic RNA molecules by viral RdRp
in a host cell is futile until a protein or a lipid-protein coat envelopes this gene-
tic material. Only then can a fully infectious virion be formed. The presence of a
viral coat essentially distinguishes a virus from a replicon, a modified viral
genome capable of replication but incapable of virion formation. Accordingly,
in addition to encoding replicase, viral genomes must encode proteins that
protect their genetic material from the environment.

Animal RNA viruses can be classified into two categories with respect to
their virion structure: (i) “enveloped” viruses, which possess an inner protein
coat and an outer lipid bilayer membrane, and (ii) “nonenveloped” viruses,
which only possess a protein coat, known as a capsid. The capsids of enveloped
and nonenveloped viruses, together with the viral RNA they enclose, are
referred to as nucleocapsids (NCs). The NCs of the majority of +ssRNA viruses
contain naked viral RNA, which electrostatically interacts with the capsid’s
inner surface. In contrast, the NCs of —ssSRNA, +ssRNA, and +dsRNA viruses
are mainly represented by either single or multiple tightly packed ribonucleo-
protein (RNP) complexes composed of viral RNA, RdRp, and nucleoproteins
(International Committee on Taxonomy of Viruses. and King, 2012).

2.1.3. Domination of +ssRNA viruses

Currently, 6+1 orders, 87 families, 19 subfamilies, 349 genera, and 2284 spe-
cies of viruses and viroids are thought to exist (International Committee on
Taxonomy of Viruses. and King, 2012). The order, family, subfamily, and
genus names of viral taxa are formed by adding the Latin suffixes -virales,
-viridae, -virinae, and —virus, respectively. The names of species within a genus
are typically formed in the following way: [Disease] virus, [Characteristic
symptom] virus or [Geographical location] virus. Positive-strand RNA viruses
are the largest viral class, represented by 12 families in 3 orders (Tymovirales,
Nidovirales, and Picornavirales) and an additional 19 families in the unassigned
order designated “+1” above, with a total of 117 genera.

Given the paramount significance of RdRp for the existence of RNA viruses,
this subunit is the most conserved of all replicase subunits (Koonin, 1991).
Comparative analyses of representative amino acid (aa) sequences of RdRps of
eukaryotic +ssRNA viruses have revealed the presence of conserved protein
sequences, called motifs (Kamer and Argos, 1984; Koonin, 1991; Poch et al.,
1989). Phylogenetic analyses of these motifs enabled the classification of the
majority of +ssRNA viruses into three large supergroups: picorna-, flavi-, and
alpha-like (Koonin, 1991; Koonin and Dolja, 1993). Subsequent examinations
of the viral genes that encode the remaining viral proteins, which together with
the core RdRp form the viral replicase, revealed that the relative arrangement of
the genes in the viral genome was unique for each supergroup (Koonin and
Dolja, 1993).
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2.2. Flaviviridae and Togaviridae family viruses and
the forces they exert on humans

The viruses of the Flaviviridae and Togaviridae families are +ssRNA viruses
and belong to an unassigned order (International Committee on Taxonomy of
Viruses. and King, 2012).

2.2.1. Flaviviridae and HCV

The Flaviviridae family consists of four genera: Flavivirus (53 species), Hepa-
civirus (1 species), Pegivirus (2 species), and Pestivirus (4 species) (Inter-
national Committee on Taxonomy of Viruses. and King, 2012). Many viruses in
the genus Flavivirus are arthropod borne (arboviruses); they can be transmitted
to humans by arthropod vectors (mosquitoes and ticks) from birds, pigs, or
primates. Typically, these viruses persist in arthropods due to vertical
transmission and are amplified in vertebrates other than humans, whereas the
primary transmission cycles of dengue virus and yellow fever virus (the type
species of Flaviviridae) include humans (Fields et al., 2013). The Flaviviridae
family and its genera are far from completely described: molecular evidence of
novel members of the Hepacivirus genus was recently obtained from wild
rodents (four-striped mice and bank voles) (Drexler et al., 2013). However,
blood-borne HCV is currently the only species present in the Hepacivirus
genus. Phylogenetic analyses of HCV RdRp sequences resulted in the identifi-
cation of six major genotypes, which were further divided into subtypes
(Simmonds et al., 1993). Historically, the most important HCV strains are 1a,
1b, 2a, and 2a/2a, a chimera of two different isolates of the same genotype and
subtype. The first cloned HCV genome, which was isolated from a patient’s
plasma and known for over a decade as non-A, non-B hepatitis agent
(NANBH), was of genotype la (Choo et al., 1989; Choo et al., 1991). Sub-
sequently, it was demonstrated that inoculating the RNA of another HCV clone
of genotype la into chimpanzees’ livers caused disease in chimpanzees (Kolyk-
halov et al., 1997). The first subgenomic replicon capable of high-level
replication in a human hepatoma cell line was of genotype 1b (Lohmann et al.,
1999). The availability of this subgenomic replicon system provided insights
into HCV replication and antiviral drug discovery. Finally, the first cloned full-
length viral genome capable of replication and infectious virus production in
human hepatoma cells was of genotype 2a (Wakita et al., 2005). The chimera of
two isolates of this genotype significantly increased the titer of obtained virus
(up to 1000-fold), which enabled laboratory analyses of the HCV infection
cycle (Pietschmann et al., 2006). As the name of the virus implies, strict hepatic
tropism is a unique characteristic of HCV. Only humans and chimpanzees can
be infected with HCV. Importantly, no small-animal models (including mouse)
supporting efficient HCV replication and its complete infection cycle currently
exist.
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The impact of Flaviviridae family viruses on human health is enormous. For
example, approximately 50—100 million dengue virus infections occur annually;
in some cases (<0.5%), these infections lead to severe hemorrhagic fever, the
incidence of which is magnified several-fold upon secondary infection (Gubler,
2002; Halstead, 1990). According to the World Health Organization, 130-170
million individuals worldwide had chronic HCV infections in 2005 (Mohd
Hanafiah et al., 2013). Globally, 57% of cirrhosis deaths and 78% of liver can-
cers in 2002 were attributed to chronic viral infections. Half of these cirrhosis
deaths and a third of liver cancers were attributed to chronic HCV infections
(Perz et al., 2006). In the majority of cases, HCV and dengue virus produce
asymptomatic infections, which become evident only when chronic infection is
established or after secondary infection, respectively.

2.2.2. Togaviridae and SFV

Togaviridae family is exemplified by two genera: Alphavirus (30 species) and
Rubivirus (1 species) (International Committee on Taxonomy of Viruses. and
King, 2012). Genus Alphavirus species are typically divided into two groups
according to their geographic distribution: Old World (Eurasia, Africa, and
Australia) and New World (Americas) viruses (Hahn et al., 1988). These viruses
are exclusively arboviruses, mainly transmitted by mosquitoes to either mam-
malian or avian hosts. Typically, human diseases caused by alphavirus infec-
tions are acute and characterized by specific symptoms. All pathogenic alpha-
viruses infecting humans cause fevers and, depending on the geographic
location, induce arthritis and rashes (Old World) or encephalitis (New World)
(Fields et al., 2013). Compared with the Flaviviridae family, the impact of the
Togaviridae family on human health is not as pronounced, and the latter family
is generally considered much “safer” for humans. However, a recent virus
outbreak in the Indian Ocean region resulted in the infection of 1.4 million
individuals with Chikungunya virus (CHIKV) within a year (Pialoux et al.,
2007; Ravi, 2006). Thus, even an Old World alphavirus can raise serious public
health concerns. CHIKYV is serologically closely related to SFV, indicating that
these two viruses exhibit antigenic cross-reactivity (Powers et al., 2001). At
least six other alphaviruses displaying this same type of relation to SFV are
currently known (Fields et al., 2013) and hence belong to the Semliki Forest
(SF) antigenic complex group, which primarily consists of Old World viruses
(Powers et al., 2001). In sharp contrast to CHIKV, which is a reemerging virus
(Padbidri and Gnaneswar, 1979; Ravi, 2006), SFV has caused disease in
otherwise healthy humans (22 individuals) during only one outbreak (Mathiot et
al., 1990); thus, it does not represent a major concern for human health.

SFV and Sindbis virus (SINV) are the most studied viruses of the Alphavirus
genus and serve as model viruses. SFV exhibits wide tissue tropism and is
easily cultured (produced) in a variety of vertebrate and invertebrate organisms
(Strauss and Strauss, 1994). The extremely high replication efficiency and viral
titers generated during SFV infection lead to the death of infected cells. The
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majority of SFV strains used currently were derived from two original strains of
viruses isolated from mosquitoes in Africa. Virulent (L10) (Bradish et al., 1971)
and avirulent (A7 and A7[74] (Bradish et al., 1971)) strains of SFV were
isolated in western Uganda and Mozambique, respectively (Mclntosh et al.,
1961; Smithburn and Haddow, 1944). The L10 and L10.H6 strains of SFV were
virulent and lethal to mice, hamsters, and rabbits via various routes of
inoculation (Boulter et al., 1971; Henderson et al., 1967; Smithburn and
Haddow, 1944). Many strains have been derived from these original isolates,
including the virulent SFV4, which was obtained from the infectious RNA of
the L10 virus (Liljestrom et al., 1991). Virulent and avirulent strains differ in
their ability to invade and replicate in the central nervous system of adult mice
and rats, inducing cell damage (Balluz et al., 1993). For adult mice, infection
with a neurovirulent strain (SFV4) leads to death, whereas infection with an
avirulent strain (A7 or A7[74]) leads to survival (Balluz et al., 1993; Tuittila et
al., 2000).

2.3. SFV and HCV virions: “Beauty and the Beast”
2.3.1. SFV virions

SFV virions have spherical, multilayered structures with a diameter of 70 nm. A
single copy of infectious SFV RNA is enclosed in an NC shell composed of 240
copies of capsid protein C, which is then enveloped in a lipid bilayer derived
from the host cell’s plasma membrane. The SFV lipid bilayer is covered and
penetrated by 80 glycoprotein spikes each composed of three E1-E2 glyco-
protein heterodimers (Mancini et al., 2000). An additional, small E3 glyco-
protein is non-covalently associated with each E1-E2 heterodimer. The sym-
metry of the NC and virion is icosahedral, with a triangulation number T=4
(Caspar and Klug, 1962; Fuller et al., 1995; Mancini et al., 2000), and can be
envisioned in the following way (Figure 2). Every three copies of C protein are
arranged in a small “triangle” along the three-fold axis with one C protein in
each corner. Subsequently, four such triangles (4x3=12 C copies) are asym-
metrically, or “quasi-symmetrically”, arranged into a larger triangle (hence
T=4). Finally, 20 larger triangles (4x3x20=240 C copies) are symmetrically
assembled into an icosahedron, a polyhedron with 12 vertices, 30 edges, and 20
equivalent equilateral triangular faces, possessing five-fold, two-fold, and three-
fold rotational symmetries, respectively. The resulting 80 small triangles
(80x3=240 C copies) of NC form pentamers at the vertices of the icosahedron
and hexamers at intermediate locations. Each C protein in each small triangle
interacts directly with an E2 glycoprotein, which in turn interacts with an El
glycoprotein to form a spike (Mancini et al., 2000). Thus, there is a single spike
per single small triangle.

Caspar and Klug proposed the idea of spherical virus shell triangulation as
the solution to the problem of how more than 60 C proteins can be arranged on
a sphere’s surface. By folding different triangular plane (cardboard) nets into
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convex surfaces, these authors demonstrated that icosahedral symmetry was the
optimal design for spherical NC shells (Caspar and Klug, 1962). Inside a cell
infected by +ssRNA virus, the cardboard triangular plane net becomes the
cellular membrane plane net, which is formed by the arrays of viral C proteins
associated with the membrane. Furthermore, such an analogy can be easily
extended to other viral proteins that are not involved in NC construction but that
play a role in the formation of spherical surfaces from intracellular membranes.

Figure 2. Construction of SFV NC shell structure. See text for details.

2.3.2. The “virion” or lipo-viro-particle of HCV

HCV RNA-containing particles have been found to exist as immunoglobulin
conjugates (e.g., IgG and IgM) in low-density fractions of plasma from chro-
nically infected patients. Protein A-coated beads were used to isolate these HCV
RNA-containing particles, which were named lipo-viro-particles (LVPs) due to
the abundance of lipoproteins in plasma low-density fractions (Andre et al.,
2002).

Lipoproteins are synthesized by hepatocytes in the form of very-low-density
lipoproteins (VLDLs) and are used to transport lipids and deliver lipid-soluble
materials throughout the organism. VLDLs consist of a hydrophobic core of
neutral lipids, i.e., triglycerides and cholesteryl esters, surrounded by a mono-
layer of phospholipids with apolipoproteins B (ApoB) and E (ApoE) on their
surfaces, which are buried in free cholesterol (Getz and Reardon, 2009; Segrest
et al., 2001). In the human circulatory system, VLDLs use their ApoE to enter
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target cells via receptor-mediated endocytosis, where lipoprotein lipases release
triglycerides, thus reducing the size of the VLDL and giving rise to cholesterol-
rich intermediate- and low-density lipoproteins (IDLs and LDLs, respectively),
depleted of ApoE (Getz and Reardon, 2009; Mead et al., 2002; Segrest et al.,
2001).

It has been shown that HCV LVPs are large, spherical particles larger than
100 nm in diameter and containing internal structures. These triglyceride-rich
particles contain HCV RNA and ApoB. Lipid removal produced capsid-like
structures that were readily detected by an antibody against HCV capsid protein
(Andre et al., 2002).

Recently, chimeric HCV virions produced in an immortalized hepatocellular
carcinoma cell line (Huh7.5 and its derivatives) (Gastaminza et al., 2010; Merz
et al., 2011) and/or in primary human hepatocytes (Catanese et al., 2013) were
analyzed. Low-resolution cryo-electron microscopy was used to confirm the
presence of ApoE and HCV E2 glycoprotein on the surfaces of these virions
(Catanese et al., 2013; Gastaminza et al., 2010; Merz et al., 2011). Although,
ApoB and ApoA-I were observed on putative HCV virion surfaces, their
colocalization with E2 was not directly demonstrated (Catanese et al., 2013).
The number of ApoE molecules on HCV virions was shown to exceed the
number of E2 molecules (Catanese et al., 2013; Merz et al., 2011). HCV virions
were heterogeneous: often spherical, but sometimes amorphous, with diameter
ranging from ~30 to 150 nm (Catanese et al., 2013; Gastaminza et al., 2010;
Merz et al., 2011). In some preparations, putative virion spike-like structures
were also observed (Catanese et al., 2013). The virions did not exhibit conti-
nuous lipid bilayers (Catanese et al., 2013). Mass spectrometry analyses of the
HCV virion lipid composition revealed that almost half of the lipids were
cholesteryl esters resembling those in VLDL and LDL (Merz et al., 2011).
Thus, in accordance with recently proposed model (Bartenschlager et al., 2011),
a single phospholipid monolayer-delimited HCV NC appeared to be located
inside the VLDL or VLDL-like lipid-rich particle, which was surrounded by
another phospholipid monolayer. In this case, functional spikes, consisting of
E1-E2 glycoproteins could form only in the partial bilayer regions (Barten-
schlager et al., 2011; Catanese et al., 2013).

Primary human and mouse hepatocytes produce VLDLs with remarkably
different cholesteryl ester contents. Human VLDLs are rich in cholesteryl esters
(Ling et al., 2013), whereas mouse VLDLs have a very low cholesteryl ester
content (Li et al., 2012). Given the abundance of cholesteryl esters in HCV
virions produced by human hepatocytes (Merz et al., 2011), it is highly unlikely
that mouse hepatocytes are capable of efficiently producing similar virions.

The possibility of a detailed HCV virion image reconstruction is precluded
by the above unique properties of HCV virions and the current absence of
crystal structures for full-length E1 and E2 glycoproteins. However, cryo-
electron microscopic reconstructions of native LDL particles at 16A resolution
have recently been reported (Kumar et al., 2011). Thus, obtaining more precise
structural information regarding HCV virions should be possible.
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2.4. SFV and HCV entry into host cells

SFV and HCV utilize receptors and various attachment factors that are present
on their host cells to engage clathrin-mediated endocytosis and gain access to
the cellular translation machinery (Doxsey et al., 1987; Helenius et al., 1980;
Helle and Dubuisson, 2008; Meertens et al., 2006). However, discriminating
between a receptor and an attachment factor is very difficult, because the effi-
ciency of infection depends critically on both (Mercer et al., 2010).

2.4.1. SFV

For SFV, the spike E2 glycoprotein is responsible for virion attachment to the
host cell. Due to the broad tissue and cell tropism of SFV, two models of virion-
host cell attachment have been proposed: (i) the E2 glycoprotein has binding
sites for multiple receptors/attachment factors or (ii) a conserved receptor is
present on different cells (Strauss and Strauss, 1994). The attachment of SFV
might be mediated non-specifically by negatively charged glycosaminoglycans
covalently bound to cell surface proteins, termed proteoglycans. SFV and SINV
virions have been shown to interact with liposomes containing lipid-conjugated
heparin, a glycosaminoglycan (Smit et al., 2002). Recently, N-glycans linked to
SFV E1 were found to differ between rodent and mosquito cells, whereas oligo-
mannose glycosylation of E2 was conserved between species (Crispin et al.,
2014). C-type lectins, a type of calcium-dependent, mannose-enriched glycan-
binding protein, have been implicated in SINV binding (Klimstra et al., 2003).
Recently, an abundantly expressed, transmembrane iron transporter, natural
resistance-associated macrophage protein was identified as an SINV-specific
receptor in both insect and mammalian cells (Rose et al., 2011); however no
SFV-specific receptor was identified.

Upon SFV internalization, clathrin-coated vesicles deliver SFV to early
endosomes, which have slightly acidic environments. The subsequent acidifi-
cation of late endosomes triggers the destabilization of viral spikes (Wahlberg
and Garoff, 1992), the trimerization of E1 glycoproteins (Gibbons et al., 2000),
and the subsequent association of five such trimers into a ring structure, leading
to fusion-pore formation in the endosome membranes (Gibbons et al., 2004).
After endosomal membrane barrier penetration, SFV NC becomes unstable and
instantly releases infectious viral RNA in the cytosol of the host cell.

2.4.2. HCV

The LVP structure of HCV suggests receptors/attachment factors that might be
important for virus entry. In particular, it was demonstrated that ApoB- and
ApoE-specific antibodies blocked the entry of HCV LVPs and that the up-
regulation of LDL receptors, which recognize ApoB and ApoE (Boren et al.,
1998; Weisgraber, 1994), enhanced LVP uptake (Andre et al., 2002). Recently,
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a human Niemann-Pick Cl-like 1 cellular cholesterol uptake receptor was also
demonstrated to act as an HCV attachment factor (Sainz et al., 2012). HCV E2
glycoprotein interacts with the tetraspanin CD81 cell surface protein, and this
interaction is important for infection (Pileri et al., 1998), because CD81-specific
antibodies neutralize infection (Wakita et al., 2005). The interaction of E2 with
heparan sulfate proteoglycans was also demonstrated and was found to be im-
portant for HCV attachment (Barth et al., 2003). Moreover, scavenger receptor
class B type I (SR-BI) (Scarselli et al., 2002) and tight junction proteins
claudin-1 (Evans et al., 2007) and occludin (Ploss et al., 2009) were found to
contribute to HCV entry into host cells. In particular, the expression of human
CD81 and occludin was minimally required for HCV entry into mouse
hepatocytes in vivo, whereas the additional expression of SR-BI and claudin-1
resulted in maximal HCV uptake (Dorner et al., 2011).

How HCV penetrates the endosomal membrane barrier remains unknown.
Currently, there is no consensus on whether either E1 or E2 glycoprotein is
responsible for the fusion of viral and endosomal membranes (Helle and
Dubuisson, 2008). Based on in silico modeling, HCV E2 was proposed to be a
class II fusion protein, in the same class as the SFV E1 glycoprotein (Garry and
Dash, 2003; Krey et al., 2010). However, recently published crystal structures
revealed that the HCV E2 core region exhibited a more compact structure than
that of class II fusion proteins, characterized by extended, three-domain fold
(Kong et al., 2013). Moreover, HCV virions are stable at an acidic pH and do
not lose their infectivity, suggesting that glycoprotein activation is not required
for fusion to occur (Tscherne et al., 2006). This finding may be due to
acidification not being sufficient for HCV spike activation (thus necessitating
additional factors) or due to E1 and E2 glycoproteins being shielded by LVP
(Bartenschlager et al., 2011; Tscherne et al., 2006). If pH-triggered HCV virion
spike activation is not required, then this virus must possess a novel fusion
mechanism. Such a fusion might occur in early endosomes or in close proximity
to the plasma membrane. After fusion occurs, the NC of HCV releases
infectious RNA into the cytosol; however, this process is not well understood.

2.5. SFV and HCV genomes

The nucleotide sequences, organization, and structures of the genomes of
+ssRNA viruses, including HCV and SFV, contain all of the information
required for the utilization and manipulation of the host cell’s metabolic machi-
nery. First, conserved RNA structures in the 5’ terminus of the viral genome or
within the 5’-terminal region enable the“feeding” of the viral genome into the
translation machinery of the host cell, leading to massive viral protein pro-
duction. Second, conserved RNA structures in the 3’-terminal region of the viral
genome and full-length complementary anti-genome serve as “semaphores”,
which attract the “attention” of viral replicases and promote their recruitment to
the 3’ terminus enabling viral replication. These semaphores, which are present
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in HCV and SFV genomes, are often represented by secondary RNA structures,
known as RNA stem-loops (SLs), or by unstructured uridine-rich (U-rich)
tracts. Three SLs have been predicted in the SFV genome, and at least ten SLs
have been experimentally verified in the HCV genome, whereas only a single
conserved U-rich tract is present in the genomes of both viruses (Figure 3).

2.5.1. SFV genome organization

SFV positive-strand genomic RNA is approximately 11,500 nucleotides (nt)
long and sediments at 42 S in sucrose gradients (Kaariainen and Ahola, 2002;
Kaariainen and Soderlund, 1978). Similar to eukaryotic cellular mRNAs, the 5°
terminus of the SFV RNA genome is capped, i.e., it contains 7-methylguanosine
in a 5’ pyrophosphate linkage (with free 2’-, and 3’-hydroxyl groups), and its 3’
terminus contains a poly(A) sequence (Sawicki and Gomatos, 1976; Wengler
and Gross, 1979). It was demonstrated that the cap structure is required for
eukaryotic mRNA translation (Muthukrishnan et al., 1975). Additional capped
and polyadenylated subgenomic RNA, which corresponds to the 3’ third of 42S
RNA and sediments at 26 S in sucrose gradients is abundantly present in SFV-
infected cells (Kaariainen and Soderlund, 1978; Sawicki and Gomatos, 1976;
Wengler and Gross, 1979). Two open reading frames (ORFs) are encoded by
genomic 42S and subgenomic 26S viral RNAs, which upon translation yield
nonstructural (ORF1: nsP1, nsP2, nsP3, and nsP4) and structural (ORF2: C,
core; E3, E2, 6K, and E1; E3, E2, and E1 are envelope glycoproteins) proteins,
respectively. Within the 42S SFV RNA sequence these two ORFs are separated
by a ~50-nt-long, internal un-translated region (UTR) containing multiple stop
codons (Ou et al., 1982).

Three predicted SLs and two conserved regions containing four regulatory
conserved sequence elements (CSEs) are dispersed throughout the SFV
genomic 42S RNA. In particular, a ~40 nt element located within the 5’UTR at
the 5 terminus of the SFV genome contains a single SL, referred to as CSE1
(Ou et al., 1983). There are two additional SLs in the CSE2 element (~50 nt),
which is embedded in the nsP1 coding region and is located ~110 nt
downstream of CSE1 (Ou et al., 1983). A 19-nt U-rich tract located within the
3’UTR is juxtaposed to the poly(A) sequence and is termed CSE4 (Ou et al.,
1981). The final regulatory 21 nt element, termed CSE3, overlaps with the final
codons of nsP4 and serves as a subgenomic promoter (SGP) in the comple-
mentary full-length 42S RNA for the synthesis of 26S RNA (ORF2) (Ou et al.,
1982).
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Figure 3. Schematic representation of SFV and HCV genomic RNAs. See text for details.

2.5.2. HCV genome organization

The +ssRNA genome of HCV is approximately 9,600 nt long and contains a
single, large ORF flanked by two UTRs, which are indispensable for the
translation and replication of the viral genome. The 5’UTR is 341 nt long and
contains an internal ribosome entry site (IRES), which is capable of directing the
translation of viral RNA in the presence or absence of 5’-terminal cap structure
(Rijnbrand et al., 1995; Tsukiyama-Kohara et al., 1992). HCV ORF translation
yields a single, large ~ 3,000 aa precursor polyprotein (Grakoui et al., 1993d).
This polyprotein is co- and post-translationally cleaved by cellular and viral pro-
teases yielding mature structural and non-structural (NS) proteins (Bartenschlager
et al., 1993; Grakoui et al., 1993b; Grakoui et al., 1993d; Selby et al., 1994). The
polypeptide begins with structural proteins (C, core; envelope glycoproteins E1
and E2; p7), which are followed by NS proteins (NS2, NS3, NS4A, NS4B,
NSS5A, and NS5B) (Bartenschlager et al., 1994; Grakoui et al., 1993c; Han et al.,
1991; Kim et al., 1996; Tomei et al., 1993). An alternative small ORF overlaps
with C protein, but when it is triggered by a subsequent —2/+1 ribosomal frame
shift, an additional viral F protein is generated (Boulant et al., 2003; Xu et al.,
2001). The 3’UTR is composed of three consecutive elements: a variable ~40 nt
region, a ~30-90 nt poly(U/UC) region, and a highly conserved 98 nt element,
termed the X-tail, at which the HCV genome is terminated (Friebe and
Bartenschlager, 2002; Kolykhalov et al., 1996; Tanaka et al., 1996). No poly(A)
sequence is present at the 3’ terminus of the HCV genome.

At least nine conserved SLs have been reported for the HCV genomic RNA
strand. In particular, the HCV 5’UTR, the variable region of the 3°UTR, and the
X-tail contain four (SL1-4) (Honda et al., 1996), two (vSL1 and vSL2)
(Kolykhalov et al., 1996), and three (xSL1, xSL2, and xSL3) (Blight and Rice,
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1997) SLs, respectively. Moreover, an additional SL structure, designated
5BSL3.2 and termed cis-acting RNA element (CRE), is located within the
coding region of the NS5B protein (You et al., 2004). The 3’-terminal region of
the HCV negative RNA strand has seven SLs and differs remarkably from the
secondary structure of the corresponding complementary 5’UTR region of the
genome (Smith et al., 2002). In addition to the SLs, the poly(U/UC) represents a
conserved U-rich tract.

The exact structure of the 5’ terminus of the HCV genome, however, is not
known. The viral genome is assumed to not be capped, based on the following
facts: (i) HCV does not produce the enzymes required for 5’ terminus capping;
(i1) the cellular apparatus for capping is located in the nucleus and hence is
unavailable to cytoplasm-restricted HCV; and (iii) the IRES of HCV can
function in a cap-independent manner. Moreover, HCV RNA is postulated to
possess a 5’-triphosphate (5’-ppp) at its 5° terminus due to the specific initiation
mechanism of RNA synthesis by viral replicase. These assumptions, however,
has yet to be verified experimentally.

2.5.3. Stem-loops and their higher-order structures

The number of secondary structures, i.e., SLs, in the HCV genome is large com-
pared with the predicted potential secondary structures within the SFV genome.
Bioinformatics analyses of predicted secondary structures in the genomes of
+ssRNA viruses have revealed that several viruses (Pegivirus, Aphtovirus, and
Hepacivirus genera), including HCV, contain genome-scale ordered RNA
structures (GORS), which have not been found in the majority of viruses
(including Alphavirus genus). Remarkably, compared with the 5’UTR and
3’UTR regions, a significantly greater level of RNA structure was predicted in
the coding regions of viruses possessing GORS (Simmonds et al., 2004). These
data suggest that the 10 experimentally validated SLs (9 of which are located in
the UTRs) that are present in HCV genomic RNA may represent the tip of the
iceberg. RNA SLs tend to interact to form higher-order RNA structures, which
might prompt the HCV genome to fold into a spatially compact structure,
exposing only the 5* and 3 UTR regions.

2.6. SFV and HCY replicases

The minimal genetic units required for the replication of SFV and HCV were
defined using self-replicating subgenomic replicons, i.e., genetically engineered
viral RNA molecules that are shorter than full-length viral genomes and are
capable of replication but incapable of producing virions. The conserved RNA
elements and SLs described above have been incorporated into these sub-
genomic replicons. SFV and HCV devote roughly two-thirds of their protein-
coding power to produce the replicases, required for their genome self-
replication. The minimal replicase required for SFV replication must contain the
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entire ORF1 encoded by 42S viral RNA (Liljestrom and Garoff, 1991; Xiong et
al., 1989), whereas for HCV, the NS3-NS5B polyprotein region must be mini-
mally included (Lohmann et al., 1999). For SFV and HCV, the remodeling of
the polyprotein (or the region of polyprotein) that is required for the production
of fully functional replicase is controlled solely by the viral protease (nsP2) or
proteases (NS2-3 and NS3-4A), respectively.

2.6.1. SFV replicase

The ORF1 encoded by 42S SFV RNA is translated into the ~2,400 aa P1234
replicase precursor polyprotein immediately upon viral RNA entry into the host
cell cytosol. This precursor polyprotein consists of the covalently bound and
uncleaved nsP1, nsP2, nsP3, and nsP4 replicase components. Subsequently, the
replicase polyprotein is sequentially cleaved by nsP2 protease to produce at least
two replicases with different specificities (Merits et al., 2001; Takkinen et al.,
1991; Vasiljeva et al., 2003). In infected cells, a replicase consisting of P123
polyprotein and nsP4 protein is generated autocatalytically (Vasiljeva et al., 2003)
and cotranslationally (Takkinen et al., 1991). P123 and nsP4 constitute the “early
replicase”, which is capable of using 42S genomic RNA as a template to
synthesize its complementary anti-genomic strand. The “late replicase” is re-
presented by the complex of fully cleaved nsP1, nsP2, nsP3, and nsP4 proteins,
which are capable of utilizing anti-genomic strand to synthesize 42S genomic and
26S subgenomic viral RNAs (Kaariainen and Ahola, 2002). NsP4 is a putative
core catalytic RdRp for both the early and late SFV replicases. Despite the
presence of a catalytic Gly-Asp-Asp (GDD) triad (Kamer and Argos, 1984),
which is characteristic of RdRps, SFV nsP4 RdRp activity has not been
demonstrated in vitro. Alphavirus nsP4 proteins possess an N-terminal tyrosine
(Wellink and van Kammen, 1988), and as demonstrated for SINV, are degraded
through the N-end rule pathway in host cells (Degroot et al., 1991). However,
ubiquitin dependence has not been established, and no corresponding lysine
residues in nsP4s have been identified (Strauss and Strauss, 1994). A recombinant
full-length nsP4 with a histidine tag at its C-terminus was demonstrated to be
unstable in bacteria, possibly due to a predicted disordered structure in the N-
terminal 97 aa region, which was subsequently removed to enable purification
(Tomar et al., 2006). Hence, the fusion of an N-terminal small ubiquitin-related
modifier tag was used to obtain a full-length, tagless SINV nsP4 with an authentic
tyrosine at its N-terminus (Rubach et al., 2009). Both the truncated and full-length
forms of nsP4 possessed terminal adenylyl transferase activity, i.e., they were
capable of transferring adenosine residues to the 3’ end of an RNA substrate in a
non-template-dependent manner, whereas neither construct exhibited RdRp
activity (Rubach et al., 2009; Tomar et al., 2006). Low-efficiency RdRp activity
of SINV nsP4 was demonstrated only when a non-purified cellular P123
polyprotein fraction was supplied (Rubach et al., 2009). Thus, according to
available data, SINV nsP4 is not an RdRp, whereas the early and (most likely)
late replicase complexes represent active RdRps in vitro, hence, the boundary
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between replicase and RdRp is erased. A similar situation outcome is highly
likely for SFV replicase. Currently, neither crystal structures nor detailed bio-
chemical mechanistic studies for SINV or SFV nsP4s are available.

2.6.2. HCV replicase

The HCV replicase consists of mature NS3, NS4A, NS4B, NS5A, and NS5B
proteins, which constitute an approximately 2,000 aa C-terminal region of the
HCV polyprotein precursor. The N-terminus of NS3 is liberated autocata-
lytically by NS2-3 protease (Grakoui et al., 1993a). Subsequently, NS5B is
cleaved from the remaining polyprotein to produce a stable NS4ABSA poly-
protein, which contains covalently bound and uncleaved NS4A, NS4B, and
NS5A replicase components (Pietschmann et al., 2001). These components are
subsequently fully processed to NS4A, NS4B, and NS5A (Bartenschlager et al.,
1994; Pietschmann et al., 2001). Recent data have suggested that the rate of
proteolytic cleavage of the replicase polyprotein, particularly the NS4B5A inter-
mediate, might play an important role in the assembly of functional replicases in
the host cell (Herod et al., 2012). RdRp, represented by NS5B protein, is the
catalytic component of the HCV replicase responsible for the synthesis of viral
RNA. NS5B was originally predicted to be an RdRp due to the presence of a
GDD triad in its amino acid sequence (Miller and Purcell, 1990). Direct bio-
chemical evidence of RdRp activity was obtained for a purified, full-length,
non-tagged NS5B protein produced in insect cells (Behrens et al., 1996).

HCV NS5B is a membrane-bound protein with a C-terminal transmembrane
helix that is essential for HCV replication (Ivashkina et al., 2002; Moradpour et
al., 2004). In the majority of biochemical and structural studies, this helix is
removed to facilitate purification, because it was demonstrated in vitro that the
RdRp activity of truncated NS5B was comparable to that of the full-length
protein (Lohmann et al., 1997).

2.6.3. The structure and function of the HCV RdRp
2.6.3.1. The “anatomy” of the HCV RdRp

Currently, ~150 various HCV RdRp (NS5B) crystal structures of different HCV
genotypes have deposited into the Protein Data Bank (Berman et al., 2000).
Crystal structures of truncated HCV NS5B polymerase, produced in bacteria were
first reported in 1999 (Bressanelli et al., 1999; Lesburg et al., 1999). NS5B is a
heart-shaped molecule with dimensions of approximately 70 x 60 x 40 A’; it
possesses a catalytic domain (~530 aa) followed by a C-terminal domain (~40 aa),
and a 21-aa transmembrane helix at its C-terminus (Bressanelli et al., 1999;
Lesburg et al., 1999). The catalytic domain of NS5B consists of “fingers”,
“palm”, and “thumb” subdomains (NH2-fingers-palm-thumb-COOH, Figure 4A),
which were originally described for the human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) due to its “anatomical” structural resemblance
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to a right hand (Kohlstaedt et al., 1992). The catalytic palm subdomain of the
HCV RdRp contains four structural motifs that are present in all polymerase
classes (Figure 4B, C). For RdRps, motifs A (DX4sD, where X is a nonconserved
aa), B (GX,3TX;N), and C (XDD) are involved in nucleoside or nucleoside
triphosphate recognition and template binding, whereas motifs A and C are also
crucial for novel phosphodiester bond formation (Bressanelli et al., 1999; Kamer
and Argos, 1984; Lesburg et al., 1999; Poch et al., 1989). The overall structural
integrity of the catalytic palm domain is maintained by motif D (Bressanelli et al.,
1999; Lesburg et al., 1999). Recent data, however, have suggested that motif D
may be involved in discriminating between correct versus incorrect nucleotides
that are to be incorporated into nascent RNA chain (Yang et al., 2012). RdRps
and HIV-1 RT contain an additional motif, E, with no particular consensus
sequence, which was identified at boundary of the palm and thumb subdomains
and is thought to be important for interactions with the growing nascent strand
(primer) synthesized by the polymerase. For HIV-1 RT, this motif is termed
“primer-grip” (Huang et al., 1998; Lesburg et al., 1999). The large fragment of
Escherichia coli DNA polymerase I (Ollis et al., 1985) and HIV-1 RT are “U”-
shaped polymerases with large clefts that contain the polymerase active site,
whereas the active site of the HCV RdRp is completely encircled (Lesburg et al.,
1999). The fingers and thumb subdomains of the HCV RdRp interact extensively
with each other. In particular, the fingers subdomain contains a palm-proximal
region and a distal region, known as “fingertips” (Bressanelli et al., 1999). Two
loops of the fingertips, termed Al (aa 11-45) and A2 (aa 139-160), span the
fingers and thumb subdomains encircling the active site cavity (Lesburg et al.,
1999). Based on NS5B and HIV-1 RT structural alignment, RdRps has been
proposed to contain novel conserved motif F (KX;,RXI), which is harbored by
the A2 loop and is assumed to be important for the proper orientation of both the
template and incoming nucleoside triphosphates (Lesburg et al., 1999). Loop A2
is conserved between NS5B and RT, whereas the Al loop initially appeared to be
a unique feature of the HCV RdRp (Bressanelli et al., 1999). However, the RdRps
of other Flaviviridae family members were later discovered to exhibit similar
loops (Chinnaswamy et al., 2008). A seventh predicted motif, G (T/SX;,Q), is
assumed to be important for proper template/primer orientation and was found to
be conserved in many viral RdRps that are capable of primer-dependent RNA
synthesis (Gorbalenya et al., 2002). Mutations in the conserved residues of the A,
B, C, and F motifs were found to lead to NS5B RdRp activity inactivation,
whereas a mutation (R—K) in motif D increased RdRp activity both in vitro and
in the context of self-replicating HCV replicons (Cheney et al., 2002; Lohmann et
al., 1997). HCV RdRp motifs E and G and their effects on HCV RdRp activity
have not yet been analyzed.

The HIV-1 RT ternary complex (RT/ANTP/DNA) structural alignment with
the NS5B apoenzyme indicated that crystallized NS5B exhibits a “closed fingers”
conformation, which suggests that the latter polymerase adopts a ribonucleoside
triphosphate (rNTP)-bound mode (Bressanelli et al., 1999; Lesburg et al., 1999).
For HIV-1 RT, the fingers have been proposed to flex after NTP binding, which is

28



a critical step for translocating the template to the next base because the structure
adopted by RT after novel phosphodiester bond formation is different, with the
fingers assuming a more open conformation (Doublie et al., 1999). Thus, the first
crystal structures of HCV RdRps contradicted the unliganded (apoenzyme) theory
(Bressanelli et al., 1999). However, it is now clear that the “closed fingers” con-
formation is the rule rather than the exception, it has been additionally
demonstrated for many RdRps, including those of bacteriophage ¢6 and
reoviruses (Butcher et al., 2001; Tao et al., 2002). The fingers subdomains of the
RdRps of reoviruses, bacteriophage ¢6, and HCV are remarkably similar
(Butcher et al., 2001; Tao et al., 2002). The striking ability of reovirus RdRp to
catalyze phosphodiester bond formation in a crystalline state (Tao et al., 2002)
indicates that no large-scale movements are required for these enzymes, in
contrast to U-shaped polymerases (Doublie et al., 1999). These results also
underscore the importance of the “closed fingers” conformation for these RdRps.
Indeed, the opening of the HCV RdRp closed form by indirect Al loop
displacement triggers polymerase inactivation (Biswal et al., 2005; Labonte et al.,
2002). Consequently, the HCV RdRp fingers subdomain is a critical component
for maintaining overall HCV polymerase fold.

Mapping the double-stranded (template/primer) DNA structure observed in
the HIV-1 RT catalytic complex onto the HCV RdRp requires two changes in
polymerase conformation (Figure 4D). First, the thumb and C-terminal domain of
the enzyme must be moved to accommodate a template/primer molecule. Second,
the unique B-loop structural component (aa residues 443-454), which is located in
the thumb subdomain, must be displaced from the active site cavity (Bressanelli
et al., 1999; Lesburg et al., 1999). It was demonstrated that the C-terminal domain
of 6 RdRp was more mobile than the remaining RdARp molecule (Butcher et al.,
2001). It was hypothesized that the C-terminal domain in the closed conformation
arrests the incoming 3’ end of template RNA in the active site cavity, providing a
platform for initiation complex assembly, which is required to begin the synthesis
of nascent RNA. Upon nascent RNA synthesis initiation, the C-terminal domain
must be displaced to allow the resulting RNA duplex to exit (Butcher et al.,
2001). The deletion of the B-loop, however, did not prevent in vitro NS5B RdRp
activity, whereas in the context of the HCV replicon, such a deletion was
deleterious for replication (Cheney et al., 2002). A recent crystal structure of the
HCV RdRp with a deleted B-loop and complexed with an RNA primer/template
showed that the two changes in the conformation of the polymerase that are
required to allow the accommodation of dsSRNA might be coupled to each other
(Mosley et al., 2012). The exact mechanism of the assembly of the HCV initiation
complex RARp/RNA/rNTP remains unknown, however.

The amino acid residues in the fingers (R32 and S29) and thumb (P495,
P496, V499, and R503) subdomains form an rGTP low-affinity binding site,
which is located 30 A away from the catalytic center of HCV RdRp (Bressanelli
et al., 2002). This remote rGTP site might serve as either an allosteric site
(Dutartre et al., 2005) or a regulator of NS5B homodimerization (Bressanelli et
al., 2002; Qin et al., 2002).
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ToP channel channel
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Figure 4. The structure of the HCV RdRp. Subdomains, channels, loops, and motifs are
shown on the three-dimensional crystal structure of the NS5B (Protein Data Bank
accession code 1¢2p, genotype 1b, isolate BK) (Lesburg et al., 1999).

(A—C) Ribbon (A and B) and solid molecular surface (C) representations of the
HCV RdRp “back view” are shown.

(A) Fingers, palm, thumb, and C-terminal domain are depicted in cyan, gold, green,
and red, respectively. Al and A2 loops are depicted in dark cyan; B-loop is depicted in
forest green.

(B and C) RNA template and two metal ions were mapped on the 1¢2p structure by
superimposing the NS5B structures of 1¢2p and 1nb7 (O'Farrell et al., 2003), a NS5B-
RNA complex structure (genotype 1b, J4 isolate), using MatchMaker tool of the UCSF
Chimera package. The RNA template and metal ions are colored black and are
represented as sticks embedded in transparent mesh molecular surface and as spheres,
respectively. Motif C catalytic aspartates and motif A aspartate are represented as
spheres and depicted in green and orange, respectively, whereas their oxygen atoms are
displayed as red. Identical colors are used to depict HCV RdRp motifs in both panels. In
addition, rGTP allosteric binding site is colored brown (C).
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(D) Mapping the template/primer DNA seen in the HIV-1 RT catalytic complex
(Protein Data Bank accession code 1rtd) onto the HCV RdRp structure (I1c2p) was
performed as described in (B and C). The HCV RdRp is represented as solid molecular
surface, whereas ribbon representations of HIV-1 RT primer (vellow) and template
(black) are used. The C-terminal domain and B-loop are depicted in red and forest
green, respectively.

See text for details. Figure was prepared with UCSF Chimera package (Pettersen et
al., 2004; Sanner et al., 1996).

2.6.3.2. Initiation complex formation and catalysis:
interplay between motifs (theoretical model)

The mechanism for all template-dependent polynucleotide polymerases must be
both simple and universal (Steitz, 1998). The primary function of the HCV
RdRp is the synthesis of a nascent RNA strand, which is complementary to the
template RNA strand. The HCV RdRp is essentially a nucleotidyl transferase; it
adds successive nucleotidyl moieties of rNTPs that are complementary to a
template RNA strand to the 3’-hydroxyl group of a growing nascent RNA
strand. Initiation complex formation is driven by the HCV RdRp motifs, which
are held in place by the overall polymerase scaffold and can be imagined in the
following way. The 3’ terminus of the RNA template strand is guided along the
surface of motifs F and G into the active site cavity, where it is bound by motif
B. The C-terminal domain then blocks the exit of the RNA 3’ terminus from the
catalytic cavity of the polymerase. The first nucleotide (i.e., the priming nucleo-
tide, termed 1) to be incorporated into the nascent RNA strand is then bound by
motif E, or “primer-grip”. In contrast, the incoming rfNTP to be incorporated
next, termed i + 1, then bound by motif F. Thus, both the i and i + 1 nucleotides
are bound and stabilized by motifs A, B, E, and F, whereas phosphodiester bond
formation is mediated by motif C. Motif D provides the structural support for
motifs A, B, C, and E, permitting the correct spatial orientation of the catalytic
site. In particular, two catalytic aspartate residues of motif C coordinate two
metal ions (Mg>" or Mn®"), which in turn bring together the 3’ hydroxyl group
and the a-phosphate of the i and i + 1 rNTPs, respectively (Figure 5). The
destabilization of the 3° hydroxyl group by one of the metal ions would trigger a
nucleophilic attack by the hydroxyl group’s electron-rich oxygen on the
electron-deficient phosphorus atom of the a-phosphate, resulting in phospho-
diester bond formation and pyrophosphate release (Steitz, 1998). All known
polymerases use this mechanism to synthesize nucleic acids in the 5’—>3’
direction. Theoretically, this iterative synthetic process is then repeated until the
synthesis of a full-length nascent RNA strand is complete.
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Figure 5. Simplified scheme of putative two-metal-ion mechanism of RdRp, which is
based on the HCV NS5B-RNA template complex (O'Farrell et al., 2003) and general
mechanism for all polymerases (Steitz, 1998). Two metal ions are ligated to the RdRp
by two catalytic aspartate residues of motif C (D318 and D319), assisted by an
additional aspartate residue of motif A (D220). See text for details.

2.6.3.3. The mechanisms of RNA synthesis initiation

After binding a template, an RdRp can initiate RNA synthesis via two possible
mechanisms: primer-dependent and primer-independent (de novo). During de
novo initiation, nucleotide i is represented by a single INTP, complementary to
template. Alternatively, during primer-dependent initiation, nucleotide i is the
3’-terminal nucleotidyl moiety of an oligonucleotide, i.e., primer, that is
complementary to the template RNA. A variation on primer-dependent RNA
synthesis initiation can also occur, known as a “copy-back” mechanism, during
which the 3° end of the template folds back upon itself to allow its use as both
the template and the primer. In this situation, nucleotide i is the 3’-terminal
nucleotidyl moiety of the template. The HCV RdRp can utilize all three mecha-
nisms; however, the de novo route is assumed to be the primary mechanism of
RNA synthesis initiation deployed during HCV RNA replication. The first
evidence for the copy-back and primer-dependent mechanisms was obtained
using both a full-length NS5B purified from insect cells and a histidine-tagged,
truncated NS5B (Behrens et al., 1996; Lohmann et al., 1997). It was sub-
sequently demonstrated that bacterially purified NS5B could utilize the de novo
mechanism to generate full-length copies of HCV genomic RNA (Oh et al,,
1999). Subsequently, large amounts of biochemical data have supported the de
novo mechanism as the primary mechanism utilized by NS5B, revealing new
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details regarding the functions of the polymerase and its template requirements
(Kao et al., 1999b; Kim et al., 2000; Luo et al., 2000; Ranjith-Kumar et al.,
2002; Shim et al., 2002; Sun et al., 2000; Zhong et al., 2000).

Several studies have employed the 3’UTR region of HCV RNA as a
template, either alone or in the context of a full-length genome. As previously
discussed, extensive SL structures are present in the HCV 3’UTR. In particular,
the 3’-terminal nucleotide of the HCV genome is base-paired in the xSL1 SL
within the X-tail, theoretically indicating that de novo initiation on this template
cannot be the primary synthesis mechanism by NS5B. However, in practice it
was demonstrated that N-terminally histidine-tagged NS5B full-length enzyme
was capable of efficient RNA synthesis on a 3’UTR template (Oh et al., 1999).
In contrast, a C-terminally histidine-tagged and truncated NS5B could not
efficiently catalyze de novo synthesis on a 3’UTR template;aberrant or copy-
back products were predominantly generated (Lohmann et al., 1997; Reigadas
et al., 2001; Zhong et al., 2000). All C-terminally tagged NS5B proteins contain
a deletion of at least 21 aa, which exposes the C-terminal domain, which is
thought to be important for de novo initiation complex formation, as discussed
previously. Thus, C-terminal fusions are likely to destabilize the C-terminal
domain and to introduce bias into the selection of an RNA synthesis mechanism
by the polymerase. It is known that the location of histidine tag may influence
NS5B function. Analyses of different N- and C-terminal versions of histidine-
tagged NS5B enzymes have demonstrated that N-terminal tags result in
enzymes with a markedly reduced affinity for the template/primer substrate
(McKercher et al., 2004). It was demonstrated for HCV NS5B that the affinity
for the template RNA substrate was inversely proportional to the efficiency of
the nascent RNA synthesis (Lohmann et al., 1997). Thus, N-terminally
histidine-tagged NS5B might simply be more active on a 3’UTR template.
Moreover, a large majority of 3’UTR RNA templates were prepared using in
vitro transcription with T7 RNA polymerase, which is known to add nucleotides
to the 3’ terminus of synthesized RNA in a template-independent fashion (Kao
et al., 1999a), thus liberating the 3’ nucleotidyl moiety required for optimal de
novo RNA synthesis initiation in vitro.

2.6.3.4. Initiation, elongation, and termination of de novo RNA synthesis

Synthetic artificial RNA templates have been used extensively to examine the
HCV RdRp preference for initiation nucleotide i. The HCV RdRp was found to
show a strong preference for a purine (G or A, particularly G) as the initiating
nucleotide (Ranjith-Kumar et al., 2002; Shim et al., 2002). Remarkably, G,
GMP, GDP, and GTP have all been used by HCV NS5B as initiating nucleo-
tides (Ranjith-Kumar et al., 2002; Shim et al., 2002), with a particular pre-
ference for GDP and GMP (Ranjith-Kumar et al., 2002). These findings indicate
that the 5’ terminal structures of HCV genomic and antigenomic RNA strands
might not, in fact, be 5’ triphosphates, contrary to the current widespread belief.
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After the rapid synthesis of the first phosphodiester bond between nucleo-
tides i and i + 1, a 5’-ppp(i)p(i + 1)-OH 3’ dinucleotide is formed and sub-
sequently used as a primer (Dutartre et al., 2005; Shim et al., 2002). Large
amounts of this dinucleotide accumulate during de novo initiation by NS5B,
suggesting that the initiation complex is fragile and that synthesis is frequently
aborted. Hence, it was concluded that the transition from a dinucleotide to a
trinucleotide represents the rate-limiting step in the transition from initiation to
elongation complex (Shim et al., 2002). Subsequently, it was found that the
transition from a pentanucleotide to a highly polymerized product was the
second rate-limiting step in elongation complex formation (Dutartre et al.,
2005). The introduction of a P495L mutation, which prevents rGTP from
binding to its putative allosteric site (Bressanelli et al., 2002), led to a reduction
in the formation of pentanucleotides and larger RNA products, suggesting that
this site should be occupied to enable the transition from initiation to elongation
(Dutartre et al., 2005).

Such mechanistic insights into the functions of NS5B were facilitated by the
characterization of the mode of action of “batteries” of small-molecule
inhibitors targeting this medically important enzyme. Inhibitors of the HCV
RdRp can be classified into two categories: nucleoside analogues (NAs)
(Carroll et al., 2003; Dutartre et al., 2005) and nonnucleoside inhibitors (NNIs)
(Biswal et al., 2005; Dhanak et al., 2002; Di Marco et al., 2005; Gu et al.,
2003a; Love et al., 2003; Wang et al., 2003). NAs are first converted to nucleo-
side triphosphates by the cell; they then compete with natural counterparts in the
active site cavity to terminate RNA synthesis upon incorporation (elongation
inhibitors). In contrast, NNIs are allosteric inhibitors that impede the initiation
of RNA synthesis. Remarkably, all known binding sites for NNIs are located
exclusively in the palm and thumb subdomains of the HCV RdRp (Koch and
Narjes, 2006; Pauwels et al., 2007; Sofia et al., 2012). Thus, deeper mechanistic
insights into the fingers subdomain have not been enabled by rational drug
design and combinatorial chemistry approaches.

A recent technological advance, the in vitro directed formation of extremely
stable elongation NS5Betemplateeprimer complexes (half-life ~1 week) (Jin et
al., 2012; Powdrill et al., 2011), has provided new insights into the function of
the HCV RdRp. Both studies employed N-terminally histidine-tagged, truncated
NSS5B expressed in bacteria. The average rate of nucleotide incorporation was
determined to be in the range 4-18.5 nt/second (Jin et al., 2012; Powdrill et al.,
2011), which correlated well with the rate determined for long RNA templates,
2.5-11.7 nt/second (Oh et al., 1999; Tomei et al., 2000). Assembled elongation
complexes move in the 3’5’ direction relative to the template RNA and
synthesize complementary full-length copies in the 5°—3’ direction. The
termination of RNA synthesis is not currently well understood; however, studies
of elongation complexes might illuminate this process.
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2.6.3.5. A novel NS5B enzymatic function and bias in error rate

It is generally assumed that viral RdRps are extremely error-prone because
these enzymes are unable to correct (proofread) “mistakes”, i.e., misincorpo-
rated nucleotides. As a result, viral RdRps are considered to be the source of
genetic diversity and of mutant viruses, or so-called “quasi-species” (Eigen and
Schuster, 1977). However, the absence of RdRp proofreading activity might be
complemented by a specialized viral protein with 3’—5’ exoribonuclease
activity, enabling replicase proofreading, as was found for coronavirus, the
+ssRNA virus with the largest nonsegmented genome (~30,000 nt) (Minskaia et
al., 2006). However, no studies have reported that viral RdRp is capable of
excising misincorporated nucleotides.

Recently, however, NS5B elongation complexes were used to demonstrate
that NS5B had the capacity to excise the terminal nucleotide of a growing
nascent strand (Jin et al., 2013). In particular, it was demonstrated that the y-
phosphate nucleophilic oxygen of an incoming i + 1 INTP non-complementary
to the template could attack the terminal phosphodiester bond of the i
nucleotidyl moiety of nascent RNA. As a result, a dinucleotide tetraphosphate
was generated and released from the elongation complex (Jin et al., 2013). HIV-
1 RT was demonstrated to catalyze a similar terminal excision reaction (Meyer
et al., 1999), although, this reaction was 100-fold less efficient than the excision
catalyzed by the HCV NS5B (Jin et al., 2013). The discovery of this novel
reaction prompted a re-evaluation of the definition of fidelity for HCV NSS5B,
suggesting that other viral RdRps may exhibit similar activities.

Another report utilizing NS5B elongation complexes revealed that a
mutational bias favoring G:U/U:G mismatches was introduced by viral RdRp
(Powdrill et al., 2011). An error rate of 3.2-8.7x10~ per site was found for such
mismatches, which was 10- to 100-fold higher compared with other possible
mutations. Importantly, such transitions (purine<>purine and pyrimidine<>
pyrimidine) are 75-fold more abundant than transversions (purine<>pyrimidine)
in HCV-infected patients (Powdrill et al., 2011). Hence, non-Watson-Crick base
pairs are formed, preserving the overall RNA secondary structure.

2.6.3.6. RNA templates used by HCV RdRp

In addition to its native HCV RNA templates, NS5B is capable of both primer-
dependent and de novo RNA synthesis in vitro using various templates: homo-
polymeric (Behrens et al., 1996; Lohmann et al., 1997), heteropolymeric
(Ferrari et al., 2008), circular (Ranjith-Kumar and Kao, 2006), and even cellular
mRNAs (Behrens et al., 1996). NS5B exhibits no particular sequence specificity
when binding to these templates, with the exception of homopolymeric
templates; i.e., the HCV RdRp prefers poly(U) over poly(G), poly(A), or
poly(C) (Lohmann et al., 1997). Thus, as suggested by Behrens and colleagues,
“the NS5B is necessary but not sufficient to direct the replication of the HCV
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genome” (Behrens et al., 1996). Other HCV replicase components must play a
role in restricting NS5B RdRp activity exclusively to viral RNA.

2.6.4. Functions of non-RdRp components
of the SFV and HCYV replicases

All of the components of the SFV and HCV replicases are absolutely required
for viral RNA replication inside host cells. The components of viral replicase
assemble at the intracellular membranes of host cells, recruit viral template
RNA, and induce multiple invaginations harboring replication complexes,
which are connected to the cytosol (Paul and Bartenschlager, 2013). These
numerous virus-induced vesicles are termed “spherules” and “double-membrane
vesicles” (DMVs), for SFV and HCV, respectively (Kujala et al., 2001;
Romero-Brey et al., 2012). Inside the vesicles, viral RdRp and other non-RdRp
replicase components function to generate multiple full-length copies of the
viral genome. Although the expression of single HCV replicase components can
trigger vesicles formation, the structure of these vesicles differs from that of
vesicles generated by the expression of the full replicase (Romero-Brey et al.,
2012). For HCV, however, the abundant induction of vesicles by its viral
replicase does not depend on RNA replication (no viral RNA template must be
present) (Romero-Brey et al., 2012), whereas abundant SFV spherules are
produced only when viral RNA is actively replicated (Spuul et al., 2011). More
precisely, when SFV replicase was expressed in the absence of replicon RNA
template, ~10 spherule-like structures were observed, whereas more than 2,000
spherules were present when replicon RNA was supplied (Spuul et al., 2011).

Importantly, in cells containing subgenomic HCV replicons or in cells
infected by SFV or HCV, viral replicases are produced in considerably larger
amounts than required for viral replication (Kujala et al., 2001; Quinkert et al.,
2005; Romero-Brey et al., 2012; Spuul et al., 2010). For example, more than
95% of HCV replicases are not involved in subgenomic RNA synthesis
(Quinkert et al., 2005). Similar phenomena have been observed in the context of
SFV and SINV infection (Frolova et al., 2010; Spuul et al., 2010).

The non-RdRp components of the SFV and HCV replicases are briefly
described below. There are striking similarities between the penultimate com-
ponents of the SFV and HCV replicase polyproteins, nsP3 and NSS5A,
respectively.

2.6.4.1. Other components of the SFV replicase complex

The only membrane-bound protein of the SFV replicase complex is the nsP1
protein, the middle region of which contains a specific lipid-binding region, an
amphipathic o-helix, which tethers the replicase to the membrane (Lampio et
al., 2000). The nsP1-host cell membrane interactions are enhanced by the S-
acylation (palmitoylation) of three C-terminal cysteine residues (Laakkonen et
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al., 1996). However, the expression of the entire replicase ORF is required for
the formation of spherules (Kujala et al., 2001).

The viral nsP1 and nsP2 proteins are critical for the proper 5’ terminus pro-
cessing of SFV genomic and subgenomic RNAs, known as capping reactions.
First, nsP2, a viral RNA triphosphatase, removes the y-phosphate from the 5’
terminal nucleotides of viral genomic and subgenomic RNAs (Vasiljeva et al.,
2000). Second, nsP1 transfers a methyl group from S-adenosylmethionine to
rGTP (guanine-7-methyltransferase, a unique activity not present in cells),
hydrolyzes this methylated rGTP to form rGMP (Laakkonen et al., 1994), and
finally transfers the resulting m7-GMP to the nsP2-processed 5’ terminus of the
template RNA (guanylyltransferase), forming a pyrophosphate linkage (Ahola
and Kaariainen, 1995).

The enzymatic activities of nsP2 are not limited to protease, which is re-
quired for the cleavage of the replicase polyprotein, and RNA 5’-triphosphatase,
which is required for processing viral RNA templates. In addition, nsP2
functions as a nucleoside triphosphatase (NTPase) (Rikkonen et al., 1994) and
an RNA helicase (Gomez de Cedron et al., 1999). nsP2 also possesses a nuclear
localization signal, which is critical for the pathogenicity of SFV4 in animals
(Fazakerley et al., 2002; Peranen et al., 1990; Rikkonen, 1996; Rikkonen et al.,
1992).

The variable, natively unfolded C-terminal region of the viral protein nsP3
(Neuvonen and Ahola, 2009) is phosphorylated at threonine and, especially,
serine residues (17 potential phosphorylation sites in a ~100-aa region) (Vihinen
and Saarinen, 2000). The nsP3 phosphorylation state is higher when this protein
is a part of the viral replicase (Peranen et al., 1988). The elimination of
phosphorylation greatly reduces the pathogenicity of SFV (Vihinen et al.,
2001). The N-terminal region of nsP3 contains an RNA-binding macro domain,
which has a high affinity for poly(ADP-ribose) or poly(A) and a low affinity for
monomeric ADP-ribose (Neuvonen and Ahola, 2009). A zinc ion-binding
domain with four conserved cysteines, which is invariant in all alphaviruses, is
located in the middle of SINV nsP3, between the N-terminal macro-domain and
C-terminal phosphorylation sites (Shin et al., 2012).

2.6.4.2. Non-RdRp components of HCV replicase

The components of the HCV replicase are either tethered to cellular membranes
by in-plane amphipathic and transmembrane helices (NS4A, NS5A, and NS5B)
or combine both types of helices in multiple copies to span the membrane
(NS4B) (Brass et al., 2008; Brass et al., 2002; Ivashkina et al., 2002; Lundin et
al.,, 2003). NS3 is the only viral protein that is not directly bound to the
membrane: the NS4A cofactor tethers NS3 by forming a non-covalent NS3-4A
complex (Brass et al., 2008).

In addition to its protease function, which is essential for the cleavage of the
replicase polyprotein, NS3 has RNA helicase activity and RNA-stimulated
NTPase activity associated with its C-terminal domain. In addition, the binding
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of ssRNA to the N-terminal protease domain of NS3 inhibits its protease
activity (Gallinari et al., 1998; Vaughan et al., 2012).

NS4A, the NS3 protease cofactor, also regulates the phosphorylation state of
NSS5A (Asabe et al., 1997). It was demonstrated that certain amino acid substi-
tutions in the C-terminal NS4A acidic domain, which prevented the hyper-
phosphorylation of NS5A (Koch and Bartenschlager, 1999), also blocked HCV
RNA replication (Lindenbach et al., 2007). Because the acidic domain would be
unable to form a helical structure at neutral pH, it is assumed that local inter-
actions with positively charged surfaces might induce helix formation; there-
fore, it is believed that this NS4A domain can act as an electrostatic switch
(Lindenbach et al., 2007; Montserret et al., 2000).

The NS4B integral membrane protein was identified as the main viral pro-
tein responsible for the formation of tight membrane structures, which consist
of vesicles in a membranous matrix, termed a “membranous web” (Egger et al.,
2002). NS4B is capable of oligomerization in the membrane environment
(Gouttenoire et al., 2009). Further studies revealed that the expression of NS4B
(and of NS3-4A and NS5B) led to the formation of single membrane vesicles,
whereas the expression of either NS5A or the entire replicase was required for
DMYV formation, which was associated with HCV replication (Romero-Brey et
al., 2012) and nascent RNA synthesis (Paul et al., 2013). In addition, NTPase,
GDP hydrolysis, and adenylate kinase activities (Thompson et al., 2009) have
been associated with NS4B, which is also capable of binding RNA (Einav et al.,
2010).

The NS5A replicase protein contains one structured N-terminal domain and
two natively unfolded C-terminal domains (Hanoulle et al., 2009; Verdegem et
al., 2011), which are separated by low-complexity sequences (LCS1 and LCS2)
(Tellinghuisen et al., 2004). The structured N-terminal domain contains one
zinc ion-binding site with four conserved cysteines, which are key for HCV
RNA replication (Tellinghuisen et al., 2004). Two forms of NS5A have been
described: hypophosphorylated and hyperphosphorylated. The phosphorylation
of three serines, which are located in LCS1, is crucial for the transition to the
hyperphosphorylated state (Tanji et al.,, 1995). The crystallization of a
structured NS5A domain in the form of a dimer, linked by a disulfide bond
revealed a novel structural fold, which was predicted to be capable of inter-
acting with RNA (Tellinghuisen et al., 2005). This structured domain and LCS]1
were later demonstrated to be crucial for RNA binding, whereas the remaining
portion of NS5A was not involved in RNA binding (Hwang et al., 2010).

2.7. Replication of the SFV and HCV genomes

The replication of +ssRNA viruses is highly asymmetric: the positive genomic
RNA strands are always produced in excess, compared with the negative
strands. Typically, the number of negative strands present in infected cells is
correlated with the number of replication complexes, which are shielded from
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the cytosol by structures such as spherules or DMV. Hence, the negative RNA
strands of RNA viruses are thought to be protected and to not exist as free
molecules, although this situation has not been demonstrated.

A comparison of the data on SFV and HCV replication (see below) indicates
that a single SFV-infected cell may contain as many as 7,000 replication
complexes, whereas only ~40 replication complexes might be present in a cell
infected with HCV (Keum et al., 2012; Wang et al., 1991). The difference in the
replication of these viruses translates into different phenotypes observed in
cultured cells. In particular, SFV kills a wide spectrum of cells within 24 to 48
hours after infection, whereas HCV is capable of moderate self-reproduction in
a single cell line and its derivatives only, and infection by HCV does not
typically induce cell death.

2.7.1. SFV

It is assumed that a single molecule of the SFV RNA genome is capable of
initiating infection. Upon the entry of the SFV genome into the cytosol of the
host cell, the early replicase is produced, which subsequently recognizes CSEs
at the 3’ end of the genomic RNA and recruits viral RNA into spherules to
catalyze the synthesis of complementary anti-genomic 42S negative-strand
RNA (42S —ssRNA). After the completion of 42S —ssRNA synthesis, the early
replicase is transformed into the late replicase. After the recognition of the
corresponding 3° CSEs, the late replicase produces extremely high levels of
genomic (42S +ssRNA) and subgenomic (26S +ssRNA) viral RNA in an
asymmetric manner. In particular, 42S —ssRNA synthesis is accompanied by
42S +ssRNA synthesis (at a ~1:5 molar ratio), which is then halted after ~4
hours (Sawicki and Sawicki, 1980) due to a change in viral replicase specificity.
A single cell has been estimated to contain ~150,000 copies of 42S and 26S
viral +ssRNAs 8 hours after infection (Tuomi et al., 1975), whereas the number
of negative strands is approximately 7,000 (Wang et al., 1991).

The replicative form (RF) of SFV RNA has been isolated; it is a =dsRNA
consisting of capped 42S +ssRNA and uncapped 42S —ssRNA with an extra
unpaired guanosine at its 3’ terminus (Wengler and Gross, 1979). The 5’
terminus of the negative strand of the alphaviral RF either possesses shorter
poly(U) sequences compared with the poly(A) tail of the positive strand
(Sawicki and Gomatos, 1976) or has no poly(U) sequences at all (Hardy, 2006;
Hardy and Rice, 2005). The number of phosphates at the 5° terminus of 42S —
ssRNA remains unknown (Kaariainen and Ahola, 2002; Wengler and Gross,
1982). It is assumed that in SFV-infected cells, all of the 42S —ssRNAs are in
the RF configuration, protected by spherules; no evidence for free 42S —ssRNA
molecules has been reported.

An interesting SFV replication model has been proposed. According to this
model, because the replicase is membrane-bound, the viral RNA template (42S
—ssRNA) is hypothesized to move from one replicase to another in a circular
manner, accompanied by the synthesis of nascent capped 42S and 26S positive
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strands, which are secreted into the cytosol (Kaariainen and Ahola, 2002). This
model is particularly attractive in the context of HCV due to several reports
describing the short-range (Friebe et al., 2005; Kim et al., 2003) and long-range
interactions (Romero-Lopez and Berzal-Herranz, 2009) between conserved
RNA regions and SLs of the HCV viral genome, including those present in 5’
and 3° UTRs.

2.7.2. HCV

It is assumed that after the HCV genome enters the cytosol, the viral replicase is
produced. Subsequently, the viral replicase recognizes RNA SLs and the
conserved regions of the 3’UTR, and it assembles in the proximity of the 3’ ter-
minus of the viral genome. Next, the de novo initiation mechanism might be
utilized by the RdRp component to produce full-length complementary
negative-strand RNA, which is subsequently used by the same replicase for the
overproduction of positive strands. The existence of viral dSRNA RF has been
hypothesized; however, it has not been demonstrated. The exact sequence of
events beginning with the viral genome and replicase is speculative and not
experimentally well supported, largely because the HCV RF has not been
isolated or characterized. The presence of GORS in the HCV genome strongly
suggests that the HCV RF might not double-stranded.

HCV replication studies have been made possible largely due to the gene-
ration of efficient cell culture systems based on HCV subgenomic replicons
(Lohmann et al., 1999); these cell culture systems have since been improved
(Frese et al., 2003; Krieger et al., 2001). A recent study of the dynamics of the
levels of synthesis of HCV positive and negative RNA strands during virus
infection in cell culture (Keum et al., 2012) revealed striking similarities to data
obtained using HCV replicons (Binder et al., 2007; Krieger et al., 2001; Quin-
kert et al., 2005). The viral RNAs entering the cytosol of infected cells were
rapidly degraded. In particular, an initial 10-fold decrease in viral RNA
genomes was observed (Keum et al., 2012), whereas replicons were decreased
by up to ~100-fold (Krieger et al., 2001). The negative strand of viral RNA
could be detected only 9 hours after infection (Keum et al., 2012), indicating
that a lag-phase was most likely required for both the accumulation of the
replicase and the biogenesis of replication complexes. Twelve hours after
infection, ~3 copies of each positive and negative viral RNA strand were
observed (Keum et al., 2012). The asymmetric replication characteristic for
+ssRNA virus was observed only 24 hours after infection, when a ~10:1 ratio of
positive (~400 copies) to negative strands (~40 copies) was established (Keum
et al., 2012). The identical number of negative strands and approximately the
same ratio were obtained using a subgenomic replicon (Binder et al., 2007;
Quinkert et al., 2005). A maximum of ~800 and ~2,500 copies of positive
strands per cell were produced in the replicon system and during HCV
infection, respectively (Keum et al., 2012; Quinkert et al., 2005).
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2.8. Replication of the genomes of other RNA viruses:
appearance of RF

The replicase function of the viral RdRp is typically associated with the appea-
rance of the viral RF, i.e., double-stranded RNA, in infected cells. In contrast,
transcription is associated with the production of single-stranded mRNA
molecules. During the infection process, the RdRps of —ssRNA, +ssRNA, and
+dsRNA viruses function initially as transcriptases and subsequently as repli-
cases, which delays the possible appearance of viral RF dsRNA molecules.

As previously discussed for SFV and HCV, the NCs of +ssRNA viruses are
immediately disassembled, and a single “naked” viral RNA molecule is released
into the cytosol. This viral RNA is subsequently recruited by the cell-produced
replicase to a spherule or DMV, collectively termed “viral factories” (den Boon
and Ahlquist, 2010), in which viral RdRps function as replicases to generate
multiple full-length copies of the viral genome. In some +ssRNA viruses (e.g.,
SFV), RdRp simultaneously functions as a replicase and a transcriptase, with
the latter generating shorter subgenomic RNAs (e.g., 26S SFV RNA).

In contrast to +ssRNA viruses, the viral RNAs and RdRps of other RNA
viruses are held together tightly in partially uncoated virions (subviral particles)
or in RNP complexes upon entry into the cytosol or nucleus. For these viruses,
virion RdRps, which are associated with incoming RNPs or subviral particles,
function initially as transcriptases to produce multiple uncoated, single-stranded
mRNA molecules, which are used for the production or viral RdRps, nucleo-
proteins, and coat proteins. It is assumed that in —ssRNA and £ssRNA viruses,
the replicase function of RdRp critically depends on nucleoprotein synthesis
because both newly formed cRNA and vRNA must be coated with nucleo-
proteins (Medcalf et al., 1999; Newcomb et al., 2009). Recently, RNP
containing cRNA (cRNP) was purified from influenza A-infected cells. The
synthesis of VRNA by this cRNP was found to critically depend on the addition
of exogenous RdRp (York et al., 2013). Thus, it appears that both the newly
synthesized RdRp and nucleoprotein molecules are required for the incoming
RNP-resident RdRp transcriptase-to-replicase function transition. No “viral
factories” are formed during —ssRNA and +ssRNA virus replication.

The mRNAs produced by +dsRNA virus RdRps in transcriptase mode are
used for the synthesis of protein and complementary negative strands of RNA
for the formation of “progeny” +dsRNA genomes (Patton and Spencer, 2000).
However, the RdRp of the incoming subviral particles serves only as a
transcriptase; subviral particles containing RdRp that functions as a replicase
are assembled later in infection, in sites called “viroplasms” constructed purely
of viral proteins (Broering et al., 2004; Parker et al., 2002).
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2.9. Detection of RNA virus infection by the host cell
2.9.1. Viral dsRNA or RF activates the type | interferon (IFN) system

By the early 1950s, a large body of in vivo evidence had accumulated regarding
the successive infection of animals with various viruses. In particular, it was
determined that the infection of an animal with one virus frequently prevents or
alleviates the subsequent infection of the same animal with another virus, which
was termed “interference phenomena” (Henle, 1950). A soluble factor was then
found to be released by the membranes of chick embryos in vitro in response to
coincubation with heat-inactivated influenza virus. This factor interfered with
the growth of live influenza virus in pre-treated membranes; thus, it was termed
“interferon” (IFN) (Isaacs and Lindenmann, 1957). The identification of IFN
inducers represented a clear medical opportunity for treating viral diseases.
Antiviral activity was demonstrated in extracts of the fungus Penicillum funicu-
losum (Rytel et al., 1966; Shope, 1953, 1966), and subsequent biochemical
analyses of these extracts showed that the molecule responsible for IFN in-
duction was dsRNA. It was suggested that the presence of dsSRNA in mold
mycelia was due to infection by a hypothetical RNA virus and represented
dsRNA RF (Lampson et al., 1967). The dsSRNA genomes isolated from reovirus
virions (Tytell et al., 1967) and the dsRNA complexes of synthetic poly-
riboinosinic and polyribocytidylic acids (poly(I:C)) (Field et al., 1968) were
also highly active in inducing IFN, which was subsequently identified as a
glycoprotein (Dorner et al., 1973). Thus, it was discovered that vertebrate cells
had an antiviral defense system, later termed innate immunity, that was capable
of recognizing dsSRNA molecules and inducing an antiviral state characterized
by the production of IFNs.

Nearly 20 years later a “modern” theory of innate immunity was developed
(Lemaitre et al., 1996; Medzhitov and Janeway, 1997; Medzhitov et al., 1997;
Poltorak et al., 1998). According to this theory, virtually every cell in an orga-
nism can utilize germline-encoded receptors to recognize pathogens. These
receptors, designated pathogen recognition receptors (PRRs), recognize and
bind to fragments of the pathogen’s own structural or pathogen-induced mole-
cules, also called pathogen-associated molecular patterns (PAMPs), to trigger
an anti-pathogenic response aimed at destroying the pathogen (Janeway, 1989).
The universality of the innate immune system and the limited number of PRRs
suggests that PAMPs must represent unique molecular hallmarks that are shared
by several pathogen groups (Medzhitov and Janeway, 1997). In vertebrates,
three PRR families of innate immune sensors that detect virus-specific compo-
nents have been identified: nucleotide oligomerization domain (NOD)-like
receptors (NLRs), Toll-like receptors (TLRs), and retinoic acid-inducible gene I
(RIG-D)-like receptors (RLRs). Only TLRs and RLRs, however, are essential for
type I IFN induction (Takeuchi and Akira, 2010).

Thus, in the 1970s, a subsystem of innate immunity was discovered. Thus,
the large class of RNA viruses is recognized through dsRNA RF, which
represents the characteristic PAMP of these viruses. RLRs are major germline-
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encoded PRRs that recognize the cytosolic dSRNA generated by RNA viruses
(Takeuchi and Akira, 2010). This recognition initiates signaling events that lead
to the activation of a host cell antiviral defense system mediated by type I IFNss,
e.g., IFN-a, IFN-B, and IFN-o. (Pestka et al., 2004; Samuel, 2001). Currently,
it is believed that type I IFNs are triggered exclusively by either viral dsSRNA
(Kato et al., 2008) or viral dsSRNA with a triphosphate at its 5’ terminus (5 ppp-
dsRNA) (Schlee et al., 2009; Schmidt et al., 2009).

2.9.2. Limitations of viral dsSRNA/RF detection by RLRs

Most of the experiments aimed at elucidating of the RNA virus PAMPs that are
responsible for activating the innate immune system have been performed either
with synthetic model RNAs such as poly(I:C) or with RNAs generated by phage
polymerases, e.g., T7 RNA polymerase. The optimal RNA ligands for RLRs, in
particular for the RIG-I receptor, were determined through such experiments.
These results were subsequently applied to the RNA genomes of viruses and
their RFs, typically without direct experimental evidence. Such assumptions
require not only the availability of detailed information regarding the RF and
but also (preferably) the demonstration of an interaction between the RF and the
RLR in the context of viral infection. Obtaining such evidence is extremely
challenging experimentally. Such experiments have been attempted for —ssRNA
viruses; however, no conclusive data have been obtained, and the natural RIG-I
ligands remain unknown.

As previously noted, it is believed that viral dSRNAs or RFs do not exist as
free molecules in the cytosol. The following limitations associated with dsSRNA
detection by RLRs are obvious when considered in the context of RNA virus
infections. First, for —sSRNA or +ssRNA viruses, the formation of dsRNA
during replication and transcription is prevented by nucleoproteins that are
associated with VRNA and cRNA. Second, for +dsRNA viruses, no dsRNA is
formed during transcription due to the unique structure of viral RdRp and its
localization in subviral particles (Tao et al., 2002). dsRNA is formed during the
replication of these viruses, but this event occurs in viroplasms or subviral
particles. Third, for +ssRNA viruses, dsRNA is formed during replication;
because this process occurs in viral factories, these dsSRNA molecules are not
easily accessible to cytosolic RLRs.

In particular, it was demonstrated that HCV viral factories were connected to
the cytosol and enabled access of INTPs, whereas access by 17-29 kDa proteins
was prevented (Quinkert et al., 2005). Moreover, it was demonstrated that
dsRNA was detected specifically in DMVs formed during HCV replication
(Paul et al., 2013). It remains unknown whether the dsRNA detected in cells
infected by HCV (Romero-Brey et al., 2012) or in the DM Vs (Paul et al., 2013)
of cells harboring HCV replicons corresponds to RF or to an extensive
secondary genomic structure (i.e., GORS). For SFV, there is no direct evidence
of dsRNA in spherules; however, as previously noted, SFV RFs have been
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experimentally isolated from infected cells (Wengler and Gross, 1979). Con-
sequently, the RFs of HCV and SFV are not easily accessible to the innate
immune system of the host cell.

2.9.3. Side effects of replicase components

The components of viral replicases are naturally assumed to play a direct role in
the replication of HCV and SFV viral RNAs. However, viral replicases and
their components are involved in many cellular processes, in addition to viral
RNA replication. These processes are typically considered side effects. The side
effects of viral proteases and RdRps are discussed below. Although the side
effects of HCV and SFV proteases are well established, RdRp side effects are
only beginning to emerge.

2.9.3.1. Viral protease counteracts the type | IFN system

It is generally assumed that viral proteins, particularly viral replicase proteins
not participating in replicase assembly, either lose their activity or function to
counteract the type I IFN system or interfere with the metabolic processes of the
cell to promote efficient viral replication. For HCV and SFV, the ability to
inhibit the type I IFN response is largely attributed to viral proteases, whereas
the contribution of other replicase proteins is not as pronounced.

The HCV NS3-4A protease “cuts off” both “arms” of the type I IFN system.
First, it was demonstrated that NS3-4A cleaved the Toll-IL1 receptor domain-
containing adaptor inducing IFN-B (TRIF), an adaptor protein that is essential
for activating antiviral defenses in response to PAMPs, which are recognized by
TLRs (Li et al., 2005b). Second, it was found that NS3-4A protease cleaved the
CARD (caspase activation and recruitment domains) adaptor inducing IFN-3
(CARDIF), another adaptor protein required for proper RIG-I signaling (Meylan
et al., 2005). Finally, NS3-4A was found to cleave yet another host cell target
that is responsible for the activation of RIG-I receptor (Oshiumi et al., 2013).

The mechanism of type I IFN system antagonism by the SFV nsP2 protein
remains unclear. However, it was demonstrated that a single mutation in nsP2
preventing its nuclear localization affects the neurovirulence of SFV in vivo
(Fazakerley et al., 2002; Rikkonen, 1996) and affected type I IFN production in
cell culture, suggesting a central role for nsP2 in suppressing the cellular
antiviral response (Breakwell et al., 2007). In addition, SFV nsP2 has been
proposed to induce the degradation (but not in a protease-dependent fashion) of
the catalytic unit of a cellular RNA polymerase II (Akhrymuk et al., 2012).
Additional functions, such as the global shutoff of host cell macromolecular
synthesis and the inhibition of IFN-induced signaling, have been attributed to
the nsP2 proteins of other alphaviruses (Frolova et al., 2002; Fros et al., 2010;
Garmashova et al., 2006). No cellular targets of nsP2 protease activity have
been demonstrated thus far.
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2.9.3.2. Viral RdRp: an activator of the type | IFN system?

Accumulating evidence suggests a novel function for the RdRps of +ssRNA
viruses. In particular, several studies have demonstrated that the RdRps of
vertebrate-infecting viruses are capable of activating the type I IFN system in
the host cell. First, the transient expression of HCV NS5B activated the IFN-f
promoter in several human cell lines (Dansako et al., 2005; Moriyama et al.,
2007; Naka et al., 2006) and induced the secretion of type I IFNs by mouse
hepatocytes both in cell culture and in vivo (Yu et al.,, 2012). Second, the
activation of the IFN-f3 promoter was also triggered by the RdRps of human and
murine noroviruses (Subba-Reddy et al., 2011). Third, increased basal IFN
transcript levels were detected in transgenic mice expressing the RdRp of
Theiler’s murine encephalitis virus (TMEV), which protected the mice from
subsequent TMEV infection (Kerkvliet et al., 2010).

Collectively, these results indicate that the type I IFN system can be
activated directly by viral RdRps without a requirement for replication factory-
hidden dsRNA RF exposure to cytosolic RLR sensors. However, the mecha-
nism and role of this innate immune system activation in the context of viral
infection have not been determined for any of these viruses.

Given that more than 10° copies of NS5B are synthesized by a single cell in
a replicon system and that 95% of these molecules are not involved in viral
replication (Quinkert et al., 2005), the elucidation of this novel HCV RdRp
function is of particular interest. However, as previously noted, RLRs and TLRs
are critical for the activation of type I IFN system in response to RNA virus
infection. The HCV and its subgenomic replicons are capable of self-replication
in a single cell line (Huh7) derived from differentiated hepatocellular carcinoma
(Nakabayashi et al., 1982), which is either defective for or produces extremely
low amounts of the TLR3 receptor, which is critical for dSRNA detection in the
endosomes (Li et al., 2005a). Huh7 cell line derivatives (Huh7.5 (Blight et al.,
2002) and Huh7.5.1 (Zhong et al., 2005)), which were produced by first
establishing cell lines harboring HCV subgenomic replicons and then eli-
minating these replicons through prolonged treatment with IFN-a, are highly
permissive for HCV replication but contain an additional inactivating mutation
in the gene encoding RIG-I (Sumpter et al., 2005). Thus, the type I IFN system
is severely blunted in Huh7 cells, which prevents analyses of possible role for
NS5B in eliciting the host cell antiviral response in the context of HCV
replication.
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3. AIM OF THE STUDY

HCV NS5B and NS3-4A are components of the multienzyme HCV replicase
complex, which is directly involved in viral replication. Thus, NS5B and NS3-
4A represent targets for antiviral intervention. In the host cell, however, these
enzymes induce side effects that are not directly linked to HCV replication. In
particular, the NS3-4A protease counteracts the type I IFN defense system,
whereas emerging evidence suggests that NS5B activates this system. Due to
the lack of type I IFN system-competent cells that support HCV replication,
studies of the potential antagonism between the side effects of NS5B and NS3-
4A are not possible. In contrast, SFV is capable of infection and replication in
numerous type | IFN system-competent cells. The nsP2 protease component of
the SFV replicase can suppress the type [ IFN system. Moreover, we found that
the SFV replicase activates the type I IFN system. Thus, the HCV and SFV pro-
teases and RdRps produce similar side effects in type I IFN system-competent
cells.

The overall aim of this study was to evaluate the potential antagonism
between the side effects of viral proteases and RdRps during the infection of
type I IFN system-competent cells by +ssRNA viruses. To achieve this aim, the
work presented here was divided into the following specific objectives:

1. To generate and employ molecular probes to reveal the crucial functional
determinants of RdRp activity within the fingers subdomain of NS5B;

2. To create a computational method (a computer program) to automatically
generate molecular probes capable of binding to the NS3-4A protease active
site and inhibiting the enzyme;

3. To study the emerging antagonism between the side effect functions of viral
protease and replicase in the context of SFV infection of type I IFN system-
competent cells;

4. To evaluate antiviral strategies aimed at inhibiting the NS5B and NS3-4A
components of the HCV replicase in the context of these enzymes’ side
effects.
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4. MATERIALS AND METHODS

A detailed description of the materials and methods used during this study is
provided in the original publications that accompany this dissertation. Below, 1
will discuss the limitations of the experimental approaches used in the
corresponding papers.

4.1. Paper |

In the biochemical part of our study, a full-length NS5B (genotype 1b, Conl)
with an N-terminal histidine tag was used. It was previously demonstrated that
the histidine tag present at the N-terminus of NS5B decreased its affinity for the
template/primer by approximately 8-fold, compared with unmodified or
truncated C-terminal histidine-tagged versions of NS5B (McKercher et al.,
2004). Hence, in vitro RNA synthesis by N-terminally histidine-tagged NS5B
represents sensitive system for the isolation of inhibitors that interfere with
template/primer binding (McKercher et al., 2004). Additionally, using the N-
terminally histidine-tagged NS5B is essential for analyzing the effects of high-
molecular-weight probes, e.g., monoclonal antibodies (mAbs), on RdRp acti-
vity, because sufficiently high mAb:NS5B molar ratios can be achieved without
eliciting nonspecific side effects only in this case.

4.2. Paper I

The compounds used in this study were similar, but not identical, to the com-
pounds predicted using a fragment-based quantitative structure-activity relation-
ship (FQSAR) computation algorithm due to the following reasons. First,
commercial libraries containing thousands of synthesized compounds can be
searched for structurally similar compounds in a matter of hours. These com-
mercially available compounds are typically inexpensive. Second, custom
chemical compounds synthesis is expensive and sometimes require months to
complete. After careful consideration of the above reasons, we decided to
pursue the approach involving commercial compound libraries.

4.3. Paper lll

We applied a mathematical reasoning approach to demonstrate that primary
MEF cells infected with wild-type and mutant SFV4 contain large amounts of
non-viral RNA PAMPs generated by viral replicase. Specifically, in the context
of wild-type SFV4 infection, the following results were demonstrated. First,
total RNA was extracted from MEF cells infected with SFV4 and was
subsequently fractionated using oligo(dT)-affinity chromatography, resulting in
two RNA fractions: polyadenylated (polyA+) and nonpolyadenylated (polyA-).
Equal amounts of these RNA fractions were used (polyA+ : polyA- = 1:1, mass
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ratio) and the contents of the different viral RNA species in these fractions were
subsequently compared using the following methods: (i) an image-based
densiometric relative quantitation of 42S £dsRNA RF; (ii) an infectious center
assay relative quantitation of 42S +ssRNA; (iii) a northern blot relative
quantitation of 42S —ssRNA; and (iv) reverse transcription polymerization chain
reaction (RT-PCR) analyses of dsRNA and ssRNA forms of minor defective
interfering RNA (DI-RNA). Method iv showed that the dsSRNA form of DI-
RNA was present exclusively in the polyA+ RNA fraction, whereas negative
RNA strands of DI-RNA were present at nearly equal amounts in both fractions.
Utilizing methods i—iii, the polyA+ RNA fraction was found to always contain
~15-fold more of the analyzed viral RNA species compared with the polyA-
RNA fraction. Thus, if viral RNAs are the only PAMPs produced during viral
infection, then polyA+ RNA fractions must induce 15-fold more IFN- than the
corresponding polyA- RNA fractions, provided that equal amounts of RNA
were used.
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5. RESULTS AND DISCUSSION

Below, only original contributions, i.e., findings that are not redundant with pre-
viously published studies, made specifically during this dissertation (especially
Papers I and III) will be discussed in the context of data presented in the
“Literature Analysis” section. The overall contributions made by the current
work and the analyses performed during the preparation of the current dis-
sertation lead me to propose a novel model for the recognition of positive-strand
RNA virus invasion by the host cell.

5.1. Paper|

This paper describes the isolation and characterization of monoclonal antibodies
(mAbs) that specifically bind to linear epitopes, i.e., small peptide stretches
scattered throughout the surface of the HCV NS5B fingers subdomain. The
absence of low-molecular-weight NNIs that bind to the fingers subdomain of
NS5B prevented functional analyses of this subdomain in the context of intact
or minimally modified RdRps (Sofia et al., 2012). Hence, we used NS5B-
specific mAbs as molecular probes to reveal possible functional determinants
important for RdRp activity that might have been exposed on the surface of the
NS5B fingers subdomain.

5.1.1. Conserved targets for molecular probes
in the HCV RdRp fingers subdomain

A recent analysis of 236 HCV NS5B protein sequences belonging to six major
genotypes revealed that, in addition to seven RdRp motifs (A-QG), there are two
more highly conserved regions (Waheed et al.,, 2012). One of these newly
identified conserved regions is bound by mAb 8B2 (aa 1-14 of NS5B). The
binding site for mAb 8B2 is located immediately upstream of the NS5B Al loop
(aa 11-45) (I, Figure 2). NS5B aa 101-105 comprised the minimal binding site
for mAb 7G8, and residues upstream of this sequence were required for optimal
binding (I, Figure 1H). In particular, the binding site for mAb 7G8 overlapped
with motif G ([T/S”]X,.,G'®) of HCV NS5B. Notably, Ser” and Gly'*” are
conserved among all of the HCV genotypes and subtypes (Waheed et al., 2012).
Thus, mAbs 8B2 and 7G8 represent unique high-molecular-weight probes that
bind to conserved regions in the NS5B fingers subdomain.

5.1.2. HCV RdRp fingers subdomain controls the initiation of
RNA synthesis and the elongation of RNA chains

Limited information is available regarding the functions of the NS5B fingers
subdomain during RNA synthesis. In addition to the importance of the Al loop
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for preserving the NS5B “closed fingers” conformation (Biswal et al., 2005;
Labonte et al., 2002), it was demonstrated that the deletion of N-terminal aa 1—
19 reduced the polymerase activity by more than 200-fold (Lohmann et al.,
1997). In contrast, NS5B and RNA co-crystal structures and cross-linking
studies identified several residues in the vicinity of motif G that were
potentially involved in the interaction with bound RNA (Deval et al., 2007; Kim
et al., 2005; O'Farrell et al., 2003). Although motif G was implicated in the
recognition of the template/primer RNA complex, which is crucial for the
initiation of RNA synthesis (Barrette-Ng et al., 2002; Gorbalenya et al., 2002;
Thompson and Peersen, 2004), the significance of such recognition has never
been demonstrated in functional assays for any of these RdRps.

Given the above arguments, we had a unique opportunity to analyze the
effects of fingers-specific mAbs on the in vitro RdRp activity of HCV NS5B.
We found that mAbs 8B2 and 7G8 inhibited the primer-dependent RNA
synthesis catalyzed by NS5B in a concentration-dependent manner. These inhi-
bitory effects were specific: mAbs recognizing either the histidine tag or other
epitopes in the fingers subdomain had no effect on NS5B-mediated RNA
synthesis (I, Figure 3A).

We used the polyanion heparin to gain insights into the mechanism of the
inhibition of the HCV RdRp by mAbs 8B2 and 7G8. Specifically, heparin, a
nucleic acid mimic that binds free RdRp molecules, was added to the primer-
dependent RdRp assays to prevent RNA synthesis re-initiation events (Gu et al.,
2003b). We found that only mAb 8B2 retained its inhibitory effect, whereas
mADb 7GS8 lost its inhibitory potential (I, Figure 4). The presence of heparin did
not interfere with the elongation of RNA chains. The dose-dependent inhibition
of RNA synthesis by mAb 8B2 in the presence of heparin implied that the
elongation of RNA chains was inhibited by this mAb. In contrast, the loss of the
mADb 7G8 inhibitory effect indicated that HCV RdRp-mediated RNA synthesis
initiation events were restricted in the presence of 7G8. Consequently, we
demonstrated that the NS5B fingers subdomain exerts functions that are im-
portant for both the initiation and elongation steps of RNA synthesis.

Although heparin provided a convenient way to discriminate between the
initiation and elongation steps of RdARp-mediated RNA synthesis, the results we
obtained did not explain why mAb 7G8 did not inhibit the first round of
initiation. The ability of mAb 7G8 to interfere with RNA synthesis was also
found to be template-dependent; the inhibitory potential of mAb 7G8 was
virtually eliminated when an HCV replicon RNA template containing strong
secondary structures was used (I, Figure 5). Thus, we concluded that the
binding sites for mAb 7G8 and the template or template/primer RNA over-
lapped on the surface of NS5B; however, these binding sites were not mutually
exclusive. Hence, the binding of heparin to the polymerase surface, which was
driven by the extremely high negative charge density of heparin, might have
displaced or dissociated bound mAb 7GS8, explaining the absence of an
inhibitory effect during the first round of initiation.
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5.1.3. Motif G is part of the RdRp molecular interaction platform
detected in the HCV replicase context

To characterize the epitope that mAb 7G8 recognized in greater detail, we per-
formed extensive site-directed mutagenesis and analyzed the efficiency of puri-
fied mutant RdRps in primer-dependent RNA synthesis assays. The majority of
the purified mutant NS5B proteins were active; however, only a single con-
servative S99T mutation completely abolished primer-dependent RdRp activity,
thus corroborating the hypothesis that motif G might be important for template/
primer recognition (I, Table 2). However, the expression level of the S99T
mutant NS5B was significantly lower compared with the other mutants,
indicating possible defects in overall protein folding (I, Figure 7A). Given that
the S99T mutant exhibited compromised protein folding, no conclusions con-
cerning primer/template recognition could be drawn.

According to HCV NS5B X-ray crystal structures, most of the peptide
(epitope) bound by mAb 7GS8 is solvent-accessible (I, Figure 8E). A major
portion (aa 92—-103) of this solvent-accessible peptide contains a loop structure.
The N-terminal region of the loop possesses two consecutive proline residues
(Pro”® and Pro’), which might be involved in controlling the loop’s structural
flexibility. The cis/trans isomerization of proline, which is catalyzed by
peptidyl-prolyl isomerases (PPlases), might serve as a molecular switch to
trigger the transition from one enzyme conformation to another (Andreotti,
2003). Cyclophilin B is one such PPlase (a possible replicase host cell factor); it
is reported to interact with the 521-591 aa region of NS5B and to be essential
for efficient HCV genome replication in cell culture (Watashi et al., 2005).

To analyze the potential functional role of the mAb 7G8 epitope amino acid
residues in the context of HCV replication, we generated a panel of subgenomic
replicons that encoded mutant NS5B proteins, for which the in vitro RdRp
activities were previously measured in the primer-dependent NS5B-mediated
RNA synthesis assays. Based on subsequent analyses of the replication efficien-
cies of these mutant replicons in permissive cells, we identified a region con-
sisting of eight consecutive amino acid residues (P**HSARS*KF'"") that was
extremely sensitive to any kind of substitutions (I, Table 2). In particular, any
mutation introduced into this region of NS5B abrogated HCV replication
entirely in both Huh7 and Huh7-Lunet cells. Consequently, we identified a
platform that was involved in extensive interactions and was important for HCV
RNA replication (I, Figure 8). The C-terminal region of this platform contains
motif G. This platform might be involved in template recognition and binding,
however, this remains to be demonstrated. Importantly, the platform begins with
Pro’* and ends with Phe'”', indicating that the platform resides entirely within a
loop (aa 92—-103). A plausible hypothesis might be that in the context of HCV
replicase, Pro’* of NS5B controls the flexibility of the loop that harbors the
putative RNA-interaction platform.
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5.1.4. Molecular environment-dependent activity of HCV NS5B:
from RdRp to replicase

A comparison of the effects of single mutations on primer-dependent NS5B
RdRp activity and on the capacity of the corresponding replicons to replicate
resulted in one major conclusion. The catalytic activity of the RdRp component
(NS5B) does not always guarantee the catalytic activity of the corresponding
HCV replicase (I, Table 2). A similar conclusion was reached in a study
demonstrating that an NS5B with a deleted B-loop possessed increased repli-
cation capacity in in vitro assays, whereas in the context of the HCV replicase,
the ability of the modified NS5B to replicate viral RNA was completely lost
(Cheney et al., 2002). These results not only highlight the essential role of
NS5B in driving HCV RNA replication in the host cell but also indicate that the
identified molecular interaction platform might be involved in interactions
between both the RNA template and other replicase components, including
nonviral ones.

5.2. Paper Il

This paper describes a computational method applied to predict novel low-
molecular-weight inhibitors of the NS3-4A protease component of the HCV
replicase. These predictions were based on published structure-activity relation-
ship (SAR) data for various NS3-4A inhibitors. In particular, SAR data were
used for extracting the chemical structures of inhibitors and their corresponding
inhibitory concentration 50% (ICso) or inhibitory constant (K;) values. The
extracted data were subsequently used to construct a quantitative SAR (QSAR),
a system of mathematical equations describing the connection between the
properties (e.g., electronic, steric, or hydrophobic) of potential inhibitors (com-
pounds) and their ICs or K; values. The standard QSAR method can be used to
evaluate the overall inhibitor structure, and therefore, to predict the properties of
analogous, but more potent, compounds. In contrast, the fragment-based QSAR
(FQSAR) method developed in this paper first evaluates the structures of many
inhibitors and dissects them into simpler structural “building blocks” or
fragments (I, Figure 1). As a result, the properties of these building blocks and
their interactions are mathematically described in a more detailed fashion com-
pared with standard QSAR. Subsequently, the building blocks are recombined
to generate novel compounds, and their properties are predicted. Finally, the
predicted compounds with optimal properties, e.g., the lowest ICsy or K;, are
either synthesized or obtained from commercial compound libraries.

5.2.1. Side effect evaluation for predicted NS3-4A inhibitors

One of the side effects associated with low-molecular-weight compounds is
cellular toxicity. We developed a cellular assay to measure the toxicity of the
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potential NS3-4A protease inhibitors predicted using our FQSAR approach. In
particular, we used a novel technology known as real-time cell electronic
sensing (RT-CES) (Xing et al., 2006) to monitor the effects of compounds on
the growth dynamics of Huh7 cells harboring HCV subgenomic replicons
(Frese et al., 2003). The advantage of RT-CES over conventional toxicity end-
point assays is that RT-CES is a real-time process that allows direct toxicity
detection at any stage during the experimental time course (Xing et al., 2006).

For an RT-CES experiment, cells are first seeded into special plastic cham-
bers containing bottom-integrated microelectrodes, followed by the addition of
compounds to be tested. The microelectrodes are used to measure the electrical
impedance of the chamber in real time. The relative change in the measured
electrical impedance over defined periods of time reflects the rate of cell growth
and is used to make conclusions regarding the effect of a compound on the
overall cellular growth dynamics.

First, we found that Huh7 cells, harboring HCV subgenomic replicons
attached to and grew on the microelectrodes of the chambers. Second, we
evaluated the effects of seven FQSAR-predicted potential NS3-4A inhibitors on
the cellular growth rate, and we identified two compounds that were not toxic
(I, Supplementary Material 3, Figure S1). Thus, RT-CES technology can be
used to evaluate the toxicity of compounds in Huh7 cells harboring HCV
subgenomic replicons. In addition, we found that the growth of Huh7 replicon
cells was decelerated immediately upon the addition of dimethyl sulfoxide, even
at very low concentrations, i.e., 0.2%.

5.3. Papers | and Il
5.3.1. In pursuit of viral RdRp side effects

The binding sites for mAbs 8B2 and 7G8 on the HCV NS5B surface can be
used as target sites for the development of novel inhibitors (Paper I). In contrast,
the computational method that was developed to predict novel NS3-4A inhi-
bitors requires experimental evidence to support the inhibitory activity of these
compounds (Paper II). The approaches applied in both studies were similar. In
Paper I, we used mAbs recognizing various epitopes in the HCV NS5B fingers
subdomain to identify the essential epitopes for RdRp function. In Paper II, the
“epitopes” were represented by sub-sites in the catalytic center of the protease,
which were bound by sub-sets of chemical entities, i.e., the fragments, which
were recombined using a computer algorithm to produce final compounds. In
this way, the compounds generated by the program could be interpreted as low-
molecular-weight “mAbs”, which recognized slightly different epitopes in the
catalytic center of the protease.

Thus, in Papers I and II, we attempted to inhibit the activities of RdRp
(NS5B) or to design inhibitors for the protease (NS3-4A) component of the
HCYV replicase. Although the approaches we used were not standard, inhibiting
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components of the HCV viral replicase is a well-established strategy for
interfering with viral replication.

As discussed above, various side effects are associated with the usage of
molecular probes. These effects include the following: (i) the nonspecific
inhibition of NS5B RdRp activity in vitro by high concentrations of mAbs and
(i1) the toxicity of potential NS3-4A inhibitor compounds predicted using the
FQSAR approach. However, the side effects of viral replicase components are
more interesting because these effects can directly influence viral infection.

One well-known side effect of HCV NS3-4A is its interference with the host
cell’s antiviral response. In contrast, the potential role of NS5B in activating the
antiviral response indicates that additional functions (side effects) are associated
with viral RARp. However, the limitations of the available cellular experimental
systems for HCV prevented an evaluation of the potential significance of this
viral RdRp activity side effect.

In the following study, we modified the protease component of the SFV
replicase with a single mutation to uncover a novel mechanism used by host
cells to detect RNA virus infection.

5.4. Paper llI

This paper demonstrates that similar to the RdRps of HCV (Dansako et al.,
2005), norovirus (Subba-Reddy et al., 2011), and TMEV (Kerkvliet et al.,
2010), the SFV replicase is capable of type I IFN system activation. By
exploiting the unique mutation introduced into the NLS of nsP2 (Peranen et al.,
1990), which attenuates the pathogenicity (Rikkonen, 1996) and neuropatho-
genicity of SFV4 in mice (Fazakerley et al., 2002) and induces higher levels of
type 1 IFNs in MEF cells (Breakwell et al., 2007), we identified a novel
mechanism used by host cells to detect SFV4.

5.4.1. Side effects of viral RARp activity:
HCV NS5B and SFV replicase

Given the enormous amount of intracellular viral RdRps that are necessary, but
not sufficient, for viral RNA synthesis (Kujala et al., 2001; Quinkert et al.,
2005; Romero-Brey et al., 2012; Spuul et al., 2010), the role of these RdRps in
the context of viral infection remains puzzling. Due to a type I IFN system
defect in Huh7.5 cells, we were unable to pursue this question for HCV NS5B
RdRp.

Unexpectedly, we found that the expression of SFV4 replicase (ORF1) from
non-replicating RNA caused a robust induction of IFN-B in COP-5 cells, a
mouse fibroblast cell line (Tyndall et al., 1981). In addition, we demonstrated
that an SFV replicase with a unique NLS mutation in the nsP2 protein induced
~4-fold more IFN-f than the wild-type replicase (III, Figure 1D). Subsequently,
we showed that the inactivation of the catalytic GDD motif resulted in a total
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abrogation of IFN induction by both SFV replicase and HCV NS5B in COP-5
cells (II, Figure 1F), implying that RdRp activity was both necessary and
sufficient for IFN-B induction. These data suggest the following: (i) the SFV
replicase expression triggers the accumulation of previously unknown PAMPs,
which induce IFN-; (ii) the induction of IFN-3 by the SFV replicase does not
depend on the replication or transcription of the viral genome; and (iii) the nsP4
and nsP2 components of the SFV replicase are important for eliciting and
limiting the type I IFN response, respectively.

Using RNA interference, we demonstrated that RLRs were important for
detecting mutant SFV replicase RdRp activity in COP-5 cells and for detecting
a recombinant SFV virus (carrying the same nsP2 mutation) in primary MEF
cells (III, Figure 2). We subsequently found that SFV replicase expression in
COP-5 cells triggered the accumulation of RNA PAMPs that were capable of
inducing IFN-B (III, Figure 3). Analyses of these IFN-inducing RNAs isolated
from COP-5 cells, which were transfected with DNA encoding mutant SFV
replicase, corroborated the identity of the primary RLR sensor involved in
detection. In particular, we found that this RNA contained dsSRNA and a 5’-ppp
terminal structure, i.e., PAMPs recognized by RIG-I (III, Figures 3C, D and 4B,
C). In addition, we found that the majority of IFN-inducing RNAs generated by
the SFV replicase were not polyadenylated and had overall lengths exceeding
200 nt (I, Figure 3A, B).

5.4.2. The SFV dsRNA RF is not accessible to
the host cell antiviral machinery

Another unexpected finding resulted from the multiparametric analysis of
primary MEF cells infected by an SFV4 reporter virus, termed SFV4-Rluc-
RDR, which contained the Renilla luciferase coding sequence (Tamberg et al.,
2007) and the above-mentioned mutation in the nsP2 NLS (III, Figure 5I). In
particular, 12 hours post-infection (hpi), a clear replication signal was observed,
whereas at 24 and 36 hpi, the complete suppression of viral replication was
observed at every multiplicity of infection tested (III, Figure 5E). However,
when MEF cells were infected at a lower temperature (28°C), efficient SFV4-
Rluc-RDR replication was achieved (III, Figure 5G). Subsequent analyses
indicated that a delay in the kinetics of IFN-[3 secretion allowed efficient SFV4-
Rluc-RDR replication.

To directly analyze the viral RNAs present in the infected MEF cells, we
used a northern hybridization approach. We found that at 28°C, efficient SFV4-
Rluc-RDR replication occurred, and all of the RNA species produced during the
infection accumulated in a time-dependent manner. In contrast, at 37°C, we
found that the 42S and 268 positive strands of mutant SFV that were detectable
at 12 hpi could not be detected at 24 and 36 hpi, whereas the 42S negative
strands remained at a steady level (I1I, Figure 5J).
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Collectively, these results suggest that MEF cells mounted a potent antiviral
response and destroyed the positive strands of the mutant SFV in an IFN-(-
dependent manner, i.e., the MEF cells “cured” themselves of the virus (albeit
not entirely). Another important point that we demonstrated is that negative-
strand 42S viral RNAs, i.e., dSSRNA RFs, remained intact during a full-blown
host cell antiviral response. Thus, we provided direct evidence that no free and
easily accessible negative-strand RNA molecules of SFV existed in the infected
cells. These results also indicated that the spherules formed during SFV4-Rluc-
RDR infection were stable and safeguarded the 42S negative strands. Impor-
tantly, these results provide a mechanism for IFN-B-mediated SFV replication
restriction and indicate that nsP2 indeed plays a central role in disrupting host
cell antiviral signaling during SFV infection.

5.4.3. The result of SFV replicase RdRp activity side effect in
the context of viral infection

The extraction of total RNA from MEF cells infected by wild-type and mutant
SFV4 and its subsequent transfection into COP-5 cells demonstrated that
approximately equal amounts of PAMPs were generated during infection with
both viruses (III, Figure 6). This result further corroborated the importance of
nsP2 in the subversion of the innate immune response to SFV infection.

We subsequently demonstrated that IFN-B induction by SFV could not be
explained by the presence of viral RNAs alone. In particular, we performed
oligo(dT)-affinity chromatography to separate the total RNA isolated from MEF
cells infected with SFV4-Rluc or SFV4-Rluc-RDR into polyadenylated
(polyA+) and nonpolyadenylated (polyA-) RNA fractions. This technique
enabled us to significantly enrich the polyA+ RNA fraction (~15-fold) for all of
the major and minor viral RNA species detected in the SFV-infected cells (111,
Figure 7A). The SFV-specific RNAs enriched in the polyA+ RNA fractions
included single-stranded 42S and 26S positive-strand RNAs, and double-
stranded RF, and defective interfering RNA species. In addition, we de-
monstrated that no detectable amounts of negative 42S strand degradation pro-
ducts were present in the polyA- fraction (III, Figure 7B and S4). We also found
that the IFN-inducing RNAs generated during SFV infection of MEF cells were
longer than 200 nt (III, Figure 7D, E) and hence possessed similar characte-
ristics to the IFN-inducing RNAs produced during SFV replicase expression in
COP-5 cells (III, Figure 3). Next, we showed that the transfection of polyA+
and polyA- RNA fractions that were isolated from cells infected with wild-type
SFV induced approximately the same amounts of IFN- in COP-5 cells (I1l, Fi-
gure 7C). This finding indicated the presence in the polyA- fraction of large
amounts of other IFN-inducing RNAs, which were not derived from viral
RNAs.

We devised a method for amplifying the RNAs transcribed by SFV replicase
on host cell RNA templates (III, Figure 8A—C). However, due to biases in a
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downstream cloning procedure, only one host cell RNA target was identified
(I, Figure 8D), suggesting that this approach was inefficient.

5.5. Two concurrent processes are driven by
viral replicase in infected cells

The preservation of mutant SFV 42S negative RNA stands, i.e., dSRNA REF,
indicated that RIG-I had extremely limited access to viral RF (III, Figure 5J),
even during potent type I IFN response induction (III, Figure 5B). The results
also suggest that large amounts of PAMPs capable of innate immune system
activation were produced during MEF cell infection by both wild-type and
mutant SFV (11, Figure 6). These PAMPs are immediately detected by the host
cells if the nuclear localization of nsP2, the SFV safeguard protein, is com-
promised. Analyses of viral RNA species present in the polyA+ and polyA-
RNA fractions isolated from MEF cells infected with both wild-type and mutant
SFV, suggested that these potent PAMPs were not derived from viral RNAs
(III, Figures 7A—C, S4). PAMPs with similar characteristics were produced
when the SFV replicase was expressed alone from non-replicating mRNA,
supporting the theory that no viral replication is required for SFV detection by
host cells (III, Figures 3, 7C—E, 8A). The overall results strongly suggest that
the PAMPs that activate the type I IFN system are produced by SFV replicase
during the limited transcription of host cell RNA templates. Thus, during SFV
infection, two concurrent and spatially separated processes are driven by viral
replicase: (i) the replication/transcription of the viral RNA template in spherules
and (ii) the limited transcription of host cell RNA templates in the cytosol (I,
Figure 9).

The limited transcription of host cell RNA templates transforms these
cellular RNAs into PAMPs, which are detected by RLRs and attacked by host
cell defense mechanisms as non-self entities. Although the proposed recognition
mechanism is PAMP-based, it differs sharply from the widely accepted viral
dsRNA RF recognition paradigm. The detection of the viral RdRp activity in
vertebrate host cells might be an ancient mechanism for the recognition of non-
self enzymatic function. Below, this mechanism is integrated into tentative
events that occur during SFV and HCV replication cycles.

5.5.1. Replicase-based detection of SFV

After its entry into the host cell cytosol, the 5° capped and 3’-polyadenylated
largely unstructured SFV RNA genome is translated by the ribosomes, and
replicase polyprotein is generated (Figure 6). In the cytosol, this polyprotein
precursor is cleaved by nsP2 protease, sequentially generating early and late
replicases within ~10 minutes after synthesis completion (Lulla et al., 2012;
Merits et al., 2001; Vasiljeva et al., 2003).
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In the first process, the early replicase participates in the formation of
spherule, where the intensive SFV RNA synthesis is initiated. First, the early
replicase generates dSRNA RF (Wengler and Gross, 1979) from positive-strand
42S RNA by synthesizing a single negative 42S RNA strand. Second, the early
replicase is cleaved by nsP2, forming the late replicase, which possibly utilizes
circularized 42S negative strand that is present in an RF dsRNA configuration
in a putative, semi-conservative manner to produce multiple positive viral RNA
strands via a strand-displacing mechanism (Kaariainen and Ahola, 2002).

In the second concurrent process, the partially or fully processed replicase
utilizes polyA- host cell RNAs (IlI, Figure 7A, C) for transcription, generating
partial dsRNA regions with 5’-ppp structures (III, Figures 3B-D, and 8A, B).
These PAMP structures are detected by RIG-I sensor (III, Figure 2B—D), which
undergoes a conformational change upon binding to both the dsRNA region and
5’-ppp, leading to the exposure of its N-terminal tandem CARD domains (Cui
et al., 2008; Myong et al., 2009; Yoneyama and Fujita, 2007). The CARD
domains of two RIG-I molecules are subsequently modified, both covalently
and noncovalently, by ubiquitination (Gack et al., 2007; Zeng et al., 2010).
These modifications lead to the formation of helical “lock-washer” tetramer of
ubiquitin-modified RIG-I CARD domains (Peisley et al., 2014), which interacts
with the CARD domain of mitochondrial CARDIF protein (Meylan et al., 2005;
Seth et al., 2005). This interaction triggers the prion-like aggregation of
multiple CARDIF molecules and antiviral signal transmission (Hou et al.,
2011), which activates the IFN-3 promoter in the nucleus.

The nuclear localization of nsP2 protease is absolutely required for the
suppression of the type I IFN response (Breakwell et al., 2007; Fazakerley et al.,
2002; Frolova et al., 2002; Peranen et al., 1990). Given that all SFV replicase
proteins are present in their mature form simultaneously in the host cell within
~10 minutes after the polyprotein is produced, it is clear that the virus effi-
ciently antagonizes the the appearance of IFN-B induced by the viral replicase.
This antagonism directly influences the amount of IFN-f induced in primary
MEF cells infected with SFV4-Rluc and SFV4-Rluc-RDR (III, Figure 5B).
However, the amount of PAMPs produced during these virus infections is
nearly the same (III, Figure 6). By preventing nsP2 access to the nuclei of
infected cells, the enormous IFN-B-inducing potential of these PAMPs is
unleashed, leading to the shutdown of viral replication (III, Figure 5E, J). More
precisely, viral positive RNA strands are destroyed by the cell in an IFN-
dependent manner, whereas viral negative RNA strands, i.e., dSRNA RF, are
protected (I1I, Figures 5J and 9).

These data suggest that the nsP2 protease component of SFV replicase
counteracts the consequences of SFV replicase RdRp activity, which are not
associated with viral replication, i.e., not associated with spherules. Thus, there
is an antagonism between the viral replicase RdRp activity and its protease
component. Introducing the mutation into nsP2 leads to disequilibrium in this
protease-replicase system, resulting in SFV detection by host cells and viral
replication restriction.
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Figure 6. Replicase-based detection of SFV. See text for details. Intracellular
membranes are represented by thick grey lines. The C-terminal regulatory domain of RIG-
I, responsible for 5’-ppp detection (Cui et al., 2008), is depicted in orange. The helicase
domain of RIG-I, assumed to be important for translocation on dsRNA (Myong et al.,
2009), is depicted as a blue oval. CARDIF transmembrane domain (Seth et al., 2005) is
depicted in brown. CARD domains of RIG-I and CARDIF are depicted in gold. Asterisks
indicate the activated signaling states of the corresponding signal transduction proteins.
The timing of SFV polyprotein processing is according to Lulla and colleagues (Lulla et
al., 2012). Spherule and SFV dsRNA RF organization is depicted according to the model
proposed by Kaariainen and Ahola (Kaariainen and Ahola, 2002). The model for the
activation of CARDIF signaling is depicted according to Hou and colleagues (Hou et al.,
2011).
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5.5.2. RdRp-based detection of HCV

The entry of HCV virus or replicon RNA, presumably containing GORS
(Simmonds et al., 2004), which possesses an unknown 5’ terminus structure and
3’-hydroxyl buried in the SL, is followed by its translation (Figure 7). No
detailed data on polyprotein processing during HCV infection are currently
available. However, similarities in the dynamics of RNA synthesis obtained in
the HCV replicon system (Binder et al., 2007; Krieger et al., 2001; Quinkert et
al., 2005) and during HCV infection (Keum et al., 2012) suggest similarities in
polyprotein processing. In particular, in the HCV replicon system, the pro-
cessing of the HCV replicase polyprotein is much slower compared with SFV
ORF1 processing. In the HCV replicon system, the N- and C-terminal replicase
components, NS3 and NS5B, are cleaved off the polyprotein precursor within
~10 minutes after its synthesis (Pietschmann et al., 2001).

NS5B RdRp might utilize host cell RNAs as templates for RNA synthesis, i.e.,
transcription, immediately after it has been cleaved off the polyprotein. The
subsequent NS5B-generated PAMP-driven activation of RIG-I receptors and signal
transduction relayed by clustered and aggregated CARDIF adaptor molecules
would lead to IFN- promoter activation. In fact, it was demonstrated that the
NS5B expressed in [FN-competent mouse cells and in vivo utilized host cell RNAs
(Yuetal., 2012). We demonstrated that both HCV NS5B and mutant SFV replicase
induced comparable levels of IFN-f in mouse cells (III, Figure 1F). Moreover, very
recently, it was demonstrated that NS5B bound to specific hepatic mRNAs and had
the capacity to use them as templates in vitro (Yuhashi et al., 2014).

The NS4A component of viral replicase is cleaved within ~20—30 minutes
after polyprotein synthesis completion (Pietschmann et al., 2001), indicating
that at this time point, a functional NS3-4A protease complex might be formed.
The NS3-4A protease might cleave the CARDIF adaptor signaling protein near
its mitochondrial transmembrane insertion sequence (Meylan et al., 2005; Seth
et al., 2005), thus antagonizing the consequences of NS5B RdRp transcription
activity on host cell RNA.

The replicase polyprotein is fully processed only ~40-50 minutes after the
completion of its synthesis (Pietschmann et al., 2001), allowing NS4B to initiate a
coordinated DMV formation with other replicase proteins (Egger et al., 2002;
Herod et al., 2012; Romero-Brey et al., 2012). Thus, at least in the HCV replicon
system, DMV formation can begin only ~40 minutes or after a threshold quantity of
polyproteins that are sufficient for DMV formation have been synthesized. Thus,
HCV RNA replication is initiated approximately within one hour after infection.

Taken together, the considerations presented above suggest an antagonistic
relationship between the NS3-4A protease and the NS5B RdRp components of
HCYV replicase. This antagonism occurs between the HCV replicase components
that are not associated with viral RNA synthesis. In particular, the NS5B RdRp
induces IFN-B, whereas NS3-4A cleaves CARDIF, thereby inhibiting IFN-3
induction.
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Figure 7. RdRp-based detection of HCV. See text and Figure 1 for details. The timing
of HCV replicase polyprotein processing is according to Pietschmann and colleagues
(Pietschmann et al., 2001). The model of CARDIF cleavage by NS3-4A is depicted
(Meylan et al., 2005; Seth et al., 2005). The model of viral RF within DMV is depicted
as proposed for SFV (Kaariainen and Ahola, 2002).
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5.5.3. The model: emergence of polymerase-protease antagonism

The fact that NS5B and NS3-4A have differential effects on the type I IFN
system is not novel and has been previously established (Dansako et al., 2005).
It was proposed that the activation and inhibition of type I IFN by NS5B and
NS3-4A, respectively, might be used by HCV to “distract” the host cell and to
ultimately establish persistent infection (Dansako et al., 2005). Our studies with
SFV strongly suggest that the RdRp activity of viral replicase is used by the
host cell for virus detection. In particular, the host cell is not viewed as an inert
system that does not respond to viral infection; it represents an active “player”
that utilizes viral non-self RARp enzymatic activity to mount a strong antiviral
response. Thus, according to the current model, there is an antagonism between
the side effects of viral proteases and RdRps.

To reveal the potential importance of antagonism between the nsP2 protease
and the SFV replicase, we had to introduce the mutation into nsP2, i.e., simulta-
neously into both the protease and replicase. Thus, a highly artificial situation
was generated. Apparently, the rapid polyprotein processing of SFV ORFI
limits the significance of the developed model for SFV pathogenesis. However,
the infection of heterogeneous bone-marrow-derived dendritic cells with a wild-
type SINV leads to potent type I IFN induction, no shutoff of macromolecular
synthesis (a function attributed to nsP2), and restriction of infection (Ryman et
al., 2005). Moreover, a high level of type I IFN is induced within the first 12
hours of murine SINV infection (Klimstra et al., 1999). Thus, the outcome of
Old World alphavirus infection cannot simply be explained with type I IFN
system antagonism by nsP2, especially in non-established cell lines and animals
(Ryman and Klimstra, 2008).

In contrast, the timing of HCV polyprotein processing seems to fit the
current model better. The rapid initial cytosolic NS5B RdRp accumulation indi-
cates that the activation of the type I IFN system might precede the appearance
of functional NS3-4A protease. A recent report demonstrated that multiple
CARDIF molecules aggregate in a prion-like mode for signal transduction (Hou
et al., 2011). Thus, the ability of NS3-4A to cleave aggregated and activated
CARDIF molecules awaits confirmation. Conversely, if both NS5B and NS3-
4A are generated simultaneously, then according to the current model, the anta-
gonism between these enzymes might play a decisive role in establishing viral
infection.

5.5.4. Inhibition of HCYV replicase from the perspective of
the current model

Here, I use the current model to analyze the effects of different inhibitors on
HCV RNA replication.

It was demonstrated that the membrane-bound HCV replicase, as isolated
from replicon cells in the form of crude replication complexes (CRCs), was not
inhibited by allosteric NNIs, which interfere with NS5B RNA synthesis
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initiation. In contrast, chain-terminating NAs efficiently inhibited CRC-resident
HCYV replicase in a dose-dependent manner. These findings demonstrated that
stable and productive elongation replicase complexes are formed in CRCs (Ma
et al., 2005). This is also in line with results demonstrating that NA chain-termi-
nators are incorporated with almost the same efficiency during RNA elongation
(Dutartre et al., 2005). In the same way, the inhibitory properties of mAbs §B2
and 7G8 were lost when HCV NS5B was in elongation mode, highlighting the
allosteric properties of these mAbs and indicating that their epitopes are not
accessible in a synthesizing RdRp (I, Figure 3D).

Recently, the NS5Betemplateeprimer elongation complexes were de-
monstrated to be extremely stable (Jin et al., 2012), indicating that the stability
of HCV replicaseetemplateeprimer elongation complexes might be even higher.
According to the current model, HCV-infected cells contain both replicase and
NS5B elongation complexes, with the former hidden in DMV and the latter
exposed to the cytosol. Consequently, the NNIs present in the cytosol and in
DMVs cannot interfere with any of the above-described elongation complex
RdRp activities, whereas they might prevent the formation of new initiation
complexes. Alternatively, NAs can interfere with both elongation complex
RdRp activities, producing stalled elongation complexes.

The broad-spectrum antiviral ribonucleoside ribavirin (1-f-D-ribofuranosyl-
1,2,4-triazole-3-carboxamide) (Sidwell et al., 1972) is incorporated into the
nascent RNA chain synthesized by RdRps and induces mutations. The
accumulation of ribavirin-induced mutations leads to the “error catastrophe”
(Eigen, 1971), which precludes RNA virus replication (Crotty et al., 2000). The
errors introduced into the HCV genome will have the maximum impact on the
DMV-resident HCV replicase function, but not on cytosolic NS5B RdRp acti-
vity. This statement is corroborated by our findings that mutations in the
vicinity of motif G of HCV NS5B, which preserve in vitro RdRp activity, can
incapacitate the RdRp activity of DMV-resident HCV replicase (I, Figure 8 and
Table 2). Thus, cytosolic NS5B RdRps will generate the PAMPs irrespectively
of ribavirin incorporation.

The identification of novel INTP-mediated excision activity for HCV NS5B
implies that viral RARp might be an extremely active molecular machine that
will use any available RNA template to perform an RNA synthesis. In
particular, this newly identified INTP-mediated NS5B excision activity (Jin et
al., 2013) will have the capacity to remove the chain-terminator (NA), thus re-
enabling the RNA synthesis. In contrast, NS3-4A protease inhibitors would stop
both HCV replicase polyprotein processing and CARDIF cleavage. However, it
has been reported that compared with NS5B-specific NAs, drug-resistant muta-
tions are more easily accumulated for NS3-4A inhibitors (McCown et al.,
2008). This result highlights the relevance of novel approaches aimed at
designing new chimeric types of NS3-4A inhibitors that might possess a higher
barrier to resistance (II, Figure 1). Targeting NS3-4A would not only inhibit
HCV polyprotein processing but would also block CARDIF cleavage. Thus,
according to the current model, a disequilibrium in RdRp-protease antagonism
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would be created, allowing the activation of the type I IFN system by the
PAMPs generated by the cytosolic NS5B elongation complexes.

Finally, according to our results, stalling the viral replicase elongation
complexes is not sufficient to eliminate viral infection in cells with an intact
type I IFN system. The protection of SFV dsRNA RF during a potent type I IFN
response mounted by infected primary MEF cells indicates that host cells are
unable to destroy the spherules (III, Figure 5J). The antiviral defense capacity of
MEF cells appears to be limited to clearing cytosolic viral nucleic acids and
proteins (III, Figure 5D). It is highly likely that the protection of the HCV RF,
having an unknown structure, within the DM Vs, is as efficient as in the case of
dsRNA RF protection by SFV spherules. Thus, to clear the viral infection
completely it seems that the infected cells have to be destroyed, most likely by
other cells of either innate or adaptive immunity, or by both.
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6. CONCLUSIONS

6.1. Specific conclusions (experimental observations)

. The binding sites for mAbs 7G8 and 8B2 in the fingers subdomain of HCV
NSS5B are involved in the regulation of RNA synthesis initiation and elon-
gation of RNA chains in in vitro RARp assays.

. Motif G of HCV replicase-resident NS5B is involved in the formation of a
molecular interaction platform during the replication of HCV replicon in
permissive type [ IFN system-deficient host cells.

. The binding sites for mAbs 7G8 and 8B2 are potential target sites for novel
NS5B inhibitors, and the FQSAR algorithm represents a novel method for
designing potential NS3-4A-specific inhibitors.

. The expression of SFV replicase in type I IFN system-competent cells results
in the accumulation of IFN-inducing RNA PAMPs, which are detected by
the host cell RLR sensors.

. Host cells are capable of mounting potent antiviral responses and the
destruction of SFV positive RNA strands, while dSRNA RFs are not acces-
sible to antiviral machinery. This replication shutdown mechanism is only
possible when an NLS mutation is present in the nsP2 protease.

. During SFV infection, the SFV replicase generates large amounts of RNA
PAMPs, which are not derived from viral RNA.

6.2. General conclusions (model)

. In vitro, viral RdRp can utilize virtually any template RNA.

2. In a host cell, at least two populations of viral RdRps exist. First, a minor
population is involved in the replication/transcription of viral RNA genomes
while hidden in viral factories. Second, a major population is involved in
limited host cell RNA transcription. Cytosolic RdRp activity on host cell
RNA templates represents a side effect of HCV NS5B and the SFV
replicase.

. The side effects of SFV replicase and HCV NS5B are functionally “invisible”
in host cells deficient for the type I IFN system, but they are “visible” in
cells with an intact type I IFN system.

. In the context of viral infection, the side effect of viral RdRp activity is

counteracted by the side effect of the viral protease. The specific mechanism

of protease antagonism might be different, as is seen for HCV and SFV.

. The antagonism between the viral RdRp and protease side effects might

determine the outcome of positive-strand RNA virus infection
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8. SUMMARY IN ESTONIAN

RNA-s6ltuva RNA poliimeraasi aktiivsuse kaudu on selgroogsete
rakud voimelised tuvastama pluss ahelaga RNA viiruste nakkuse

Pluss ahelaga RNA viirused ((+)RNA viirused) on kdige rohkemaarvulisem
inimesi nakatavate viiruste klass. Nende viiruste hulka kuuluvad sealhulgas
hepatiit C viirus (HCV) ning Semliki Forest viirus (SFV). HCV nakkused teki-
tavad kroonilist maksapoletikku, maksatsirroosi, ja maksavéhki. HCV nakkus
on viga levinud — vastavalt Maailma Tervise Organisatsiooni (WHO) and-
metele poevad C-hepatiiti 130-170 miljonit inimest. Teisalt, SFV on samuti
voimeline nakatama inimesi. See viirus ei ole eriti ohtlik inimesele, samas on
SFV viga effektiivne hiirte, hamstrite ning kiiiilikute patogeen. Nende kahe
viiruse poolt nakatatavate rakkude spekter on véga erinev — HCV on vdimeline
nakatama ja replitseeruma vaid inimese ja Simpansi maksarakkudes, kuid SFV
nakatab ja paljuneb paljudes erinevate organismide rakkudes. Vaatamata HCV
ja SFV patogeensuse erinevustele toimub nende viiruste RNA genoomi replikat-
sioon {ildiselt sarnase mehhanismi alusel ja see on omane ka teistele (+)RNA
viirustele. Nende genoomi replikatsiooni viib 1dbi viiruse genoomi poolt kodee-
ritud RNA-sOltuv RNA poliimeraas, mis toimib mitmesubiihikulise replikaasi
koostises. Funktsionaalse replikaasi moodustavad lisaks poliimeraasse aktiiv-
susega subiihikule terve rida teisi valke, milledel on kindlad struktuursed voi
ensiimaatilised aktiivsused ja mis on viga olulised viirusnakkuse produktiivseks
toimumiseks. Uheks nendest replikaasi koostisesse kuuluvatest komponentidest
on proteaasse aktiivsusega subiihik. Nii HCV kui ka SFV puhul, selle proteaasi
aktiivsus vajalik iiheltpoolt algse poliiproteiini protsessinguks. Teisalt, sellele
proteaasile omistatakse olulist rolli raku viirusvastase kaasasiindinud immuun-
vastuse tasaliilituses.

Kéesoleva t66 lildeesmérgiks oli uurida (+)RNA viiruste RNA-soltuva RNA
poliimeraasse ja proteaasse aktiivsuse potentsiaalset antagonismi rakulises tiiiip
I interferoonide aktivatsioonis. Selle t66 kaigus me:

1. tekitasime spetsiifilised monokloonsed antikehad, mida kasutasime kui
molekulaarseid t6oriistu, mdjutamaks HCV RNA-soltuva RNA polii-
meraasi mittestruktuurse valgu 5B (NS5B) aktiivsust selle ensiitimi
“sormede domeeni” kaudu;

2. tootasime vilja algoritmi ette ennustamaks uusi HCV NS3-4A aktiivt-
sentrisse seonduvaid proteaasi inhibiitoreid ja kontrollisime eksperi-
mentaalselt nende tihendite toksilisuse;

3. uurisime viiruse proteaasi ja RNA-soltuva RNA poliimeraasi aktiivsuste
antagonismi tiilip I interferoonide aktiveerimisel SFV nakkuse kon-
tekstis;

4. hindasime NS5B ja NS3-4A ensilimaatiliste eriaktiivsustega kaasnevate
mdjutuste kasutamist erinevate viirusvastaste ravimite viljatddtamiseks.
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Struktuurselt meenutab HCV RNA-sdltuv RNA poliimeraas paremat kée-
laba, mille poial ja sdrmed on paindunud iiksteiste suhtes sellel moel, et poial
puudutab nimetissorme. Sellesse kde pihku, poidla ja nimetissdrme vahele,
siseneb iiheahelaline viiruse genoomne RNA. RNA 3’-otsa peopessa seondu-
mise jargselt tombuvad sdrmed kokku ja pigistavad RNA 3’-otsa poliimeraasi
aktiivtsentrisse, kus poliimeraas algatab matriitsi alusel komplementaarse RNA
ahela siinteesi, millest saab alguse matriitsiga antiparalleelne RNA ahel. Siin-
teesi etapi jargselt toimub haarde 10dvenemine ja viiruse genoomse RNA ahela
ja sellel siinteesitud RNA ahela liikumine tiks samm edasi. Kokkutdmbe, siin-
teesi ja elongatsiooni etappe korratakse kuni viiruse RNA genoom on kopee-
ritud (-) ahelaks. Siinteesitud RNA ahel véljub ensiiiimi aktiivtsentrist peo-
pesaga perpendikulaarselt. RNA-sdltuva RNA poliimeraasset aktiivsust kannab
HCV puhul NS5B replikaasi komponent. Mdistetavalt on see ensiilim olnud
viirusvastaste ainete (inhibiitorite) véljatodtamisel oluline mérklaud. HCV
NS5B inhibiitorid on reeglina madalmolekulaarsed ained, mis seonduvad selle
ensiiiimiga ja blokeerivad RNA siinteesi. Huvitaval kombel seonduvad koéik
kirjeldatud HCV NS5B inhibiitorid kas pdidla voi peopesa regiooni. Siiani pole
kirjeldatud iihtegi madalmolekulaarset inhibiitorit, mis seonduks poliimeraasi
nn. “sormede domeeniga”.

Kéesoleva t60 eksperimentaalses osas tekitasime hiirte immuniseerimisega
antikehasid, mis seonduvad HCV poliimeraasile ja blokeerivad selle ensiiiimi
RNA siinteesi voime. Antikehade epitoopide kaardistamisega néditasime, et need
antikehad seonduvad HCV poliimeraasi “sormede domeeni” piirkonda. Me
selgitasime vilja mehhanismid, kuidas meie poolt isoleeritud antikehad pérast
seondumist blokeerisid HCV poliimeraasi aktiivsust. Meie t66 tulemused néita-
sid, et antikeha (7G8) seondudes HCV poliimeraasiga takistab viiruse genoomse
RNA algset seondumist ensiilimiga. Samas, teine antikeha (8B2), seondudes
poliimeraasi sormedele sunnib neid tugevamalt “pigistama” ensiiiimi sees olevat
ribonukleiinhapet ja sel viisil takistub ensiiiimi funktsioneerimine. Seega meie
andmed néitavad, et suunates ravimid poliimeraasi ,,sormede domeeni* vastu
nagu vastavad antikeha molekulid tegid, on véimalik mdjutada kahte erinevat
etappi poliimeraasi reaktsioonis. Seega on HCV NS5B “sérmede domeen”
oluline RNA siinteesi initsiatsiooni ning RNA ahelate elongatsiooni méérav
ravimiméarklaud.

Replikaasi enslimaatilised komponendid on kodeeritud (+)RNA viiruse
genoomi poolt, mida peremeesraku ribosoomid kasutavad siinteesides viiruse
terviklikku poliiproteiini. Proteaas — iiks replikaasi aktiveerimiseks vajalikke
enslimaatilisi komponente, protsessib viiruse algse poliiproteiini kiipseteks
funktsionaalseteks valkudeks. Viiruse poliiproteiini ldikamist proteaasi poolt
kontrollitakse nii ajaliselt kui ka ruumiliselt. Selle protsessi kulgemine méarab
RNA viiruse replikaasi pakkumise ja efektiivsuse replikatsioonil.

Kéesoleva t66 eksperimentaalse t60 teises osas kasutasime me erinevaid
HCV proteaasi (NS3-4A kompleks) vastaseid madalmolekulaarseid inhibii-
toreid selleks, et ette ennustada uusi potentsiaalseid inhibiitoreid, mis oleksid
suunatud sellele maérklauale. Selleks todtasime vélja spetsiaalse algoritmi.
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Erinevad HCV NS3-4A inhibiitorite struktuurid olid jaotatud lihtsamateks
fragmentideks, mida kasutati kombinatoorikas uute ithendite etteennustamiseks
kasutades selleks véljatodtatud spetsiaalset arvutusliku algoritmi. Antud arvu-
tuslikul algoritmil on kaks isedrasust. Esiteks, see ennustab ette iihendite
eriomadusi — keemilisi deskriptoreid (elektrostaatilised, steerilised ja hiidro-
foobsed parameetrid) mitte kogu iihendi jaoks keskmiselt, vaid vastavate
kasutatud fragmentide jaoks. Selline ldhenemine vdimaldab kirjeldada tihendite
omadusi tdpsemini, eriti kindlate mérklauaga interakteeruvate kiilgradikaalide
osas. Seega suudab antud algoritm ennustada uusi ithendite klasse, iiletades
sellega kasutatud siinteesitud iihendite raamatukogude piiranguid. HCV NS5B
ja NS3-4A on viiruse replikaasi osised ning on otseselt seotud viiruse repli-
katsiooniga. Seega, mdlemad ensiiiimid on mérklauad viirusevastasete inhibii-
torite véljatootamisel.

Kirjanduse andmetel on koigist peremeesraku poolt siinteesitud NS5B ja
NS3-4A valkudest vaid ~5% hdlmatud HCV genoomi replikatsioonis. Seega on
oigustatud kiisimus, kas iilejadnul 95% ensiilimidel on mingit rolli viiruse elu-
tegevuses, mis ehk otseselt ei ole seotud HCV genoomse RNA replikatsioo-
niga? Kaasaslindinud immuunsiisteem on organismi esmane patogeenide
vastane kaitseliin, mis toimetades raku tasemel omab iildist patogeenide vastast
aktiivsust. Selle kaasasiindinud immuunsiisteemi olulisteks komponentideks on
retseptorid, mis tunnevad &dra erinevaid patogeenidele omaseid molekulaarseid
struktuure ja sellisel viisil eristavad “oma” “voodrast”. Juhul kui kaasasiindinud
immuunsiisteemi poolt on avastatud “vooras” molekulaarne struktuur s.t. retsep-
tori ligandi seondumistsentrisse on sisenenud vastav molekul, kéivitub signaali
rada, mis edastab selle kohta koheselt signaali rakutuuma. Seejirel aktivee-
ritakse vastavate geenide ekspressioon, mille tulemuseks on tiitip I interfe-
roonide ekspressioon ja sekretsioon rakust. Interferooni kui signaalmolekuli
rakuvéline ilmumine on otseseks ohusignaaliks kdigile iimbritsevatele rakku-
dele, kiivitades terve rea piiranguid transkriptsioonile ja translatsioonile.See on
ka signaaliks omandatud immuunsiisteemile, mis aktiveerub ja seejirel riindab
nakatunud rakku, mis selle signaali véljutas.

Iga konkreetse patogeeni, sealhulgas koigi erinevate (+)RNA viiruste jaoks,
ei saa olla eraldi spetsiaalset molekulaarset struktuuri, mille jargi antud pato-
geeni saaks tuvastada. See jireldub asjaolust, et peremeesraku genoomi poolt
kodeeritud sensoreid on piiratud arvul. Jarelikult peab olema {ildine, paljudele
patogeenidele omane struktuur, mille jargi peremeesrakk saaks neid tuvastada.
Uheks iihiseks ja viiga vdimsaks patogeeniga assotsieeritud molekulaarseks
struktuuriks on kaksikahelaline RNA molekul, mis tekib (+)RNA viiruste palju-
nemise kdigus. Iseenesest on see fakt teada aastast 1967, mil “Merck™-1 Tera-
peutiliste Uuringute Instituudis avastati, et interferooni sekretsiooni kutsub
rakkudes esile kaksikahelaline RNA. See viiruse replikatsioonil tekkiv viirus-
spetsiifilise replikatsiooni intermediaat on ideaalseks viirusomaseks struktuu-
riks, mille tunneb dra peremeesrakk. Peremeesrakus toimub (+)RNA viiruste
replikatsioon erilistes membraaniga piiratud struktuurides, mida nimetatakse
“viiruse vabrikuteks”, mis kaitsevad viiruse kaksikahelalist RNA replikatsiooni-
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vormi ning ei lase kaasasiindinud immuunsiisteemi sensoritel seda molekulit
tuvastada.

Hepatiit C viiruse NS3-4A proteaasi funktsioon, lisaks viiruse replikaasi
protsessimisele, on takistada interferooni sekretsiooni signaaliraja katkestamise
kaudu. Samas mitmed hiljuti avaldatud t66d vihjavad sellele, e¢ HCV NS5B
aktiivsus on voOimeline interferooni sekretsiooni esile kutsuma. Pracguseks ei
ole identifitseeritud rakke, mis oleksid tervikliku kaasasiindinud immuunsiistee-
miga ning samas toetaksid efektiivset HCV replikatsiooni. See asjaolu ei
voimalda uurida NS5B ja NS3-4A korvaleffekte ja potentsiaalset antagonismi
HCYV nakkuse ja replikatsiooni kontekstis. Teisalt on SFV vdimeline nakatama
mitmeid eri tiilipi rakke, milledel on intaktne kaasasiindinud immunsiisteem. On
teada, et mittestruktuurne valk 2 (nsP2) proteaas on SFV replikaasi komponent
ning pérssib interferooni sekretsiooni. Pealegi, oma t60s me tuvastasime, et
SFV replikaas iiksi ilma viiruse genoomi replitseerimata on voimeline esile
kutsuma interferooni sekretsiooni. See interferooni sekretsioon aktiveeriti SFV
replikaasi kaksikahelalise RNA siinteesi tottu. Jarelikult, HCV ja SFV pro-
teaasid ning RNA-sdltuvad RNA poliimeraasid omavad sarnaseid korvalefekte
rakkudes, kus on intaktne kaasasiindinud immunsiisteem.

Seega uurisime me eksperimentaalse t66 kolmandas osas SFV proteaasi ja
replikaasi korval-efektide vahelist potentsiaalset antagonismi antud viiruse
nakkuse ja genoomi replikatsiooni kontekstis. Esiteks, me niitasime, et SFV
replikaas on iiksi rakku sattudes voimeline tekitama patogeeniga assotsieeritud
molekulaarseid struktuuri — kaksikahelalist RNAd, mis tuntakse dra vastavate
retseptorite poolt, mis omakorda indutseerivad interferooni sekretsiooni rakust.
Tahelepanuvairne on asjaolu, et selleks ei ole vajalik viiruse paljunemine, kuna
aktiivse RdARp olemasolu iseenesest on piisav, et kaasasiindinud immuun-
siisteem detekteeriks patogeeni. Teiseks, me nditasime, et nendes rakkudes on
SFV replikaas vdimeline kasutama rakulist RNA matriitsiks, et tekitada kaksik-
ahelalist RNA, mis ongi patogeeniga assotsieeritud molekulaarne struktuur.
Sellise struktuuri tuvastabki peremeesrakk kasutades spetsiaalseid tsiitosooli
retseptoreid. Kolmandaks, me demonstreerisime et nsP2 proteaas on oluline
selleks, et piirata SFV replikaasi RNA-sdltuva RNA poliimeraasse aktiivsuse
tuvastamist peremeesraku poolt. Neljandaks, me nditasime, et kui nsP2 interfe-
rooni induktsiooni parssimisvoimet blokeerida, siis viiruse iiheahelalised RNA
molekulid hévitatakse peremeesraku poolt, kuid kaksikahelalised RNA replikat-
siooni intermediaadid on kaitstud viiruseliste vabrikute poolt. See asjaolu toetab
otseselt seisukohta, et viiruseline kaksikahelaline RNA ei saa olla lihtsasti
tuvastatav peremeesrakku sensorite poolt.

Toetudes iilaltoodud tulemustele, kdesolevas véitekirjas pakutakse vilja
viiruselise RNA-soltuva RNA pollimeraasi ning proteaasi korval-efektide
vahelise antagonismi iildise mudeli. Lahtudes sellest mudelist on analiiiisitud
erinevaid viirusvastaste iihendite véljatdotamise strateegiaid, millede méark-
lauaks on ennekdike HCV NS5B ja NS3-4A enslimaatilised aktiivsused.
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