CARDIFF UNIVERSITY

Molecular mechanism of highly potent
NS5A inhibitors

by

Elizabeth Melissa Navarro Garcia

A thesis submitted for the
degree of Doctor of Philosophy

in the
Medicinal Chemistry
School of Pharmacy and Pharmaceutical Sciences

June 2019


University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

Declaration of Authorship

Statement 1 This thesis is being submitted in partial ful liment of the requirements
for the degree of PhD.

Signed ... (candidate)

Statement 2 This work has not been submitted in substance for any other degree or
award at this or any other university or place of learning, nor is it being submitted con-
currently for any other degree or award (outside of any formal collaboration agreement
between the University and a partner organisation)

Signed ... e e (candidate)

Statement 3 | hereby give consent for my thesis, if accepted, to be available in the
Universitys Open Access repository (or, where approved, to be available in the Uni-
versity’s library and for inter-library loan), and for the title and summary to be made
available to outside organisations, subject to the expiry of a University-approved bar on
access if applicable.

SIgNed ... (candidate)

Declaration This thesis is the result of my own independent work, except where
otherwise stated, and the views expressed are my own. Other sources are acknowledged
by explicit references. The thesis has not been edited by a third party beyond what
is permitted by Cardi University’s Use of Third Party Editors by Research Degree
Students Procedure.

Signed ... e e (candidate)

Word count: 33040



CARDIFF UNIVERSITY

Abstract

Medicinal Chemistry
School of Pharmacy and Pharmaceutical Sciences

Doctor of Philosophy

by Elizabeth Melissa Navarro Garcia


University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

Abstract

Hepatitis C is responsible for causing chronic infections in over 170 million people all
over the world who are at a risk of developing into liver cirrhosis and hepatocellular car-
cinoma, locating HCV in a major public health burden. Until recently, the standard-of-
care treatment consisted of Interferon-alpha and ribavirin, in addition to non-structural
protein 3/4 (NS3) protease inhibitors, but due to the undesired side-e ects, researchers
developed more e cient therapies. Nowadays, small molecules targeting non-structural
viral proteins: NS3/4 protease, NS5A D1 and NS5B polymerase activities can clear the
infection in 98% of the cases. These direct acting antivirals (DAAS) are widely used,
however, despite advances in recently approved potent DAAs the world-wide applica-
tion of these therapies remains limited due to the expensive cost and potential drug
resistance. NS5A is a nonstructural multifunctional protein. Mainly composed by an
amphipatic helix, which is the major membrane anchor, Domain I, which is involved
in RNA binding and assembly, and Domain Il and Il which are intrinsically unfolded
domains and are known to interact with host factors. DAA targeting NS5A DI, Da-
clatasvir (DCV), has a picomolar range activity and it is used in combination therapy
to combat HCV infection. Given the enormous medical relevance of NS5A inhibitors,
the aim of this study was to decipher the mode of action of Daclatasvir, together with
more insights to the role of NS5A structural elements. In the present study, experiments
showed that DCV can block the envelopment of viral particles. Furthermore, targeting
the assembly of HCV particles, this fact serve as evidence of the dual mode of action
of DCV. Furthermore, we investigated the role of very conserved Proline residues in the
structure of NS5A, identifying key Proline residues which are critically involved in RNA
replication, and have an impact in HCV infection. This fact, also suggests that the some
of these Prolines might be essential for the DCV binding, as we prove that they have
a direct role in keeping the binding site of DCV. Lastly, we set up a molecular model
which includes the intracellular membrane giving the full picture of how DCV works in
the context of an intracellular membrane and its important interactions. Together our
data, prove the dual mode of action of DCV targeting HCV replication and assembly.
And importantly, we constructed a molecular model that can be use in the future to
study structure-function of developing NS5A inhibitors.
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Chapter 1

Hepatitis C Virus identi cation
and classi cation

Hepatitis is an in ammation of the liver, this can be self-limiting or can continue to
develop brosis, cirrhosis or liver cancer. According to the World Health Organization
(WHO), hepatitis viruses are the common cause of hepatitis, together with toxic sub-
stances (e.g. alcohol, drugs) and autoimmune diseases which can also cause hepatitis.
There are 5 main hepatitis viruses, A, B, C, D and E. Typically A and E are caused by
contaminated food or water, while B, C, and D usually as a result of parental contact
with infected body uids as blood or contaminated medical equipment such as needles,
sexual contact or in case of hepatitis B, from mother to baby at birth [2].

In the early 1960s, hepatitis types A and B were recognized and the treatment was
corticosteroid treatment. Shortly after the discovery of hepatitis B, research of drug
treatments began, among these interferon (IFN) appeared as most e ective. In the
1970s a non-A non-B hepatitis was discovered too. Originally, it was not considered
to contribute to cirrhosis or cancer. Non-A non-B hepatitis was formerly identi ed as
putative viral hepatitis occurring after transfusion of blood or intravenous drug use.
The evidence that non-A non-B hepatitis could lead to persistent infection in a high
number of patients lead to discover that indeed it can progress into chronic liver disease,
cirrhosis and hepatocellular carcinoma (HCC) [3]. Hepatitis C virus was discovered to
be the cause of non-A non-B hepatitis in 1989 and now is still one of the main causes of
chronic liver diseases [4].

Hepatitis C has been classi ed in the genusHepacivirus within the family Flaviviridae.
The Flaviviridae family including three genera: avivirus, pestivirus and hepacivirus,
mostly infecting mammals and birds. Many aviviruses are host-speci ¢ and pathogenic,
such as hepatitis C virus [5]. Flaviviruses include hepatitis C, yellow fever virus, dengue
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fever virus, Japansese encephalitis virus and tick-borne encephalitis virus. The ma-
jority of known members in the genus Flavivirus are arthropod borne, and many are
important human and veterinary pathogens [6]. Members of this family share a number
of basic structural and virological characteristics, enveloped in a lipid bilayer, which
is surrounded by a nucleocapsid, mainly composed by the core (C) protein and inside
it contains the RNA genome [7] However, HCV di ers in a number of virological and
epidemiological aspects, as the fact that HCV has a narrow host speci city and tissue
tropism. It can be only transmitted by blood-to-blood contact between humans, instead
of mosquitoes or ticks.

There are 7 HCV genotypes currently classi ed and each of them are divided into several
subtypes (a,b,c, etc.) according to the geographical distribution. According to literature
genotype 1 is the prevalent worldwide, continued by genotype 3, comprising 83.4 million
cases (46.2% of all HCV cases) and 54.3 million (30.1%) approximately one-third of
which are in East Asia. Genotypes 2, 4, and 6 are responsible for a total 22.8% of
all cases; genotype 5 comprises the remaining less than 1%. While genotypes 1 and 3
dominate in most countries irrespective of economic status, the largest proportions of
genotypes 4 and 5 are in lower-income countries [8].

Figure 1.1: HCV global distribution and genome types
An estimated 130 to 170 million people have HCV infection. HCV prevalence is
highest in Egypt at >10% of the general population and China has the most people
with HCV (29.8 million). Around 25% of patients with acute HCV infection undergo
spontaneous clearance, remaining 75% of patients progress to chronic HCV infection
and are subsequently at risk of progression to hepatic brosis, cirrhosis and
hepatocelullar carcinoma (HCC). Taken from [9].



Chapter 2

HCV genome and viral proteins

2.1 HCV genome

The HCV genome encodes 10 viral proteins, divided into two modules: assembly mod-
ule (core to NS2) and replication (NS3-NS5B) module (Figure 2.1). The HCV genome
is single-stranded RNA molecule that has a positive polarity and a length of 9600 nu-
cleotides. The open reading frame (ORF) is anked by a 5' and 3' non-translated regions
(NTR) of 341 and 230 nucleotides length respectively, both containing conserved RNA
structures essential for translation and replication processes. The HCV internal ribo-
some entry site (IRES) is located in the 5 NTR has the capacity to form a stable
pre-initiation complex by directly binding to the 40S ribosomal subunit without canon-
ical translation initiation factors. The IRES directs the cap-independent translation of
the single ORF [10]. Therefore, HCV exists in its hosts as a pool of genetically distinct
but closely related variants called quasispecies [11].

2.2 5'and 3' Non-translated region

The 5' NTR of HCV contains 341 nucleotides upstream of the ORF translation initiation
codon and it is the most conserved region in the genome. This region contains 4 highly
conserved structural domains (I- 1V) containing stem-loops and a pseudoknot [12]. The
domains II, 1l and IV together with the rst 12-30 nucleotides conform the IRES.
The 3' non translated region contains 225 nucleotides and it is divided in three regions a
variable region 30-40 nucleotides, a long poly(U)- poly(U/UC) tract and a very conserved
3'terminal stretch of about 98 nucleotides (3'X region). The 3'NTR interacts with NS5B,
RNA-dependent, RNA polymerase.



Figure 2.1: HCV genome and protein structure

HCV genome and viral proteins. a) One single open reading frame (ORF) within the

viral RNA genome encodes for the HCV polyprotein it is anked by the 3' and 5'

non-translated regions (NTR). The genome is arrange into two modules, the

replication module, which contains the nonstructural (NS) proteins which are required
for the RNA replication and the assembly module, which contains the core (C) protein
and the two envelope glycoproteins (E1 and E2), p7 and NS2 which are required for
the assembly of the virus. The scissors indicate the polyprotein cleavage by the cellular
signal peptidase, this cleavage removes the carboxyl-terminal indicated by an asterisk
as the arrows are indicating the viral proteases cleavage. b) Membrane topologies and
major functions of HCV proteins. Each protein is tethered to intracellular membranes,

NS5A protein is anchored by amphipatic -helices, also note NS5A is shown as a

dimer, but almost all proteins can form homo or heterodimers. Taken from [13].

2.3 HCV viral proteins

The ORF is encoding a single polyprotein, approximately of 3000 amino acid long, which
is co and post-translationally cleaved by cellular and viral proteases into 10 proteins from
the amino-terminal region. As previously mentioned, the structural module, includes
the structural proteins which help building the virus particle: core (C), envelope glyco-
proteins 1 (E1) and (E2), or support assembly but not being part of it: p7, a viroporin,



ion channel crucial for viral production [14] and the non structural protein NS2. The

rest of the non structural proteins are the result of the polyprotein cleavage: NS3, NS4A,
NS4B, NS5A, NS5B [15], and can sustain viral RNA replication (Figure 2.1). In addition

the so-called "F" protein which results from a frameshift in the core coding region. The
HCV viral proteins have been extensively studied and in the following sections the main
structure and function aspects are described.

2.4 Core

Core Protein, 21kDa (mature)

During the translation of the HCV polyprotein the polypeptide is targeted to the en-
doplasmic reticulum (ER) membrane for translocation of the Envelope glycoprotein 1
(E1) ectodomain into the ER lumen a process mediated by the internal signal sequence
between core and E1. The polyprotein cleavage yields the immature form of the core
protein which contains the E1 signals sequence at the carboxyl-terminal. Furthermore
this is recognized by the host peptidase giving rise to the mature core protein, most of
core protein is found in the cytosol, where is bound to the ER membranes and located
at the surface of lipid droplets (LD) [16{18].

The core protein is a highly basic RNA-binding protein that forms the viral capsid. It
exists in a precursor of 23kDa and it is release as a mature protein in 21kDa. Its length
is around 177 amino acids and is a dimeric membrane protein consisting of two domains
stabilized by disul de bonds. The hydrophilic domain is within the rst 120 N-terminal
amino acids of the protein, where there are several characteristics of unfolded proteins.
This conformation allows plasticity which is why core protein can interact with di erent
cellular partners. The C-terminal is hydrophobic, responsible for core association to lipid
droplets (LD) and it predicted to fold into  -helices rich in glycine which can attribute
to an oligomerization motif [18].

2.5 Envelopment proteins

Envelopment protein 1 (E1, 35kDa) and envelopment protein 2 (E2, 65kDa)

These proteins are both transmembrane proteins type I, where the ectodomain is in
the N-terminal 160 and 334 amino acids, it is located in the ER lumen where glycosi-
lation and folding processes take place. While the C-terminal contains the 30 amino
acids long transmembrane domain, this is the membrane anchor for ER retention [19].



These proteins assemble in non-covalent heterodimers. The transmembrane domain is
composed of two short stretches of hydrophobic amino acids separated by a short polar
segment containing fully charged residues, the second one is acting as a signal peptide
for downstream protein [20]. E1 and E2 might also be involved in fusion between the
viral envelope and the host cell membrane.

2.6 Viroporin protein p7

p7, 63 amino acids

Small, intrinsic membrane protein p7, is composed by two transmembrane domains that
are connected via a cytoplasmic loop [14]. The N- and C-terminal are facing the ER
lumen, with predicted -helices. The protein can undergo oligomerization and can also
be used as an ion channel. These structural and membrane-permeability properties
suggest that p7 belongs to the viroporin family [21].

2.7 Non-structural proteins

2.7.1 Non-structural protein 2 (NS2, 23kDa)

Non-structural protein 2 is an integral membrane protein, non-glycosylated that does
not seem essential for formation of the replication complex [22]. Its main role is in the
proteolytic cleavage at the NS2-NS3 junction of the HCV polyprotein and it is required
for the zinc-dependent NS2-NS3 proteinase function. However, NS2 is not necessary for
RNA replication but for infectious particles production in cell culture [23].

2.7.2 Non-structural protein 3 (NS3, 70kDa)

NS3 consists of two domains, the serine protease domain, 1-189 amino acids in the N-
terminal, while helicase-NTPase domain, 181-631 amino acids at the C-terminal. The
NS3 associates with the non-structural cofactor 4A of approx. 54 amino acids, which
gives stability to the protein as it activates it to perform the cleavage in 4A/4B, 4B/5A
and 5A/5B [18]. The N-terminal part appears to form a transmembrane structure which
might be important for its ER membrane localisation. The protease domain is being
targeted e ciently by antiviral drugs. The structure of NS3 composes a chymotrypsin-
like fold composed two six-stranded -barrel subdomains. The catalytic triad is formed
by residues from the same loops of the two -barrel. The helicase domain on the other



hand has not been successfully targeted by any drugs. It contains two structurally re-
lated subdomains folded with subdomain topology. In addition NS3 interacts

directly with NS5B, NS4B and NS5A via NS4A within the replication complex [24, 25]

(Figure 2.2).

Figure 2.2: NS3-4A protease and NS3 full length structure
NS3-4A protease and full length structure of NS3. Modi ed from [26]. As it is
described in the text the structure contains a protease domain together with the
cofactor 4A and the full NS3 is shown.

2.7.3 Non-structural protein 4A (NS4A, 16kDa)

As mentioned before, NS4A is a cofactor responsible for several cleavage sites. Because
of this interaction with other non-structural proteins, NS4A contributes to HCV RNA
replication and virus particles assembly. Additionally NS3/4 protease plays a key role

in blocking host antiviral signalling response (see Chapter 5), it is involved in the cleav-
age of CARDIF (caspase recruitment domain adaptor inducing IFN- ) [27] and TRIF
(Toll/interleukin-1 receptor domain containing adaptor inducing IFN- ) [28], this results

in the inhibition of RIG-1 (Retinoic-acid inducible gene 1) which is the main mediator

of antiviral signalling in the cell [29], more detailed information is given in Chapter 5.

2.7.4 Non-structural protein 4B (NS4B, 27kDa)

NS4B is a hydrophobic transmembrane protein that co-translationally associates with
the ER membrane [10]. Is predicted to be formed by an N-terminal amphipatic -helix,
which is followed by transmembrane domains [30]. Further NS4B was found to induce the
formation of seemingly ER-derived membranous web that harbours all HCV structural
and non-structural proteins and also allows RNA replication[31]. Thus, NS4B function
provides a sca old for the assembly of HCV replication complex (RC). In addition NS4B



has been suggested as a key participant during viral assembly, as it interacts with other
proteins in the replication module [32].

2.7.5 Non-structural protein 5A, (NS5A, 56kDa)

NS5A is a multifunctional phosphoprotein associated to membranes. It is found to be
phosphorylated and hyperphosphorylated. It has been described extensively as it is now
one of the main targets for antiviral drugs. NS5A has been described to be involved
in membranous web formation, RNA replication, viral particle assembly and host cell
interactions. Thus NS5A is described extensively because it is the main protein of study.

2.7.5.1 NS5A organization

NS5A N-terminal contains three domains (D1, D2, and D3) and a very conserved am-
phipatic helix (AH) (Figure 2.3). The AH is located at the N-terminal and it is mainly
involved in targeting NS5A to the cytosolic lea et of the ER membrane in an in-plane
manner [33]. DI (amino acid 36-214), Domain Il (amino acid 250-342), implicated in
RNA replication, and Domain Il (356-447) involved in core interactions and viral par-
ticle assembly [34]. The domains are separated by a two low complexity sequences (LCS
I and LCS II). The following paragraphs are dedicated to a more detailed description of
NS5A organization for the further understanding of the results.

Figure 2.3: NS5A organization
HCV non-structural protein 5A organization. AH, amphipathic helix, domain | (DI)
involved in RNA replication, domain Il and Il (DIl and DIII) intrinsically unfolded
involved in interactions with host proteins. Low complexity sequence | and Il (LCSI
and LCSII) are separating each domain. LCS regions are predicted to be interdomain
connecting loops. The region believed to comprise domain | (amino acids 1-213)
contains the N-terminal membrane-anchoring helix, as well as a potential metal ion
coordination motif. Modi ed from [34]
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Figure 2.4: NS5A domains
Ribbon diagram of a model of the full-length NS5A dimer associated with a

phospholipid membrane. Each subunit (lilac and cyan, respectively) consists of the

amino terminal amphipatic -helix (PDB: 1R7G), the highly structured domain 1 (D1,
PDB: 1ZH1) which is shown in position relative to a

1-palmitoyl-2-oleoyl-3-snglycerol3phospholcholine membrane bilayer. In Domain I, in
stick representation, the binding site for Cyclophilin A (host factor that interacts with
NS5A protein) is shown. DIl and DIII are intrinsically unfolded. Modi ed from[15].

2.7.5.2 Amphipatic helix

The AH is located at the N-terminal in 30 amino acid residues and it serves as a mem-
brane anchor for NS5A. This domain is completely necessary and su cient to target
NS5A to the ER, which results in an integral membrane association; this association
can occur by a post-translational mechanism [35]. NS5A AH (1-31 aa) was determined
by NMR [33], and it is reported to form an in-plane amphipatic -helix embedded in
the cytosolic lea et of the membrane bilayer. Polar residues present in the membrane
surface provide a unique environment to allow protein-protein interactions which are
essential for the assembly of a functional HCV replication complex [26]. Despite the
apparent variability of some amino acids, there are several fully conserved and specic
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charged amino acids with a hydrophatic character in most of HCV genotypes. For exam-
ple, secondary structure predictions have predicted a conserved and consensushelix
in the 3-26 amino acid segment. Amino acids from 29-32 including the very conserved
Pro-29, is predicted to form a turned conformation, and segment 36-48 is predicted as
extended [35]. In addition to other amino acid conservation, Prolines are very conserved
residues in the linker connecting the AH with Domain |, as Proline 29, 32 and 35, which
are studied in the present work and are shown in Figure 11.1.

Additionally, due to the natural conformation of AH it has a high propensity to bind

to lipids. However, protein-protein interactions between cytosolic domains within the
HCYV replication complex might be weak when compared to membrane association of the
proteins, this will give exibility to ful Il the polyprotein functions [33]. On the other
hand, the interactions among this proteins might be using the membrane domains within
the bilayer to interact. On this regard, there are still many open questions. Although
there is a NMR structure for AH, there is no information of the linker between the
AH and the Domain I, where most of the resistance mutations appear to be located.
The most prominent mutation a ects Tyr 93, which is positioned on the dimer interface

in both X-ray crystallographic structures. Importantly, mutations at this site confer
cross-resistance to several NS5A inhibitors and, in the case of Daclatasvir genotype 1b
subgenomic replicons and approx. 1,800 fold for genotype 1a subgenomic replicons [36].

Furthermore, conserved amino acid sequences on each linker connecting the AH with
Domain I, linker connecting Domain | subdomain a and b, and nally linker connecting
Domain | to Domain I, which are key for NS5A activities, shown in Figure 11.1, which
are subject of the present study due to the importance in maintaining the functionality
of the protein.

Figure 2.5: Amphipatic helix
Amphipatic helix structure created in MOE. The NMR structure is taken from the
PDB entry: 1R7G. From [33]. Colour coded by secondary structure. The linker
connecting AH to Domain | is a Proline rich region, which has not been yet crystalised,
so in this case it has been predicted and shown a29-PKLPGLP-35  (prediction
made by collaborator Cristophe Combet, in white end), as also shown in Figure 11.1.
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Figure 2.6: Domain | of NS5A with linker connections
Amphipathic helix (AH), Domain | subdomains a and b. Sequences containing Proline
residues are also shown, in line with the linker structure dividing each part. Courtesy
by Critoph Combet. Linker sequences are also shown in 11.1

2.7.5.3 Domain |

The structure of domain | (DI) has been solved by three independent groups using X-
ray crystallography. These studies describe a four di erent dimeric forms of DI from
genotypes la and 1b with the same monomeric unit, but di erent dimeric arrangement
[37{39], when compared by primary sequence, DI of NS5A shares a high sequence ho-
mology to the hepaciviruses, suggesting that it has been well conserved and its critical
functions are common to hepaciviruses, whereas the functions of the other two domains
(domain Il and IIl) maybe speci c to each virus. In this regard, generally, DI mainly
functions exclusively for genome replication [37]. Finally, it was recently published that
domain | also plays a key role in assembly of infectious viral particles, identi cation of
key sites might be important for the production of infectious virus. Additionally, this
publication also describes mutations on P35A, V67A and P145A to be important for
the recruitment of NS5A to lipid droplets (LD), which they also impair dimerisation of
the DI and enhance the binding of DI to the HCV 3'UTR RNA, revealing a role of these
NS5A in assembly of viral particles [29].

For a clearer explanation regarding the di erences in the structure of DI, Tellinghuisen
et al, described the Domain | subdomains A and B. The subdomain A, is at the N-
terminal loop, next to a three-stranded anti-parallel -sheet, and an -helix at the C-
terminus of the third -strand. All together, form the sca old for a four-cysteine zinc
atom coordination. This zinc atom has a structural role in the maintenance of NS5A
fold. To connect subdomain A and B there is a Proline-rich region. Subdomain B,
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contains four-strand anti-parallel -sheet and other two small ones near the C-terminus
surrounded by coil structures [37]. The N-terminal subdomain A has a very basic surface
meanwhile in the subdomain B there is a more acidic character, this is a unusual charge
distribution and has an impact in the dimerisation of the protein. The crystal structure

of domain | region provided strong data for the study of NS5A. The crystal structure
described by Tellinghuisenet al, Figure 2.7 is known as the "claw-like" structure PDB
entry 1ZH1 [37].

The anchoring helix AH previously described in section 2.7.5.2, is only ve residues
from the N-terminal of DI, suggesting it is very close to the membrane [37]. The basic
surface close to the anchor is consistent and it makes it probable that the protein is in
close contact with the negative charged head groups of the membrane, where it could
interact with RNA. As mentioned before NS5A interacts with RNA via domain | via an
RNA-binding groove located at DI [40]. Additionally, the conjunction between AH and
Dl is involved in lipid droplet (LD) targeting.

The second crystal structure described by Loveet al, describes the association signi -
cantly di erent from the "claw-like" structure Figure 2.7. The crystal structure which
PDB entry is 3FQM and it is known as "back-to-back". This describes the long axes
of the monomers are nearly parallel, with numerous interactions along the entire side of
each one of the monomers, which makes a cylinder appearance. The two N-termini are
found on the same end of the dimer, implying that the two AH are colocalizing, which is
a common feature with the Tellinghuisen structure. There is no overlap between the sur-
faces of the monomers, this tells that the monomers have no simple rearrangement, but
rather undergo a transformation that requires a complete separation of the monomers
and translocation of one monomer to the other side of its initial partner and then it is
followed by a slight tilt of each monomer long the axis [38].

The last crystal structure described by Lambert et al, describes a very similar struc-
ture as the one from Loveet al, where the monomers are related by a two fold axis
perpendicular to their length. Additionally, it is shown that the binding cleft between
the head-to-head dimer could accommodate NS5A inhibitor (Daclatasvir, DCV) in a
such a fashion that the key resistance mutations (M28, L31, P58, and Y93, as shown in
Figure 2.7), which are shown in close proximity to the inhibitor [39]. NS5A inhibitors
confer resistance, mainly on the sites mentioned and shown in Figure 2.7, however the
resistance continues to be a main problem when developing new antivirals, which is one
of the reasons studying in detail the mechanism of action of DCV, can elucidate a way
of avoiding resistance to new NS5A inhibitors.

More recently, it was proposed that domain | of NS5A plays multiple roles in assembly,
binding nascent genomic RNA and transporting it to lipid droplets where it is transferred
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to Core. Domain | also contributes to a change in lipid droplet morphology, increasing
their size [42].

Figure 2.7: NS5A dimer conformations
NS5A dimer structures from two di erent PDB entries: The "claw-like", belonging to
the 1ZH1 and the "back-to-back" structure to the 3FQM. In coloured boxes, the
resistance mutations that confer resistance to NS5A inhibitors. Note that the position
of the amphipathic -helix relative to DI is arbitrary and assumes that resistance
mutations observed in DI and the amphipathic -helix would be close to each other.
Also note the supposed membrane-proximal positions of the resistance mutations in
both dimer structures. Mutation of Pro58 has been associated with secondary
resistance to DCV but does not confer resistance by itself, this residue is shown to
highlight the alternative orientations of the monomers in the di erent dimer structures
[41]. Daclatasvir molecule is also shown in stick representation. Modi ed from[15]
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2.7.5.4 Domain Il and domain Il

Domain Il is required for RNA replication [26] and interactions with host and viral pro-
teins [43]. Domain Il plays a key role in HCV genome replication but has no impact on
assembly or release of viral particles [7]. Domain Il has a very conserved sequence and
a large segment within DIl can be deleted with no signi cant e ect on RNA replication
and virus production in cultured cell lines. Unlike it, domain Il is essential for the
assembly of infectious viral particles. These domains are less conserved than domain
I. The DIl and DIII of NS5A are both intrinsically unfolded monomers and because of
this the exact position relative to DI is unclear, see Figure 2.4. The structural exibil-

ity allows di erent interactions with cellular proteins [44]. However, just Cylophylin A
(CYPA) and Phosphatidylinositol 4-kinase 1l (PI4KIIl ) [45, 46] have been shown to
be essential for HCV replication and have been also targeted as antiviral drugs. CYPA
probably interacts directly with NS5A to exert its e ect, through its peptidyl-prolyl
isomerase activity, on maintaining the proper structure and function of the HCV repli-
case. The major proline substrates are located in DIl of NS5A, centered around a DY
dipeptide motif that regulates CYPA dependence and Cyclosporine A (CsA) resistance.
Importantly, Cyclosporine A derivatives that lack immunosuppressive function e ciently
block the CyPA-NS5A interaction and inhibit HCV in cell culture, an animal model,
and human trials [47].

2.7.5.5 NS5A phosphorylation

There are two phosphorylated forms of NS5A, p56 and p58, phosphorylated and hyper-
phosphorylated protein respectively [48]. Basal phosphorylation results in expression of
the protein at 56kDa and when hyperphosphorylated it results in 58kDa and it depends
on sequences from the C-terminal region of the LCSI up to the end of NS5A. The phos-
phorylation sites are mainly in serines [49] located at the C-terminal and to a less extend
threonines and tyrosines. Phosphorylation is a very well conserved feature among other
viruses related to HCV, such as Bovine Viral Diarrhoea Virus (BVDV) and Yellow Fever
Virus (YFV), which suggests it is a critical step for the Flavivirus life cycle. The enzymes
that are involved in the phosphorylation have not been completely identi ed, regardless
some include: casein kinase | and Il (CKI and CKII)[50{52], mitogen-activated protein
kinases (MAPKSs) [53], polo-like kinase 1 (PIK1) [54] and glycogen synthase kinase 3
(GSK-3).
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2.7.5.6 NS5A functions

As mentioned already, as a multifunctional protein NS5A has a role during RNA repli-
cation and assembly of the viral particles. NS5A interacts with other non-structural
proteins such as NS5B, this is key for RNA replication. In order to trigger replica-
tion and switch on HCV life cycle, NS5A binds to the 3'UTR of positive and negative
strands of HCV RNA (preferentially on U/G rich single stranded RNA regions), which
is absolutely required [55].

The structure of NS5A previously described gives an overview of what are the func-
tions of NS5A. Additional interactions with other host factors such as protein kinase
R (PKR), p53, TATA-binding protein (TBP), Snf2 related CREBBP activator protein
SRCAP protein, vesicle associated membrane protein (VAPA) have been described [56{
59]. Phosphorylation of the protein also modulates the functions of it, for instance,
VAPA can bridge NS5A p56 with NS5B favouring replication complex formation, mean-
while hypherphosphorilation of NS5A interrupts the interaction allowing viral particle
assembly [60].

Perhaps the multifunctionality of NS5A is also due to the dimerization and further
multimerization of the protein, that can give rise to di erent conformations.

2.7.5.7 NS5A oligomerization

Domain | of NS5A indeed can form dimers and it is critical for this process. However,
detection of high molecular forms of NS5A is whether representing a nonspeci ¢ aggre-
gation complex or these are true higher order NS5A complexes [61]. Importantly, Love
et al, observed an oligomeric state of NS5A and modelled possible NS5A oligomers based
on the crystal structure known [38]. These studies strongly suggest the oligomerisation
state of NS5A. On the other hand, dimeric structures are important for the antiviral ac-
tivities of NS5A inhibitors. Binding experiments have shown that these inhibitors bind
to NS5A directly and that mutations conferring resistance are mapped in the N-terminal
region. Interestingly, when tested NS5A inhibitor DCV also known as BMS-790052, did
not a ect NS5A dimerisation, but the blockage of disulphide bridge forming cysteines
in DI can reduced interaction upon treatment [61].

However, experiments measuring ratio of NS5A to NS5A inhibitor DCV present in cells,
suggest that a small amount of inhibitor molecules can impact the function of a large
number of NS5A protein molecules, based on these observations S al developed a
working model for NS5A inhibitors action, in which NS5A proteins interact with each

other and a single bound inhibitor perturbs the function of an NS5A oligomer, thus,
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resulting in the disruption of replication complex formation or NS5A normal function and
this in turn, results in an ampli ed inhibitory e ect. Together with the crystallographic
data of DI and the NMR structure of amphipathic helix, hypothetically assembling in

a polymer network alternating the interfaces, they built up a working model. Under
this structure, DCV is docked across the dimer interface as previously reported [37].
Thereafter, when Sunet al, added a second inhibitor to determine whether it could,
compete with DCV for binding and have no impact or to bind adjacent to NS5A inducing
a conformational change by DCV binding and resulting in enhancement of its potency
[62] see Figure 2.8. The complementary e ect of DCV and the second inhibitor called
SYN-395, after its synergistic e ect, requires communication within the binding sites,
more detail information on the MOA of the syn compounds is in section 6. However in
this case, the polymer model proposed would suggest that the induced inhibition a ects
the NS5A dimer in which DCV is bound and it is also transmitted to the proteins along
the helical axis through P29-P35 loop interactions (which as mentioned before, includes
very conserved Proline residues 29, 32 and 35 and it is located in the linker connecting
the AH to DI) to inhibit multiple NS5A proteins [62]. This study highlights not only the
importance to investigate further the role of Proline residues in the structure of NS5A,
but additionally NS5A oligomer formation. Thus, due to the high conservation of these
Proline residues, we decided to look into their role in HCV infection and DCV binding,
as shown in the Results section Il and we also investigated on the oligomerization
process of NS5A protein. For more information given on NS5A inhibitors and other
HCV inhibitors, see section 6.

The results in this publication by Sun et al, suggested a formation of an extended mul-
timeric network of NS5A that may occur through the di erent dimer interfaces. The
combination of two genotype 1b NS5A-D1 dimers allowed the formation of a superhelical
array which can give support to a model for the oligomerization of NS5A and NS5A-D1
constructs observedin vitro shown by Lambert et al [39]. However, the formation of
these higher order oligomer complexes into a non-planar, superhelical array precludes its
association with a lipid bilayer [38]. Di erent conformations of DI dimers can suggest
an array of NS5A molecules that form an extended network that could interact with the
membranous web. The NMR data also shows that the protein can aggregate reversibly
in a concentration dependent manner, possibly into ordered oligomeric states [39]. How-
ever, more studies are needed to determine the oligomerization state of NS5A, favouring
monomeric, dimeric or oligomer. In the present study we try to address this problem
and investigate further to determine the oligomerization state of NS5A protein.
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Figure 2.8: NS5A oligomer model
NS5A oligomer model where Daclatasvir (DCV) and Syn-395 are bound to NS5A
dimer and polymer. a, DCV is docked across the NS5A dimer interface stick
representation shown in green, the amphipatic helix shown in red. Some of resistance
mutations to DCV are pointed (L28, L31, Y93), as well as the highly conserved Proline
residues in the AH-DI linker P29, and P35. b, NS5A helical hexamer is composed of
three PDB: 1ZH1, (same colour) and two PDB 3FQM dimer (alternate colours). c,
Graphical representation of conformational changes that can a ect inhibition and
further recovery of inhibition by the synergistic e ec of SYN-395 compound. Modi ed
from [62]

2.7.6 Non-structural protein 5B (NS5B, 68kDa)

NS5B, is the RNA-dependent RNA polymerase (RdRp). Itis a phosphoprotein anchored
to the membrane via its C-terminal 21 amino acids. As a RdRp has a typical shape:
palm, nger and thumb subdomain structure and the hallmark GDD sequence as it is

shown in Figure 2.9. It forms the catalytic center of HCV replication machinery and is

responsible for synthesis of negative-strand RNA intermediate from the positive-strand
viral genome see next section 3.

The active site is highly conserved and located in the palm subdomain. The catalytic site
domain contains a C-terminal membrane insertion sequence which is essential for RNA
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Figure 2.9: NS5B

NS5B structure, containing palm, ngers and thumb. Taken from [15]. Ribbon
diagram of full-length NS5B (Protein Data Bank (PDB: 1GX6) and the association
with the membrane via the NS5B carboxy-terminal transmembrane tail. The nger,

thumb and palm subdomains are indicated, and the so-called -loop is shown in
orange. The C-terminal linker sequence (grey) connects the core of the enzyme with
the membrane insertion sequence (magenta). The structure indicates the proposed

membrane topology of NS5B in the so-called closed conformation, on the basis of

available X-ray crystallographic structures, and this is believed to represent the

initiation state of the polymerase. The active site is highlighted by two priming
nucleotides (yellow). In this conformation, the RNA-binding groove is hidden by the

NS5B ectodomain that stacks to the membrane. Modi ed from [13].

replication in cell culture and for in vitro enzymatic activity. When compared to other
RdRp, NS5B has a closed conformation of the active center, where the C-terminal linker
folds back into the active center involved in RNA synthesis [63{65]. Starting of initiation

is represented by the polymerase closed conformation, after this, the enzyme undergoes
a big conformational change that allows the opening of the structure to generate a
cavity capable of binding the double stranded RNA [13]. NS5B is one of the main
targets for direct acting antivirals (DAAS) together with NS3/4B and NS5A. Many
other polymerases have been target of antiviral therapy and this will be discussed in

section 6.



Chapter 3

HCV replication cycle

Replication of HCV RNA is a multi-step process that is orchestrated by synchronized
action of viral and cellular proteins. Structural arrangements are necessary to origi-
nate the sites where HCV replication takes place. Once HCV has infected an hepato-
cyte (main cellular target), it associates to low-density lipoproteins (LDL), to very-low-
density lipoproteins (VLDL) and to apolipoproteins: E, B, C1, C2 and C3 to form a
complex lipoviroparticle [66, 67], this is process is followed attachment, entry and fusion.
The attachment requires the receptor of E2 glycoprotein, facilitated by heparan sulfate
proteoglycans present on the hepatocyte's surface. The LDL and VLDL receptors can
bind HCV and promote its entry. The main cellular receptors and entry factors for
HCV are scavenger receptor class B type | (SRBI), [68], CD81 [69] as well as some tight
junction proteins such as claudin-1 (CLDN1) [70] and occludin (OCLN) [71, 72]. Among
other receptors recently identi ed which are also entry factors to mention: receptor ty-
rosine kinases (RTK), epidermal growth factor receptor (EGFR), ephrin receptor A2
(EphA2) and the Niemann-Pick C1 like cholesterol adsorption receptor (NPC1L1). All
together these receptors are key for attachment and entry which give the essential venue
for HCV to entry the cell and establish infection. At the fusion step, HCV enters the cell
via clathrin-mediated endocytosis and is internalized into target cell via pH-dependent
in the endosome which triggers the viral envelope and endosomal membrane to release
the nucleocapsid to the cytoplasm, where the RNA is released [73{75]. See Figure 3.1.

Once the RNA genome enters the cytoplasm, the HCV polyprotein is translated in
the rough ER with the positive strand as a template. Translation is initiated in a
cap-independent manner using the IRES at the 5’NTR. The HCV single polyprotein
precursor is then processed by cellular (signal peptidases) and viral proteases (NS2,
NS3/4A) to give rise to the 10 viral structural and non-structural proteins as previously
described on section 2.3 [76].

20
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Like other positive-strand RNA viruses, HCV can remodel intracellular membranes, gen-

erating organelle-like membranous structures, which can be called replication factories
or membranous web. The main functions of the replication factories (VRFs) are: in-

crease local concentration of factors required in RNA replication, spatial coordination in

the replication cycle process (RNA translation, replication and assembly), and protect

the viral proteins and RNA from antiviral defenses [13, 77].

There are two types of membrane rearrangements: invaginated vesicles or double mem-
brane vesicles (DMV) [78]. HCV non-structural proteins are associated with the mem-
branous web which includes DMVs containing nonstructural proteins, ER membranes,
HCV RNA, and lipid droplets. As mentioned before, this membranous web or replica-
tion factories are the sites where RNA replication takes place, viral RNA is ampli ed
by NS5B, (RdRp), together with most of the NS proteins and some host cell factors
such as cyplophilin A (which can modulate NS5B RNA-binding capacity and interact
with NS5A) [79] and PI4KIIl  (recruited to membranous web by NS5A and required
for HCV replication providing integrity to the membranous viral replication complex)
[46].

As the positive strand is copied into negative strand RNA via replicative form is used
for synthesis of excess amounts of positive strand RNAs viral replicative intermediate.
Starting of RNA synthesis requires highly structured RNA elements in the 3'NTR of

the template, the new synthesized RNA genomes are translated, then RNA replication
takes place, nalizing with the assembly of the virions [80].

The viral RNA is thought to be delivered to the replication sites to the core protein on
LDs by the viral replicase, alternatively, NS5A which can bind RNA may be released
from the replicase complex to move onto the LD surface. The capsids are nally budding
to the ER lumen in a process tightly linked to VLDL synthesis, which is why assembly
then is dependent on (V)LDL synthesis and requires several enzymes and apoE [15, 67,
77]. Infectious HCV particles are pleomorphic, lack discernible surface features and have
broad size range 40-80 nm diameter [81]. More recently, NS5A was identi ed as a major
determinant in HCV assembly. Domain Ill, was found to be a key element to ensure
the production of infectious viral particles [26].
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Figure 3.1: HCV replication cycle
HCV replication cycle starts when binding of HCV lipoparticle to the SRB1 and CD81
receptors, further interactions with CLDN1 and OCLN are necessary. Once the virus
enters the cell via receptor-mediated endocytosis (step 1), the positive-sense single
stranded viral RNA is released into the cytoplasm and translated at the rough ER,
giving rise to a single polyprotein cleaved in 10 mature proteins (step 2). Together
viral proteins and host ell factors induce the formation of the membranous web (MW)
located in close proximity to LD (step 3). RNA replication proceeds via negative-sense
copy which is the template for the production of excess amounts of positive-sense
RNAs (step 4). Assembly of HCV particles supposedly taking place close to the ER
and LDs, where core and VRNA accumulate. Viral envelope is acquired by budding
through the ER membrane (step 5). Finally HCV particles, are thought to leave via
constitutive secretory pathway (step 6). The blue boxes represent the viral and host
facotrs which are known or suspected to be essential for the viral life cycle, thus,
potential drug targets. (CYPA: cyclophilin A, Ptdins4KIll  : phosphatidylinositol
4-kinase Ill ). Taken from [13].



Chapter 4

HCV experimental studies

This chapter is dedicated to describe the HCV experimental tools available for studying
HCV infection. Until 1989, the lack of a cell culture system and the small animal
models to propagate HCV was a major issue for HCV research. In 1997, the only model
to study HCV was the chimpanzees Pan troglodytes), which could be injected with
HCV, this allowed to study HCV genome and its encoded proteins. However, bioethical
and high costs could not allow a certain number of experiments, other attempts involved
xenotransplantation system of human liver into mice (Mus musculus domesticug Thus,
there was not much data regarding HCV molecular biology research, nally in 1999 a
major step for HCV investigation was made by the establishment of the subgenomic
system [82], see Figure 4.1. To generate this tool, a full-length clones consensus genome
of the genotype (called Conl); the region encoding p7 and NS2 proteins was replaced by
elements which do not belong to HCV, a selectable marker neomycin (neo) gene for drug
selection G418, the second is the IRES element of encephalomyocarditis virus (EMCV),
which ensures translation of HCV polyprotein NS3-5B. To ensure IRES full activity the
replicon contains 48 nucleotides of core coding sequence at the 3' end of the HCV IRES.
Thus, this changes made a bicistronic construct that can replicate autonomously within
human hepatoma cell line Huh-7 upon transfection ofin vitro transcribed RNA [82].
This tool was then used to generate replicon cell lines with high RNA replication level
that can be selected by treatment. Continuous analysis of these cell clones and replicons
showed increased replication capacity caused by adaptive mutations and increased host
cell permissiveness. Some of these mutations identi ed have been included to make
a highly adapted replicon, Conl/ET, containing two point mutations NS3 (E1202G,
T1280I) and one in NS4B (K1846T) [82{84].

The neo marker can be also substituted by re y luciferase (FLuc) bicistronic, or renilla
luciferase (RLuc) monocistronic which can also work as a reporter, additionally other
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Figure 4.1: HCV subgenomic replicons
Structure of the HCV subgenomic replicons created by [82]. Indication of the cleavage
location products and the 5' and 3' NTRs. HCV-IRES selected for the construction
and a GDD active site of the NS5B. The selection of subgenomic repicons contain a
5'HCV-IRES, the neo gene, the EMCV-IRES and the HCV non-structural proteins
NS2or NS3 to the 3' end is representing the deletion in the position of the 10-amino
acid in the NS5B polymerase. Normally, GDD stands for an NS5B
polymerase-defective replicon in which the critical GDD motif in the polymerase active
site is replaced by AAG (referred to as GDD). Modi ed from [82].

reporters have been inserted in the NS5A region such as green uorescent protein (GFP),
to allow monitor cells by immuno uorescence or western blot [85, 86] as shown in Figure
4.2.

Figure 4.2: Structure of Jc1 based reporter genomes
Reporter genomes containing (blue) structural proteins, (green) non-structural HCV
proteins. JclFLuc, containing Fire y Luciferase and EMCV IRES. Jc1GFP containing
green uorescent protein (GFP) before NS5B. Modi ed from doctoral thesis of
Margarita Zayas.

In the recent years, other breakthroughs have been made in HCV research, the cloning of
subgenomic replicon of the genotype 2a consensus genome from a Japanese patient with
fulminant hepatitis (JFH1) which has high levels of replication in Huh7 cells without
any cell culture adaptive mutations and also when JFH1 was discovered to be able to
produce infectious virus particles upon transfection of the full length genomein vitro
transcripts into Huh7 cells [87, 88].

Furthermore, the full-length JFH1 genome supports the production of culture-derived
particles (HCVcc), which are infectious in vitro and in vivo [88]. This particles are
around 60-75nm in diameter and spherical and are have high speci city infecting at
a peak buoyant density of approximately 1.10g/ml like serum produced patrticles. To
improve the system virus chimeras were generated consisting of the JFH1 replicase (NS3-
NS5B) fused to the core to NS2 region of di erent HCV isolates. Another tool to study
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HCV are HCV pseudo particles (HCVpp) system, this are retroviral nucleopcapsids
surrounded by lipid envelope which contains authentic HCV glycoprotein complexes
this system allowed a robust infection system in Huh7 cells and in primary human
hepatocytes to study the early stages of infection with HCV such as entry and receptor
binding [89, 90].

Nevertheless, the research continues to be improved by trying to develop small animal
models by humanized mice, which can be infected with HCVcc or HCV patient sera.
More reliable experimental set-ups with an authentic and physiological condition present
in the infection with HCV are yet to develop [91, 92]. The following Figure 4.3, contains

the most recent advances in animal models to study HCV infection [93].

Figure 4.3: Table including Animal model for studying HCV infection
Studies using animal models where the complete viral life cycle has been performed (or
parts), viremia levels, liver disease, DAA testing, passive inmunization, vaccine
development and availability are shown for each. Details on the advantages and
disadvanteges are reviwed in citation. Taken from [93].



Chapter 5

HCV and host immune response

As mentioned earlier, HCV can cause persistent infections, this can cause that the host
defenses initially sense HCV by the antiviral innate immune response which is triggered
by pattern recognition receptors (PRRs), these are responsible for a downstream signal-
ing that can activate immunity. Approximately 20-30% infected people can resolve the
infection but 70-80% develop a chronic infection. HCV is among the most successful of
persistent human viruses, it persists in 70% of those infected [94].

The innate immune response against RNA viruses is mainly composed by three classes
of PRRs: retinoic acid-inducible gene | (RIG-I)-like receptors (RLRS), toll-like receptors
(TLRs), the nucleotide oligomerization domain-like receptors (NLRs) [95] or double-
stranded RNA sensing proteins such as protein kinase R (PKR), which are in charge
of recognizing pathogen-associated molecular patterns (PAMPS) present during viral in-
fection. The HCV IRES is recognized by RNA-dependent PKR while the HCV 3'poly-
U/UC, 5' triphosphate of the uncapped HCV RNA and the short double-stranded RNA
region sequences are recognized by the RIG-I. A sequence of downstream signaling pro-
ceeds to activate various genes and cytokines such as interferon | and Il and IL-J,
which in turn activate paracrine or autocirne pathways to establish full antiviral state.

The best described detector of HCV infection is RIG-I, which is a cytosolic RNA sensor
and together with MDA5 (melanoma di erentiation-associated protein 5) and LGP2
(laboratory of genetics and physiology 2) can regulate HCV infection. These pathways
converge on the activation of the key transcription factors NF- B and the interferon
regulatory factor (IRF) 3 and 7. Activated IRF3 and NF- B bind to response elements
in the promoters of type | and Il IFN genes, which are essential for antiviral defence
[96].
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Innate immune responses rely on interferons (IFNs) to activate and regulate the cellular
components for the antiviral response such as the natural killer (NK) cells. Type | IFN
compromising several IFN- and one IFN- and type Ill IFN- 1, IFN- 2 and IFN-

3 also called 1L29, IL28A and IL28B which are produced by the infected cell and by
macrophages and dendritic cells (DCs). Type Il IFN (IFN- ) is produced by NK and
T cells from antigen specic T cells (CD4+ and CD8+ cytotoxic lymphocytes) [96].
Subsequent activation of IFNs induced transcription of multiple interferon-stimulated
genes (ISGs) through the activation of the JAK/STAT signaling pathway results in the
recruitment of e ector immune cells that can trigger the adaptive immune response
[97, 98].

When adaptive immune responses fail to neutralize the infection, chronic infection is
established. Despite the global failure of the immune reaction against HCV, T cell
exhaustion and emergence of viral escape mutations are the main cause of T cell failure,
which causes the establishment of HCV life cycle [99].

Furthermore, HCV supports a reaction against the host cell immune responses. The
viral NS3-4A protease is central in the HCV host immune evasion strategy [100], it
can block RIG-I signaling, because in addition to proteolytically processing of the HCV
polyprotein it targets and cleaves mitochondrial antiviral-signaling protein (MAVS) from
intracellular membranes preventing the subsequent signaling transduction. The cleavage
prevents activation of RIG-1 pathway and during acute infection abrogates IFN induction
which supports the progression to a chronic infection [101, 102]. In addition, HCV can
control PKR-mediated translation suppression of host mRNAs during HCV infection
and IFN therapy can inhibit translation of host factors require for HCV replication
(PKR works as an antiviral molecule) but it can also inhibit ISGs and IFN (PKR as

a proviral molecule) [98]. More recently, NS4B was found to degrade TRIF in order
to avoid the activation of TLR3 mediated interferon signaling pathway as part of HCV
host immune system evasion [29].

Further studies on how HCV evades the immune responses of the host can give more
insights into antiviral drug development.



Chapter 6

HCV antiviral therapy

An estimated of 130 million are vulnerable to chronic infections around the world whom
can develop liver cirrhosis ( 27%) and hepatocellular carcinoma ( 25%) as men-
tioned in section 1. This has made HCV infection a global medical problem which has
drawn the attention and e orts to develop drugs and new antiviral treatments. Un-
fortunately, prophylactic treatment for HCV has not been very successful, having no
vaccine development. Many limitations in HCV vaccine development as genomic vari-
ability and worldwide di erent genotype distribution see Figure 1.1, which causes poor
cross-genotype immunity [99].

The majority of infections are treated with a combination of pegylated interferon-
(PEG-IFN ) and ribavirin, as many other viral infections are treated. In some of the
cases this therapy can eliminate HCV infection with this treatment but it depends on
the stage of the disease, genotype and some polymorphisms (for example IL28-B gene).
However, the rest of the cases are unresolved, in the recent years the development of
direct acting antivirals (DAAs) has lead to a big step in HCV antiviral development[13].

Every step of HCV life cycle can be a potential drug target for antiviral therapy, however
the successful inhibitors at the moment are just made for the non-structural proteins
NS3/4A, NS5A and NS5B, which are use in combination, and together they can clear
around 98% of infection, yet resistance mutations and high cost of this inhibitors pro-
motes new development of antiviral treatments. This chapter will describe the DAAs
available, a summary of the DAA inhibitors for the non-structural proteins of HCV are
described in Figure 6.1. We described more in detail NS5A inhibitors due to the purpose
of the present study, in the following subsection 6.1.3.
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Figure 6.1: Table including DAA inhibitors
Summary of FDA-approved antivirals against HCV infection. Table contains targeted
protein, name of the compound, EG, values in nM for each of HCV genotypes and the
corresponding reference. Taken from [103].

6.1 Inhibitors

6.1.1 Protease NS3-4A inhibitors

NS3 is a multifunctional protein and together with NS4A cofactor constitute the serine-
type protease that HCV uses for cleavage of viral and cellular (MAVS, CARDIF, VISA
and IPS1) proteins while the C-terminal contains the NTPase activity, see section 2.7.2,
both activities have been pursued as drug targets. However, the NS3 protease was
the target for DAASs, by exploiting the fact that after NS3-4A mediated cleavage the
product derived from the N-terminal fragment remains bound to the active site and
thus blocks the enzyme, which gives this DAA a high potency [104{106], see Figure
6.2. These compounds belong to the rst class of compounds and they bind to the
active site Serine, being called 'Ser-trap’. These inhibitors antagonize the enzyme by
forming enzyme-inhibitor adduct that dissociates with very slow kinetics. Three classes
of these compounds have been developed: rst class linear peptidomimetics are forming a
covalent but reversible link, adducts with enzyme (telaprevir and boceprevir), the second
class are linear peptidomimetics and third class are macrocucylic inhibitors on the basis
of their structure. Unfortunately, these last ones do not target all the HCV genotypes
to the same extent. Furthermore, the barrier to select for resistance against these rst-
generation inhibitors is low and cross-resistance has been identi ed [107]. Consequently,
overcoming these limitations are the goal of the second generation of NS3-4A inhibitors
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like MK-5172 and ACH2684 which are macrocyles that have a pan-genotypic activity
with improved resistance pro les [108, 109]. It is worth mentioning that the NS3/4A
inhibitor simeprevir, as shown in Figure 6.2, in the combination with the NS5B inhibitor
sofosbuvir (NS5B inhibitor, see Figure 6.3, is considered to e ciently inhibit di erent
stages of HCV life cycle [103].

Figure 6.2: NS3/4 protease structure and docked DAA simeprevir
Tertiary structure of HCV NS3/4A protease. The tertiary structure of NS3/4A
protease in complex with simeprevir (PDB codes: 3KEE and 4B76). HCV NS3 and
NS4A proteins are displayed in orange and pink, respectively [110]. Modi ed from
[111].

6.1.2 RNA-dependent RNA polymerase NS5B inhibitors

As already described in section 2.7.6, NS5B is a key enzyme for HCV life cycle, it medi-
ates RNA synthesis by using its catalytic core with a typical structure of a polymerase
(right hand: ngers, palm and thumb), see Figure 6.3 and 6.4. There are two groups
of drugs, according to their mode of action which target NS5B protein: nucleoside and
nucleotide inhibitors (NIs) and non-nucleoside inhibitors (NNIs). The rst group of NIs,
mimic the natural substrates of the polymerase and act at the active site of the enzyme,
while the NNIs bind to di erent allosteric states and inhibit conformational changes in
the polymerase. Due to the high degree of conservation NiIs are usually more e ective
towards resistance than NNIs [112], examples are shown in Figure 6.3

NIs are derivatives of ribonucleosides or ribonucleotides and compete for the natural
active site of the polymerase, they require high intracellular concentrations. Usually
have a low-micromolar range and are typically delivered as prodrugs, where the non-
phosphorylated chemical modi cations are cleaved o and the liberated nucleoside is
converted to 5'-triphosphate by cellular enzymes. Once phosphorylation occurs, the
active drug can compete for the natural site and incorporate into the growing RNA.
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Figure 6.3: NS5B structure and docked DAA sofosbuvir and beclabuvir
Tertiary structure of HCV NS5B and structural formulas of approved or experimental
nucleoside inhibitors. NS5B structure in complex with beclabuvir and sofosbuvir
diphosphate (PDB codes: 4NLD and 4WTG) is visualized on top. Modi ed from [111].

Figure 6.4: NS5B inhibitor, SOF chemical formula
Sofosbuvir chemical formula. The discovery of sofosbuvir undertaking path from
20-C-methylcytidine to 20-F, 20-C-methyluridine 5-phosphoramidate [113]. Modi ed
from [111].

Another way to inhibition NS5B is to use 3'-deoxy modi ed nucleosides that are clas-
sical chain terminators, but due to phosphorylation are poorly active in cell culture
[114]. Additionally another drawback from ribonucleoside analogues is their interfer-
ence with human mitochondrial RNA polymerase, which can inhibit mitochondrial gene
expression, which might be the explanation to the serious side e ects of several drugs
(Valopicitabine, Balapiravir, and others). On the other hand, NNIs are commonly more
diverse and are grouped into 4-5 classes depending on their allosteric binding, even
though they can be highly active, resistance can be rapidly selected [115].
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Advanced nucleoside analogue, Mericitabine, has been shown to be active in genotype 1
and genotype 4, and the most advanced nucleotide analogue is Sofosbuvir (SOF) struc-
ture shown in Figure 6.4, which has high e cacy against genotypes 1-6 in combination
with PEG-IFN  and ribavirin [113, 116].

Furthermore, there are alternative viral drug targets which can interfere with HCV
life cycle, NS4B and p7 proteins are now under development as antiviral drugs. As an
alternative host cell target, cyclophilins and mir-122 have been extensively studied [103].

6.1.3 Non-structural protein 5A inhibitors

NS5A inhibitors have several e ects on HCV life cycle. They might a ect formation of
the replication complex at the ER and sequester NS5A in lipid droplets to inhibit virus
formation and release [1] or directly a ect the assembly of viral particles [117]. Hence-
forth, the FDA has approved the following drugs: Daclatasvir (BMS-790052), ledipasvir
(GS-5885), ombitasvir (ABT-267), elbasvir (MK-8742), velpatasvir (GS-5816), and on
clinical tests: Pibrentasvir (ABT-530), ravidasvir (PPI-668), GSK2336805, ruzasvir
(MK-8408), EDP-239, samatasvir (IDX719). It is known, that NS5A inhibitors do not

a ect stability or dimerisation of NS5A but block HCV RNA synthesis at the stage of
membranous web formation [118]. Recently, it was discovered that DCV, can impair
viral assembly by inhibiting the delivery of HCV genomes to the assembly sites [117].
NS5A inhibitors slowly inhibit HCV RNA synthesis when compared to HCV protease or
polymerase inhibitors [119]. Furthermore, NS5A inhibitors can enhance drug resistance
barrier and restore antiviral activity against NS5A resistance variants [62]. Notably, the
crystallographic structures have been very useful in the development of NS5A inhibitors
and further studies will elucidate the whole picture under the high potency, see Figure
6.5 and 6.6. In the following subsections we describe a more detailed information on
NS5A inhibitor, Daclatasvir (DCV), as main subject of the present study.

6.1.3.1 Daclatasvir

DCV inhibits NS5A at DI and it is a food and drug administration (FDA) approved for
the treatment of HCV infection, see Figures 6.5 and 6.6. DCV has been administered
together with PEG-IFN and RBV as well as IFN free options [120], it can be administered
together in combination with other DAAs including asunaprevir (NS3 protease inhibitor)
(ASV) and sofosbuvir (SOF) (NS5B inhibitor). Normally, DCV plus SOF is given for
12 weeks [121] to have a high treatment e ciency. DCV has high rates of sustained
virological response (SVR)>90%, which has a clinical relevance regarding the clearance
of HCV infection in most patients. Interestingly, studies with DCV in replicon cells
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showed that double or triple inhibitor combination of DAAs can produce resistance
which can be di erent from when using mono-therapy. Indeed, onset of resistance may
lead to cross-resistance among DAAs or to other NS5A inhibitors, while DCV-variants
remained completely sensitive to other classes of DAAs [122{124].

Importantly, resistance-associated substitutions (RASs) in NS5A have a major impact
clinically. As previously mentioned, RASs at key positions (28, 30, 31, and 93) in
HCV genotype la result in broad cross-resistance to early generation NS5A inhibitors,
except L31M RAS on ombitasvir and of the M28V RAS on elbasvir or ledipasvir. Next-
generation NS5A inhibitors pibrentasvir (ABT-530) and ruzasvir (MK-8408) show a
retain activity against all of the key single-position NS5A RASs in HCV genotypes la
and 1b and, therefore, may retain activity despite resistance to current NS5A inhibitors
[125].

Alternatively, mathematical models have been proposed to study and predict the possi-
ble mode of action of the inhibitors [126], many other attempts in medicinal chemistry

are undergoing forward to develop new and better antiviral therapies. HCV resistant as-
sociated variants can occur naturally and usually after virological failure,, DCV resistant

variants tend to persist even after discontinuation of the treatment and cross-resistance
can be observed to all NS5A inhibitors. This remarks the importance of understanding
fully the mechanism of action of NS5A inhibitors can elucidate insights into new drug

development or improvement of existent drugs.

6.1.3.2 Discovery and development

At the beginning it was believed NS5A was not druggable mainly because of its lack of
enzymatic activities. But in 2009, a high throughput screening showed pico to nano an-
tiviral e cacy of leading compounds [36, 127]. One of these compounds was Daclatasvir,
which has been widely studied and available against HCV infection. DCV displayed a
therapeutic index (CCs,=ECs,) of at least 100,000in vitro fold and works on genotype
la, 1b, 2a and 3. Symmetry of this compound de ned its antiviral activity having an
ECs, of 5 picomolar (pm) and 9 pm (for genotype 1a and 1b, respectively). Then, clin-
ical development increased towards NS5A inhibitors, initially mono-therapy was tried
using DCV single dose, which showed dropping on HCV plasma RNA levels and it
was well-tolerated treatment with few side-e ects. Unfortunately, mono-therapy showed
rapid resistance mutation emergence, which is why nowadays is taken in combination
with other DAAs or traditional standard of care (SOC) therapy [36]. In general, HCV
drug development has advanced in several aspects: interferon-free regimens, genotype
speci ¢ drugs, therapies based upon one pill per day, drug potency increased, treatment
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duration were shortened, therapies can be administered orally, despite all, HCV drug
discovery challenges remain to identify and treat di cult-to-treat patients [111].

Figure 6.5: NSb5A inhibitor, Daclatasvir in NS5A protein
Tertiary structure of HCV NS5A and structural formula of approved DCV docked into
the two units of an NS5A, shown as a dimer, which are coloured by pink and cyan,
respectively. Modi ed from [111].

Figure 6.6: Daclatasvir chemical formula
NS5A inhibitor Daclatasvir is also illustrated. FDA-approved compound Daclatasvir
[128]. Taken from [111].

6.1.3.3 Resistance mutations

The downside of using DCV as antiviral therapy is that it comes with selective mutation
resistance. Most of the mutations have been found in NS5A between the amphipatic
helix and domain | linker, specically in amino acids 28-31 and around amino acid
93 of NS5A, which is one of the most described mutations, YO3H. The role of the
amino acids in linker AH-DI is crucial for NS5A protein to ful Il its functions. This

is one of the main reasons in the present study we aimed to understand the mode
of action of DCV in relation of the structure of the linkers present in NS5A protein.
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It has been identied in several genotypes, which points out a conserved inhibitor-
binding site [129]. Substitutions at L31 and Y93 have the greatest ability to confer
resistance to DCV. These substitutions can also confer resistance to rst-generation
NS5A inhibitors, double or triple combinations of NS5A inhibitors with other DAAs,
can generate resistance in replicon systems [122], see Figure 2.7. Resistance mutations
at amino acids M28, L31, P58 and Y93, are also found in DI under DCV treatment [13].
Another relevant aspect of DCV resistance is the existence of HCV quasispecies, which
are variants that can replicate at low levels and usually cannot be detected by current
techniques. However, quasispecies can be selected if any NS5A inhibitor, including DCV
is administered and their expression levels can increase. Additionally, escape pattern can
also confer resistance whereby viral replication returns to pre-treatment levels and the
dominant virus harbours amino acid substitutions which can increase the drug resistance
without impairing the tness of the virus [130].

6.1.3.4 Mechanism of action

Many guestions remain unanswered about the molecular mechanism of action of NS5A
inhibitors, fortunately, some elucidating insights have described a major part of what
these inhibitors can be targeting. Due to NS5A critical role in replication and assembly,
NS5A is an attractive antiviral, which is why it has been widely studied. In HCV
replicon cells, inhibition of NS5A resulted in its redistribution form ER to LD, thus,
the targeting molecules have a dramatic e ect on the phenotypic localization of NS5A
[131]. On the same study, kinetic compound analysis showed that the redistribution was
concomitant with the onset of inhibition [1]. As previously mentioned, NS5A inhibitors
were found to block HCV replication by preventing the formation of the MW, which
was not linked to an inhibition of PIP4KIIl  [118].

Recently, Bosonet al, showed that short exposure of HCV-infected cells to DCV reduced
viral assembly and induced clustering of structural proteins with non-structural proteins
(Core, E2, NS4B and NS5A), where they appear to be inactive. Daclatasvir reduced
the delivery of viral genomes to these core clustered structures. However, when using
the resistant mutant, NS5A-Y93H, DCV showed no induced clustered structures nor
inhibition of HCV assembly, indicating that DCV targets a mutual speci ¢ function of
NS5A inhibiting both processes [117]. This dual mode of action described by Bosoet
al, was also observed in our experiments, see section Results Ill, which conclude that
DCV indeed targets NS5A not only during HCV replication but has an additional e ect
during assembly of the viral particles.
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Moreover when considering the sub-stoichiometric antiviral activity it was suggested
that not only DCV but all NS5A inhibitors might target one NS5A molecule which com-
municates using conformational changes to neighbouring NS5A molecules of an NS5A
oligomer [39, 62]. This hypothesis was supposed by Suet al, where they discovered
the synergist compounds (Syn-395 and Syn-535), as already mentioned in section 2.7.5,
and in Figure 2.8. Syn compounds were found inactive alone against both wild-type
and resistant variants but can greatly enhance the potency of DCV against resistant
variants. Speci cally, DCV exhibits an EC 5, of 0.033 nM against wild type GT-1a, but
has no activity towards a GT-1a Y93N mutant (EC 5, 339 nM). The synergist Syn-395,
is inactive towards both wild type and Y93N (ECs, 214 nM and 215 nM, respectively).
However, in the presence of Syn-395, the potency of DCV against the Y93N variant is
greatly enhanced. For example, no inhibition of Y93N was observed at 40 nM Syn-395,
but in the presence of 40 nM Syn-395 the potency of DCV against Y93N is enhanced
by approximately 2,600-fold, with the ECs, value shifting from 339 nM to 0.13 nM [62].
This study highlights the importance of determining the oligomerization state of NS5A
protein, which will clarify the conformational changes necessary for the mode of action
of DCV and further NS5A inhibitors.

Lastly it was suggested that indeed NS5A is only targeted at a spatially and temporally
restricted point with crucial role in the HCV RNA replication [131]. This might apply
only for a subset of NS5A molecules. However Guedgt al, hypothesized by using
a mathematical multiscale model that NS5A inhibitors not only inhibit HCV RNA
synthesis, but also virion assembly and/or secretion [126]. This hypothesis was the later
conrmed by Boson et al, as already mentioned. However the present study gives a
parallel importance of the dual mode of action of DCV.



Chapter 7

HCV and cellular membrane
Interactions

HCV and many other Flaviviruses exploit cellular resources to facilitate viral propa-
gation, one of them is to manipulate cellular membranes. In HCV case, major rear-
rangements of the ER membranes take place during infection. RNA replication occurs
in tight association with the ER derived membranes which are recognized as replica-
tion organelles. As already mentioned, these organelles have de ned architecture and
morphology but little is known about the viral or cellular factors involved in their bio-
genesis. The alteration of lipid composition of cellular membranes can serve as sca old
for replication changes in the biophysical properties of the membrane such as curvature,
permeability and uidity [132]. The understanding of the membrane interactions with
viral proteins could help in the development of broad-spectrum antiviral drugs.

Experimental studies have been performed trying to elucidate the role of non-structural
proteins of HCV in the membrane remodelling. Glycine zipper motifs within HCV
NS4B transmembrane segments were found to be crucial for the protein's self-interaction.
Moreover, glycine residues within NS4B transmembrane helices critically contribute to
the biogenesis of functional replication organelles and, thus, e cient viral RNA replica-
tion. These results reveal how glycine zipper motifs in NS4B contribute to structural
and functional integrity of the HCV replication organelles and in viral RNA replication
[133]. Structural importance of NS4B has also being described through the role of a
second amphipathic helix at the N-terminal (AH2), which revealed to have a key role
in the remodelling events that NS4B performs in cellular membranes. The role of AH2
is to cluster negatively charged lipids within the lipid bilayer, thus reducing the strain
within the bilayer and facilitates the its remodelling. Additionally, the same study de-
scribes that this negatively charged lipids are important to promote dissociation of AH2
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oligomers which might be key for lipid recruitment of NS regulating protein interactions
[134]. Other studies remark the importance of amphipathic helix formations in NS4B,
as disrupting its nature results in abolished RNA replication as well as mislocalisation.
This suggests that amphipathic helices might have a key role in membrane-targeting
domain within the NS proteins [135].

Moreover, studies have revealed that not only NS4B has a structural link to membranes,
NS4A, also forms a detergent-stable complex with NS4B-5A polyprotein substrate [136],
which might be the reason of the requirement of 4A to the cleavage of 4B/5A.

Additional studies on NS3 have shown that it can bind spontaneously and penetrate
to an ER complex membrane containing phosphatidylinositol 4,5-bisphosphate (PIP2),
where an amphipathic helix has an anchoring role to keep the protein on the membrane
surface. Residue R161, was found to be crucial to ensure proper orientation. PIP2-
interaction determines the protein orientation at the membrane while both hydrophobic
interplay and PIP2 interaction can stabilize the NS3-membrane complex [137].

Finally, NS5A, as already mentioned, contains a three dimensional structure of the
membrane anchor domain, the alpha helix anchor which includes amino acid 5 to 25,
which was exhibited a hydrophobic tryptophan rich side embedded in detergent micelles,
while the polar charged side was opposed to the solvent side. The amphipatic helix is
embedded in the cytosolic lea et of the membrane bilayer. Importantly, mutations in this
position might a ect RNA replication without interfering with membrane association of
NS5A [33].

Regarding NS5A and its association to membranes, it comes to one key element, the am-
phipatic helix, as mentioned several times, the AH is key for the membrane localisation,
as it is also essential in the binding to cell-derived membranes. The mechanism of bind-
ing for AH on arti cial pure lipid bilayers is di erent from cell-derived membranes. The

di erence observed is the rate of association, were in more complex cell-derived mem-
brane bilayer more time is required for NS5A AH to fully interact with partner ligands

as suggested in [138]. Chet al, suggest that a cellular membrane protein component
contributes to the association, which would explain how NS5A proteins are localised in
ER or Golgi derived membranes, including lipid droplets but not plasma membranes or
subcellular membranes as others have described [65, 139{141]. Finally, genetic disrup-
tion of AH-mediated membrane association of NS5A has been found to abrogate HCV
RNA replication [142], suggesting that such a structural motif is indeed important for
some essential aspect of the HCV life cycle. The relocalisation of NS5A to the nucleus
after disruption of the amphipathic nature of its N-terminal helix and the strict preser-
vation of this motif in all known HCV isolates, which suggests that disruption of the
AH may have signicant consequences for HCV RNA replication [142].
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7.1 Molecular Dynamics as a tool for membrane studies

x By de nition, Molecular dynamics is a method for simulating macromolecular motions
based on an empirical force eld that describes the energetics of interactions between
the constituent atoms [143]. This can include atomistic simulations provide us with a
detailed observation of membrane lipid-protein interactions [143{145]. Computer simu-
lations, speci cally molecular dynamics are very detailed studies on structural biology,
providing key information from a crystal to a bilayer and monitor its dynamic behaviour
within its native environment. Molecular dynamics is a very powerful tool to understand
and characterize interactions of membrane-protein in order to elucidate mechanisms of
action or conformational changes that might be key for the development of cellular
processes.

In fact, most of membrane protein structures are studied without a lipid bilayer environ-
ment and at best reveal only a small number of bound lipid or detergent molecules, often
incompletely resolved. Importantly, several studies have indicated that lipid molecules
play active roles in modulating membrane protein structure and function [146]. Evi-
dently, there is a need to obtain a better understanding of membrane protein interac-
tions within a bilayer. Ultimately, there has been a growing development in re nement
of computational tools to achieve this purpose. Recently, new methods can predict
bilayer-spanning region of a membrane protein structure, this can already be semi auto-
matic and are available (for example: OPM;http://opm.phar.umich.edu/ ). However,
for the relevance of the present study we will use the predictions of MD to correlate
experimental data.



Chapter 8

Objectives of the study

The main aim of the present study is to contribute to the studies on NS5A inhibitors
and elucidate the molecular mechanism of action by some speci c objectives:

1. Analysis of NS5A domain | structural linkers in vitro and in silico to understand
the importance of conserved Proline residues within linker structure and their
impact in HCV life cycle.

2. Investigate the role of Proline residues in the interaction with NS5A inhibitor,
DCV.

3. Role of NS5A inhibitor DCV in assembly of HCV viral particles.

4. NS5A amphipatic helix role in membrane interaction and DCV interaction.

Together the present data will give experimental approaches in the recently discovered
dual mode of action of NS5A inhibitor, DCV. Its participation during the inhibition of
NS5A protein during HCV replication and assembly of the viral particles. Additional
computational tools were used to understandn silico the mechanism of action involving
speci ¢ conserved Proline residues in the linker structures of NS5A and their role in HCV
life cycle. These key Proline residues were analyzeid silico to evaluate DCV binding
site. Finally, we built up a comprehensive model in which NS5A inhibitors can be
located in the context of membrane interaction and can be used to evaluate and test
new antiviral drugs against NS5A protein.
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Chapter 9

Materials

9.1 Antibodies and dyes

The following table (Table 9.1) contains the primary antibodies, secondary antibodies

used during the present study. The only dye used in the study was: 4', 6'- diamidino-2-

phenylindole (DAPI).

Table 9.1: Antibodies
Antibody Generated in Manufacturer Dilution/Method
Primary
-NS5A Mouse monoclonal| Austral Biologicals | 1:200 IF
-52 Rabbit polyclonal | In house 1:2000 WB
-NS5A-9E10 Mouse monoclonal| gift from C.Rice 1:100 IF, 1:10,000 WB
-Core C-380 Rabbit polyclonal | In house 1:200 IF, 1:2000 WB
- actin Mouse monoclonal| Sigma 1:20,000 WB
-Flag M2 Mouse monoclonal| Sigma 1:20,000 WB
Secondary
-mouse IgG AlexaFluor488 | Goat polyclonal Molecular Probes | 1:1000 IF
-rabbit IgG AlexaFluor546 | Goat polyclonal Molecular Probles | 1:1000 IF
-mouse IgG AlexaFLuor647| Goat polyclonal Molecular Probes | 1:1000 IF
-mouse HRP Goat polyclonal Sigma 1:10,000 WB
-mouse HRP Goat polyclonal Sigma 1:200 TCID50

9.1.1 Bacteria and cell culture

Bacteria
E.coli DH5

(Nalr) relA1 (lac ZYA-argF) U169deoR ( 80 dlac (laczZ) M15.
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Eukaryotic cells

293 MCB cells : are derived from human embryonic kidney cells and later transformed
with large t antigen of Simian Vacolating Virus 40 (SV40) [147], (a gift from Birke
Bartosch).

Huh? cells : are derived from a human hepatoma cell line, [148]

Huh7 Lunet : this cells are a subclone of Huh7 cells that was generated by curing a
stable replicon cell line; they support high level of RNA replication.

Huh7 Lunet T7 : Huh7-Lunet cells expressing T7 RNA polymerase under selection
with 2 g/ml puromycin [84].

Huh7.5 : highly infectable Huh7 cell clone. This cell line was generated by curing a
stable replicon cell line and has high level expression of CD81 [83].

9.1.2 Media

Bacteria:

LB :10g/I tryptone, 59/l yeast extract, 59/l NaCl: 1.5% agar-agar were added for solid
media; ampicilin or carbenicilin were added at 100g/ml and kanamycin at 30g/ml for
selection media.

Eukaryotic cells:

DMEM complete  Rr: cell lines were grown in Dulbecco's modi ed eagle medium (In-
vitrogen R) supplemented with 2mM L-glutamine, non-essential amino acids, 100U/m|
penicilin, 200mg/ml streptomycin, 10% fetal calf serum (FCS; seromed, inactivaded at
56 C for 30 minutes). For selections antibiotics were added in the already mentioned
concentratios.

OptiMEM : modi cation of DMEM with reduced serum (Invitrogen R).

9.1.3 Compounds

The following compounds were used for various experiments (Table 9.2). Titration of
the compounds for the present study is described in the Results section Ill. Strucutre
of Daclatasvir can be found in Figure 6.6

Table 9.2: Compounds

Compounds

Name Class Source
Daclatasvir (DCV) NS5A inhibitors Bristol-Meyers
Sofosbuvir (SOF) NS5B polymerase inhibitors Gilead Sciences
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9.1.4 Plasmid constructs

Vectors for viral constructs:

pFK : low copy plasmid used as template for in vitro RNA transcription of viral con-
structs. Transcription is driven for T7 polymerase.

pTM : high copy plasmid containing T7 promoter that allows the transcription of viral
RNA transcripts in cells stably expressing the T7 polymerase.

Consensus genomes

HCV wild type and chimeric constructs used in this study are bases on the following
sequence genomes:

Conl: genotype 1b, accession number GeneBank AJ238799.

JFH1 : genotype 2a, accession number GeneBank AB047639.

All the viral constructs used and generated in the present study are listed here.

Conl constructs:

pFK-Conlwt : full length Conl wild type sequence.

pFK-Con1/S2204R : contains a mutation S2204R in NS5A [149].

pFK-ConlET : contains mutations E1202G, T1280l and K1846T in NS3 and NS4B.
pFK-Conl/NS5A : contains a mutation in S2197P and two silent nucleotide changes
(C6842T and C6926T)[150].

pFK-1389Luc/NS3-3/Conl/wt . bicistronic subgenomic replicon; the FLuc gene is
expressed under the control of the Conl-IRES; the Conl NS3 to NS5B region is ex-
pressed under the control of the EMCV- IRES. From [151].
pFK-1389Luc/NS3-3/Conl/GND . contains a deletion of previous construct [151].

JFH1 constructs:

pFK-JFH1wt-dg (JFH1wt) . full length JFH1 wild type sequence [88].
PTM-NS3-3-JFH1wt (sgJFH1wt) . plasmid for T7 promoter-driven expression of
the NS3-3 portion of wild type JFH1 [79].

Chimeric constructs:

pFK-JFH1/J6/C-846-dg (Jcl) . full length virus chimera consisting of the 5SNTR of
JFH1, the region encoding core to the rst putative TMS in NS2 of J6 and the remaining
sequence of JFH1 [152].

pFK-Luc-Jc1 (JclFLuc) : bicistronic full length reporter virus; it carries the FLuc

gene in the rst cistron driven by the JFH1-IRES and the Jc1 polyprotein driven by the
EMCV-IRES in the second cistron. [86].
pFK-RLuc-2A-core-Jcl (JcR-2A) : monocistronic full length reporter virus; RLuc
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is fused in-frame to the N-terminal 16 aa of the core protein with the foot-and-Mouth

Disease Virus (FMDV) 2A peptide between the luciferase and the following complete

Jcl open reading (from M Poenish).
pFKi389-Luc-NS3-3'-NS5A-HA-Y93H-dg-JFH1 . containing a HA tag in the re-
sistance mutation number 93 of NS5A.

Generated plasmid constructs for BRET

Constructs taken from Dr. Berger and new constructs developed using the following

ones (Table 9.3), we use several in combination.

Table 9.3: BRET constructs for each one of NS5A linkers
pcDNA _RLucFl _NS5A | Linker 1 | Thr-Gly-Gly-Ser-Asp-lle
pcDNA _RLucF2 _NS5A | Linker 1 | Thr-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF1 _NS5A | Linker 1 | Thr-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF2 _NS5A | Linker 1 | Thr-Gly-Gly-Ser-Asp-lle
pcDNA _RLucF1 _NS5A | Linker 2 | Thr-Gly-Pro-Ala-Pro-Ala-Pro-Gly-Gly-Ser-Asp-lle
pcDNA _RLucF2 _NS5A | Linker 2 | Thr-Gly-Pro-Ala-Pro-Ala-Pro-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF1 _NS5A | Linker 2 | Thr-Gly-Pro-Ala-Pro-Ala-Pro-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF2 _NS5A | Linker 2 | Thr-Gly-Pro-Ala-Pro-Ala-Pro-Gly-Gly-Ser-Asp-lle
pcDNA _RLucF1 _NS5A | Linker 3 | Thr-[Gly-Gly-Gly-Gly-Ser]3-Asp-lle
pcDNA _RLucF2 _NS5A | Linker 3 | Thr-[Gly-Gly-Gly-Gly-Ser]3-Asp-lle
pcDNA _YFPF1 _NS5A | Linker 3 | Thr-[Gly-Gly-Gly-Gly-Ser]3-Asp-lle
pcDNA _YFPF2 _NS5A | Linker 3 | Thr-[Gly-Gly-Gly-Gly-Ser]3-Asp-lle
pcDNA _RLucF1 _NS5A | Linker 4 | Thr-Gly-Ala-[Glu-Ala-Ala-Ala-Lys]2-Ala-Gly-Gly-Ser-Asp-lle
pcDNA _RLucF2 _NS5A | Linker 4 | Thr-Gly-Ala-[Glu-Ala-Ala-Ala-Lys]2-Ala-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF1 _NS5A | Linker 4 | Thr-Gly-Ala-[Glu-Ala-Ala-Ala-Lys]2-Ala-Gly-Gly-Ser-Asp-lle
pcDNA _YFPF2 _NS5A | Linker 4 | Thr-Gly-Ala-[Glu-Ala-Ala-Ala-Lys]2-Ala-Gly-Gly-Ser-Asp-lle
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9.1.5 DNA oligonucleotides

Aliquots were made and saved at -20. The following table shows the DNA oligonu-
cleotides used to perform experiments and its respective sequences (Table 9.4).

Table 9.4: Primer sequences

Primer Sequence primer (5'-3")
S/2A/6978 TCCTCAGTGAGCCAGCTATCAGCA
SI2AI6767 CATAGGTTTGCACCCACACCAAAG
S/2A/7139 GAGCCCTCAATACCATCGGAGTG
SI2AI7194 CCAGGAGCGGGTTTCCACGGGCCT
S/2A/7380 CCATATCAGAAGCCCTCCAGCAA
AI2A/3089 CGTCAGAGCTCACGCTCTGATAAG
A24/7759 | GCCTGGAGATCCGGACCTGGAGTCTG
AI2A/7839 GTCATAATGGGCGTCGAGCACTTG

9.1.6 Chemicals and manufacturers

The following Table shows the chemicals that were used and the manufacturer which
provided them, see Table 9.5. All chemicals are stored under label conditions and in the

chemical room where temperature is regulated.

9.1.7 Buers and solutions

The following Figure is a list which describes the bu ers and solutions used in the present
study (Figure 9.1). Conditions were all established previously in the laboratory, were
most of the bu ers and solutions are freshly made and distributed. All bu ers and
solutions are stored at the correct temperature and conditions indicated.
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Chemical

Manufacturer

2-Mercaptoethanol

35 S methionine/cysteine

Agarose

Albumin, from bovine serum (BSA)
Ampicillin

Benzonase

Calf Intestinal Phosphatase (CIP)
Coelenterazine (native-CTZ)
Complete protease inhibitor cocktail

CytoTox 96 Non-Radioactive Cytotoxicity Assay

DAPI

Digitonin

D-Luciferin

DMSO

DNasel

dNTPs

ECL Plus Western Blot Detection System
Expand Long Template PCR Kit
Expand Reverse Transcriptase System
FCS

Geneticin (G418)

Glycerol

Kanamycin sulfate

L-Glutamine for cell culture
Lipofectamin 2000

Mirus TransIT Transfection Reagent
Nucleobond PC100

Nucleospin Extract Il

Nucleospin Plasmid

Nucleospin RNA Il

OptiMEM

PEG-8000

Penicillin

PhosphoStop phosphatase inhibitor cocktalil
Polyacrylamide : Bisacrylamide Mix (29:1)
Protein A/G sepharose beads
Puromycin

PVDF Western Blot membrane

RNasin

NTPs

Sodium dodecylsulfate

Streptomycin

Sucrose

Superscript 1l Reverse transcriptase
T4 DNA-Ligase

T7 polymerase

T7 RNA polymerase

TEMED

Triton X- 100

Tween-20

Table 9.5

Roth, Karlsruhe
Perkin Elmer, Rodgau
Invitrogen, Karlsruhe
Sigma-Aldrich, Steinheim
Roche, Mannheim
Merck, Darmstadt
New England Biolabs, Frankfurt/Main
PJK, Kleinblittersdorf
Roche, Mannheim
Promega, Mannheim
Molecular Probes, Karlsruhe
Sigma-Aldrich, Steinheim
PJK, Kleinblittersdorf
Roth, Karlsruhe
Promega, Mannheim
Roche, Mannheim
Amersham/Perkin-Elmer
Roche, Mannheim
Roche, Mannheim
Invitrogen, Karlsruhe; PAA, Clbe
Invitrogen, Karlsruhe
Roth, Karlsruhe
Serva, Heidelberg
Invitrogen, Karlsruhe
Invitrogen, Karlsruhe
Mirus Bio, LLC, Madison, WI
Macherey-Nagel, Dren
Macherey-Nagel, Dren
Macherey-Nagel, Dren
Macherey-Nagel, Dren
Gibco, Invitrogen
Applichem, Darmstadt
Invitrogen, Karlsruhe
Roche, Mannheim
Applichem, Darmstadt
Biorad, Mnchen
Sigma-Aldrich, Steinheim
Perkin Elmer, USA
Promega, Mannheim
Roche, Mannheim
Applichem, Darmstadt
Invitrogen, Karlsruhe
USB, Europe
Invitrogen, Karlsruhe
Fermentas, St. Leon-Rot
Promega, Mannheim
Promega, Mannheim
Applichem, Darmstadt
Merck, Darmstadt
Roth, Karlsruhe
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