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by Edward David Kenneth Sullivan

As a positive sense RNA virus, the Hepatitis C virus makes use ainambrane enclosed
replication complex (RC) toreplicate its genome in a protected mannerAs part of a separate
project attempting to visualise the RC, a fluorescent peplte, clover, and a Dihydrofolate
reductase (DHFR) destabilizing domain was inserted into the NS5A coding region of a JFH1
replicon. Unexpectedly it was found that the insertion site significantly influenced RNA
replication. Under conditions where the DHFR dmain was destabilized, insertion within
domain Il inhibited replication, while insertion at the carboxyl terminus of the protein was
better tolerated. However, any difference in replication resulting from the choice of insertion
site was lost when transécted cells were treated with trimethoprim to stabilise the DHFR
domain. This suggested that rather than causing mi®lding of domain Ill, insertion into it
disrupted an NS5A function that protects the protein from proteolytic degradation. The aim
of this work was therefore to further characterise this activity.

In an effort to map the key regions of domain Il involved, deletions were introduced into
domain IIl of the replicon construct, within the Clover/DHFR fusion protein linked to the

carboxyl terminus. Replication assays identified a 81 amino acid region within domain 1l of
NS5A that seemingly protects these constructs during trimethoprim withdrawal. Further

mapping of this region using a series of smaller overlapping deletions further narrowed this
to a 61 amino acid sequence.

To confirm that this region of interest is indeed protecting NS5A from degradation, domain 11|
was duplicated to be either full length or truncated. Replication assays with this constructs
showed that an intact domain Il is apable of protecting replicons from DHFRmediated
degradation. By scrambling domain Il it was found that this activity if not dependent on the
primary sequence,suggesting that it is due to arntrinsic property of domain Ill.

The final part of this work was to investigate potential benefits of domain Il to the virus
lifecycle, specifically investigating the impact of domain Il truncation on IFN sensitivity and
antigen presentation. However, several experimental issues hindered this work and it was
not possible to confirm or deny a role for domain Il in modulating these pathways.
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1 INTRODUCTION

1.1 HEPATITIS C

Hepatitis C Virus (HCV) is a viral infection of human liver hepatocytes The infection
commonly causes chronic inflammation of the liver which can result in a progress# damage
and loss of function Acute infection with HCV is typically asymptomatic, or mildgausing mild
fever, abdomind pain, dark urine and jaundice. However, approximately 80% of those
infected will fail to clear the infection during the acute phase and wilinstead go on to
develop a chronic infection. Chronic infection is often asymptomatic, but the constant
presence of the virus causeshronic inflammation of the liver which is associated with
several life threatening sequelae(Lavanchy, 2011) liver disease, liver failure, cirrhosis,

hepatocellular carcinoma and eventually death.

1.1.1 TRANSMISSION

HCVis transmitted parenterally, usually through direct blood-to-blood contact The main
routes of transmission are through the shared usef infected needles by injectig drug users,
through the reuse of contaminated medical equipment, athe use of infected blood products
(Cornberg et al.,, 2011, Webster et al., 2015Y¥he introduction of universal screening of
donated blood by many nations in the 1990s, caused a considerable drop in the risk of
transmission by blood transfusion (Selvarajah and Busch, 2012, Donahue et al., 1992)

although cost has prevented several countries from implemeirtg this control.

The infection canalso be spread sexualy (Chan et al., 2016)or from mother to child (Gibb et

al., 2000), however these routes are much less common

1.1.2 EPIDEMIOLOGY

Despite recent advances in HCV therapl.7), HCV remains a pathogen of global significance
and a major cause of mortality and morbidity worldwide.Due to the majority of acute HCV
infections being asymptomatic it is difficult to gaugethe incidence of HCVYHowever, the
World Health Organisation estimates tha?71 million people are chronically infected with HCVY
approximately 1% of the dobal population, and that this results in400 thousand deaths ach
year (W.H.O., 2017)Whilst the quality of epidemiologicaldata varies between nations, there
is a clear positive correlation between economic status and HCV infection, witmany

developed regions, e.dNorth America and Western Euope reporting a prevalence <2%.In



contrast Central Africa, South East Asia, and thiliddle East have a considerably high

prevalence.

The highest prevalence is reported in Egypt, where approximately 10% of the population are
infected (Petruzziello et al., 2016) This also represents the highestancentration of genotype

4 infections, with oer 90% of those infected with HCV in Egypt being infected with this
genotype (Kouyoumijian et al., 2018) The continuing epidemicis due to the wide spread use
of infected needles during an earlier health campaign. Between the 1950s and 80s millions of
people were injected with tartar emetic in an attempt to control schistosomiasis, a parasitic
worm. Lack of knowledge on viral transmission led to raise of needles and lax sterilization
practise, leading to the HCV epimic that continues to this day(Mohamoud et al., 2013)
With the widespread use of therapies such as PEGylated Interferon and the more recent
Direct Acting Antivirals, the overall prevalence of HCV infection within Egypt is believed to be
falling, however the prevalence oflisease stemming from chronic infection continues to rise,
and is estimated to continue rising until 2030(Gomaa et al., 2017)Furthermore several
issues still exist including lack of infection control and access to effective treatments

(Elgharably et al., 2017) and & such Egypt stilfaces a considerable challenge.

HCV can be classified intd major genotypes 1-7, based upon phylogenetic and sequence
analysis (Messina et al., 2015, Simmonds et al., 1994Jhese can be furthedivided into 67
subtypes (Smith et al., 2014)(Figure 1-1), which vary in their prevalence, severity, ad
treatment response. The most common genotype worldwide is genotype 1, which is
estimated to cause 45% of HCV infectioné@Messina et al., 2015) followed by genotype 3
(30%) and then genotypes 2,4 ath 6. Only about 1% of cass are dtributed to genotype 5,
and these are concentrated in suiSaharan Africa(Messina et al., 2015)Genotype 7 was firg
described in 2015 (Murphy et al., 2015) and due to limitationsin testing there is little
knowledge of its prevalence; Murphyet al suggestedthat isolates identified as genotype 7

could alsobe mis-characterised as genotype 2, or even not characterised at all.
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Figure 1-1 Phylogenetic tree of 129 representative complete coding sequences
of HCVisolates. Taken from (Smith et al., 2014)



1.2 HEPATITIS C VIRUS

The Hepatitis Cvirus is a member of theFlaviviridae family in the Hepacivirusgenus The
virus exists as spheres of host derived lipid covered in spikeki projections of two
glycoproteins (E1 and E2 and interspersed wih host derived apolipoproteins. These
particles demonstrate considerable diversity in both size and densityCatanese et al., 2013)
due to the infuence of the hostlipoprotein pathway during virion formation (Lindenbach,
2013). Multiple studies have shown that ths difference in density impacs the infectivity of
the virions, with the more infectious virions having lower buoyant densities(Lindenbach,
2013). Within the lipid envelope is a nucleocapsidf core protein (C) that holdswithin it a
single copy of the viral genomegFigure 1-2). It should be noted that the above is a much
simplified description; HCV has been found to exist a& range of lipoviral hybrids, varying

greatly in size and densityBartenschlager et al., 2011)

Capsid protein (C)

SS (+) RNA Genome
Apolipoprotein

<«———— Lipid Envelope
<——— Envelope glycoprotein (E1)
<€<——— Envelope glycoprotein (E2)

Figure 1-2 Schematic of the Hepatitis C Virus particle.

The genomeis approximately 9.5kb in length and contains a single Open Reading Frame
(ORF) bordered by Untranslated Regions (UTRskigure 1-3). The 5 end of the viral genome
encodes the 3 structural poteins, C, E1, and E2, while the” 8ontains the sequences of the
Non-structural proteins; proteins essential for viral life cycle but not included in the viral
particle and which include,p7, NS2, NS3, NS4A, NBANS5A and NSB. An Internal Ribosome
Entry Site (IRES) located in the 5 UTR drives the expression of a single polyprotein
approximately 3000 amino acids in length(Tsukiyama-Kohara et al., 1992) Ths is then

processedby both viral and cellular proteases intandividual functional proteins.



Structural Proteins Non-structural Proteins

C E1 E2 p7 NS2 NS3 NS4A NS4B  NS5A NS5B

HCV IRES

3'UTR

Single Open Reading Frame

Figure 1-3 Genome schematic of Hepatitis C Virus showing the structural and
non-structural proteins



1.3 HCV PROTEINS

1.3.1 CORE

The first protein translated from the HCV genome is the Core protein (C). The protein is
responsible for packaging viral RNA during particle formation, leading to the formation of
nascent nucleocapsidsTranslation initially generates a C protein precursor termed P23,
which then undergoes processing to yield P21the mature C protein which is then available

for particle formation (Ait-Goughoulte et al., 2006)

The P23 form of the C protein is predited to have 3 distinct domaingHope and McLauchlan,
2000). Domain | consists of theN-terminal two thirds of the C protein and ishighly
hydrophilic, carrying numerous positively charged residueslt is this domain that is thought
to be responsible for the interation betweenthe Cprotein and viral RNA In addition, motifs
within domain | are thought to be the main driving forcebehind oligomerization (Klein et al.,
2004, Klein et al., 2005)In contrast to domain I, doman I, which represents the remaining
residues within p21, is highly hydrophobic This domain is thought to mediate the interation
of the C protein with bothlipid droplets (Hope and McLauchlan, 2000, Barba et al997) and
the ER membrangMoradpour et al., 1996) athough there is evidence that it alsa@ontributes
to oligomerisation (Yan et al., 1998)and particle formation (Hourioux et al., 2007) Domain
lll consists of the Gterminal ~20 amino acids, and serves as a signal peptide for the
downstream E1 glycoprotein.However, this domain is cleaved during processing of the C

protein, such that it is anly present within the P23 form.

In addition to its role in the virus particle the C protein has been shown thave a number of
other roles during the virus life cycle (Lai and Ware, 2000, McLauchlan, 2000)Exampes
include the regulation of apoptosis, regulation of ligl metabolism. The core protein has also

been linked to carcinomagenesis within micéMoriya et al., 1998)

1.3.2 E1AND E2

The secondHCYV proteins translated fom the genome are the two surface glycoproteins E1,
and E2. These extend from the virus particle, and are thought to mediate attachment and
entry, discussed below. Th&-terminal domains of both proteins consist of 2 transmembrane
domains, which form hairpins, allowing anchoring of the glycoproteins to lipid membranes,
AT A OEAOAEI OA OEA TAENIENM of th& Bemhrand prddekns préjekts
outwards from the envelope and mediate the interaction between the virus and cell surface
receptors. Each of these projections contains a number of highly conserved glycosylation

sites,up to 5in E1 and up to 11 in E2that are important for both structure and function

6



(Meunier et al., 1999, Goffard et al., 2005Functionality of the glycoproteins is believed to
require the formation of an EXE2 heterodimer with the key residues for formation of this

thought to lie within the transmembrane domains(Op De Beeclet al., 2000)

133 P7

The p7 protein is 63 amino acids long and hydrophobic. It is believed to cross the ER
membrane twice, with both termini facing the ER lumen and a short loop exposed the
cytoplasm (Carrere-Kremer et al., 2002) The mature protein is release from the polyprotein
by cleavage of both the E2/p7 and p7/NS2 boundaries by cellular signal peptides
associated with ER membranghowever, cleavage of these boundaries is inefficient leading to
the formation of transient E2-p7 and p7NS2 intermediates(Lin et al., 1994a, Mizushima et al.,
1994, Grakoui et al., 1993)Interestingly one studyhas shown thatif the formation of any of
these is disrupted it results in aconsiderable drop in infectivity (Sakai et al., 2003)
suggesting roles for these intermediates in particle formation However, the importance of
these intermediates is called into question by work by Shanmugam and wWho showed that
whilst complete separation of E2 and p#y insertion of and IRES between thenhad an
inhibitory impact on virus production, the impact was relatively minor(Shanmugam and Yi,
2013).

It has been shownin vitro that p7 can oligomeriseto form ion channels (Griffin et al., 2003,
Pavlovic et al., 2003, Premkumar et al., 20049onsistent with the idea that p7 is a vioporin.
Formation of these ion channels has been shown b essential for infectivity in chimpanzees
(Sakai et al., 2003) however the precise role that p7 plays in the viral life cycle is notet fully
understood. Work by Wozniaket al has shown that p7 viroporins are able to increase the pH
of lysosomes and vesicles, leading to the suggestion that p7 might function as an H+ ion
channel, protecting nascent virions from acidificationfWozniak et al., 2010) It hasalsobeen
suggested that it ceordinates the envelopment of RNA containing capsid€sentzsch et al.,
2013).

1.3.4 NS2

NS2 is a 23kDa protein, and the first NS protein to be translate@he protein consists of two
distinct domains, a hydrophobic region at the Nerminus, and a cytoplasmic domain towards
the Gterminus. Crystallography has suggested that NS2 forms a homodimer, with two active
protease sites (Lorenz et al.,, 2006) The activity of these active sites are dependent oa
catalytic triad of amino acid residues, with eaclmonomer contributing residues to each site;

histidine and glutamate from one, and cysteine from the othefLorenz et al., 2006) NS2 is



reported to have basal protease activity alon€Schregel et al., 2009)however this is greatly

improved by the presence of the Zinc binding domain of NS3, discussed below.

Despite much of it beingdispensable for genome replicationthe entirety of NS2 is requied
for particle formation and release(Jones et al., 2007a, Jirasko et al., 201M)terestingly this
does not include the proteasectivity, which can be deactivated by alanine substitution of the
catalytically important cysteine-184, with no impact on particle formation (Jones et al.,
2007a). In contrast when anotler member of catalytic triad, His143, is substituted it results
in a 3-fold drop in core protein release(Jirasko et al., 2010) demonstrating that though the
activity is not required, the catalytic structure is.In terms of function, NS2 has been proposed
to be responsible for attracting the envelope proteins to the nascent virionfPopescu et al.,
2011). NS2 has been observed interacting with almost all HCV proteins, in both a gen¢¥c
et al., 2007, Phan et al., 20089nd molecular manner(Popescu et al., 2011)and mutations
that impair these have been shown to alter the subellular localisation of NS2, and abolish

assembly of nascent virus particles.

In addition to its role in particle formation NS2 also has a role irinhibiting apoptosis
(Erdtmann et al., 2003) Specifically NS2 has been shown to be capable of binding to the
killing site of the pro-apoptotic CIBEB protein, inhibiting its activity and interfering with pro -
apoptotic signalling. NS2 also demonstrates a broad ability to suppress gene expression
(Dumoulin et al., 2003) and so it is likely to perform a number of functions throughout the

viral life cycle.

1.3.5 NS34A

The NS3 protén is a multifunctional, 70 kDa, protein, andan essential component of the viral
replication complex.As with the other NS proteins, NS3 localises to the ER membrane. This is
mediated through an amphipathic helix located at theN-terminus, which dictates both

localisation and stability (He et al., 2012)

In addition to the amphipathic helix the N-terminal domain of NS3 alsocontains a serine
protease, distinct from that of NS2, whichis responsible for all downstream cleavage events
This activity is dependent on binding of a zinc ion by three highly conserved cysteine residues,
which stabilises the protease structure(De Francesco et al., 1996)The protease activity is
also dependent onthe binding of NS4A, a small ~55 amino acid protein that acts as a-co
factor for the NS3 protease. As part of the NSBA protease complex NS4A contributes to
proper positioning of the substrate in relation to the catalytic triad that mediaés cleavage
(Cicero et al., 1999)



Alongside its role in polyprotein processing, NS3 also plays a direct role in genome
replication. Specifically, the Gterminal regions of NS3 demonstratehelicase activity, and his
activity has been shown to be essential for replication botim vitro(Lam and Frick, 2006)and

in vivo (Kolykhalov et al.,2000). It has also be shown that NS3 can directly interact with NS5B,
the viral RNA dependent RNA polymerase, increasing the production of nascent RNA
(Piccininni et al., 2002) It is likely, therefore, that NS3 a&sists in the removal of transient
secondary structures that would otherwise impede the progression of NS5@elon and Frick,
2009). Although the helicaseresidessolely in the Gterminus, its activity is greatly enhanced
by the presence of the entirety of NS3 and the NS4A cofaciéirick et al., 2004, Beran et al.,
2007). The role for the protease domain in enhancing helicase activity is further supported by
work by Zhanget al, showing that the protease domain is required for specific NSBIS5B
interaction (Zhang et al., 2005) Interestingly this work also showed that formation of this

interaction enhances NS3 helicase aeity, rather than enhancing NS5B.

1.3.6 NS4B

NS4B is a 27kDa membrane protein that is one of the constitve components of the viral
replication complex. It has been shown tolocalise to the ER membranewith the other
members of the replication complex, wheret is believe to be anchored to the membrane
through the presence of 4 transmembrane domaingHigle et al., 2001, Lundin et al., 2003)
These transmembrane domains fall in the middle of the protein, and are thougtd represent
the middle of three domains that make up NS4B. The other two, the Bnd G termini are
each predicted to consist of two amphipathic helices lying on the cytoplasmic face of the ER

membrane (Gouttenoire et al., 2014)

Perhaps the most important function of NS4Bis the restructuring of the ER membranego
generate the membranous web, a stack of membrane enclosed vesicles which provide the
virus a platform on which to replicate (Gosert et al., 2003) discussed belowThe role for
NS4B in generating the membranous web was first reported by Egger al, who showed that
expression of NS4Bwas able to cause restructuring of the ER membrane, leading to the
generation of a stack of vesicles within a membranous matrix bothin tetracycline regulated
cells (Egger et al., 2002) and replicon infected cell§Gosert et al., 2003)Although NS4B alone
was sufficient to generate the membranous web, the expression of the entire polyprotein was
shown to greatly enhance this, leading to a much more complex structur8ubsequent work
has increased our understanding of this process, and it is now known that the formation of a
fully functional membranous web is dependent on a number of other factof®omero-Brey et

al., 2012, Palet al., 2013) However it remains clear that NS4B is an essential driving force



behind this asmutations within key regions required for NS4B localisatiorand function have

been shown to greatly perturb replication(Gouttenoire et al., 2014)

Alongside its role in membrane restructuring NS4B has a variety of other functions
throughout the virus life cycle. One example is its ability to modulatthe activity of the viral
RNA dependent RNA polymeraséPiccininni et al., 2002) specifically NS4B las been shown
to downregulate NS5B polymerase activity Other functions of NS4B include theegulation of
translation, and the interference with a number of host cell signalling pathvays (Sklan and
Glenn, 2006)

1.3.7 NS5B

NS5B is a 68kDa RNs#lependent RNA polymerase, and is responsible for the regdition of
the viral RNA (Behrens et al., 1996) It demonstrates the same right hand structure that is
typical of all nucleotide polymerases(Penin et al., 2004b) The palm domain contains a
unique catalytic site, while the fingers and thumbs surrounding this form a channel to bind
the template RNA. Recombinant NS5B is sufficient to generate full length HCV RN A&itro
(Behrens et al., 1996, Lohmann et al., 1997, Yamashita et al., 1998)e process occurs in a
two-steps, first NS5B uses the positivesense (+) genome to generate a complementary
negative-sense(-) strand, which is then used as a template to generate progeny genomes
(Behrens et al., 1996) These genomes can have a variety of fates, including being translated,
being used as the template for further genome replication, or being incorporated into virus

particles.

The Gterminal 21 amino acids of NS5B have been shown to be dispensable for RNA
replication, however their loss greatly impacts the subcellular localisation of the protein as a
whole (Yamashita et al., 298). It is thought that thishydrophobic Gterminal transmembrane
domain inserts posttranslationally into the ER membrane thereby anchoring the NS5B
protein (Schmidt-Mende et al., 2001)
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1.4 HCV LIFE CYCLE

1.4.1 ATTACHMENTAND ENTRY

The first step in the viral life cyck is attachment to a host cellThis ismediated by the HCV
glycoproteins E1 and E2 which form a functional heterodimer on the surface of the virus
particle necessary for viral entry(Lavie et al., 2007, Dubuisson et al., 1994nfectivity of the
HCV particlehowever requires the formation of E1 homotrimers, likely resulting intrimeric

structures of ELIE2 homodimers(Falson et al., 2015)

The earliest proposed receptor of HCV was Cluster of Differentiation 81 (CD81), a
tetraspasmin shown to interact with E2 (Pileri et al., 1998) however, subsequent work
showed that a more stake interaction is dependent on the formation of the glycoprotein E4
E2 heterodimer (Cocquerel et al.,, 2003) CD81 is a transmembraneprotein, with 4
hydrophobic transmembrane domains, and 2 extracellulaloops, the Large Extracellula
Loop and the Small Extracellular Loomf which larger is keyfor the interaction with the viral

glycoproteins (Petracca et al., 2000)

A second potential receptor of HCVs the Human Scavenger Receptor Classte 1(SRB1)
(Scarselli et al.,, 2002, Bartosch et al., 2003Which like CD81was found to interact with
glycoprotein E2 SRBL1 is a lipoprotein receptor found on the suface of all eukaryotic cells,
and is resporsible for the endocytosis of High Density LipoproteinsTwo tight junction
proteins, Occludin(Ploss et al., 2009and Claudinl (Evans et al., 2007)were later shown to
also contribute to entry. Expression of human occludin by cells nopermissive to HCV
infection, was shown to increase uptake of HCV pseudo particles, whilst its silencing
permissive cells led to a marked drop in susceptibilitylLikewise expression of Claudinl was
capable of making norhepatic cells susceptible to HCV infection, which o@d then be
blocked by antibody binding to Claudinl. The involvement of theseproteins suggess that
HCV makes use of theight junctions of cells to gain entrance into the cytoplasm More
recently it was found that the NiemannPick Ctlike Cholesterol Asorption Receptor
(NPC1L1) located at the apical, canalicular surface of hepatocytetso contributes to entry
(Sainz et al., 2012psantibody blocking of NPC1L1 was capable of inhibiting HCV infection

Initial attachment of the virus is followed by acoordinated series of events trafficking the
virus to the tight-junctions and eventually leadingto the clathrin-mediated endocytosis of the

virus particle (Blanchard et al, 2006). The viral envelopethen fuses with the membrane of

n

the endocytic vesicle creating a pore through which the virus enters into the cytoplasm

(Bartosch and Cosset, 2006)in a fH-dependent manner (Blanchard et al., 2006) It is
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believed that the association of the virus glycoproteins with the various cell surfacreceptors
prime them for the conformational changes necessary for membrane fusion and virus entry
(Sharma et al., 2011)

'T AAAEOEITTAI 1T AOET A T &£ AOOAAEI AT O APPAAOO OF | AE
Denstiy Lipoproteins (LDLs). HCV is known to be strongly associated with plasma

lipoprotein in the blood (Thomssen et al., 1992, Thomssen et al., 1993nd this has been

shown to essential for infectivity (Chang et al., 2007)HCV virus particles have been reported

to gain entry to the cell by making use of the LDteceptor (Agnello et d., 1999, Monazahian

et al., 1999) but the precise role of this in HCV infection remains controversial. It has also

been suggested that the LDL receptor may contribute to the initial attachment of the virus to

the cell surface, but that entry of the virg makes use of a series of other receptors and-co

receptors.

Once in the cytoplasm the viral capsidissociatesreleasing the viral genome.

1.4.2 TRANSLATION

Within the cytoplasm the HCV genome can be translated directly usirg330nt IRES located

x EQEET UTRETSukiyada-Kohara et al., 1992) A characteristic of all IRESs, is the

presenceof complex secondary structure, and HCV is no exceptichEA v d 542 EO Al i POEC
of 4 distinct secondary structures, attributed to extensive base pairing in this region; domains

[, I, Il and IMFigure 1-4).
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Figure 1-4 Structure of the HCV IRES.Taken from Fraser CS, Doudna JA. Structural
and mechanistic insights into hepatitis C viral translation initiation. Nature reviews
Microbiology. 2007;5(1):29-38.(Fraser and Doudna, 2007)
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Domain Iforms a basic sterdloop structure consisting of OEA AEOOO ¢mn TWRI AT ¢
but it is not considered essential forthe initiation of translation (Rijnbrand et al., 1995) This

region is instead thought to regulate the IRES activity as loss of this hairpin has been seen to
increase translation.In contrast to domain I, domains Il and Il are much more complex, and

can be splitinto two and six subdomains,lla-b and lllaf, respectively (Lukavsky, 2009).
Sukdomains llle and IlIf form a pseudoknot structure, consisting of two helices. The first of
these is formed by binding of the region between domains Il and 11l to IlIf, while the second is
formed by a sequence upstream of domain IV and subdomain liimilar to domain I, domain

IV, consists of a bds stem and loop structure. This contains the start codon antthe start of

the open reading frame.

The IRESecruitsthe 40S subunit of the host cell ribosome directly to the RNAypassing the

T AAA /Ebplas ell as&IFAKThe recruitment of the 408 subunit is achieved by domain
I, specifically sub dmains llld and llle, which are able toform high affinity associations
with it(Kieft et al., 2001, Lukavsky, 200R Once the 40S subunit has boundhé viral IRES
recruits aternary complex (elF2-Met-tRNAMet-GTP)and eukaryotic initiation factor 3 (elF3),
forming the pre-initiation complex. This process results in the formation of a 48S with the
Methionine tRNA (Met-tRNAMet) associated with the start codon in the Bite of the ribosome.
Hydrolysis of the GTP releases elF2 and allows the recruitment of the 60S subunit to form the
80S initiation complex. Domain 1l is not thought to be involved in the recruitment of
ribosome, but to contribute to positioning of the RNA within(Spahn et al., 2001) It has been
suggestedthat domain Il adopts anelongated form that can probe the RNA binding cleft of
the ribosome resulting in a onformational change that may serve to lock the ribosome
around the RNA.With the formation of the 80S initiation complex, translation can occur.
During periods of stress, or during the interferon response, elF2 can be deactivated, halting
all elF2 dependet translation within the cell. In these instances it can be replaced in the
context of translation of the HCV genome by elF2A, which interacts with the llld subdomain
to recruit Met-tRNAMet (Kim et al., 2011)

Translation of the viral RNA produces a large polyprotein, which is cleaved into individual
functional units described above A signal peptide located between the Core and E1 proteins,
targets E1to the ER lumen and isco-translationally cleavedby an ER membrane associated
Signal Peptidase releasing the immature core protein. Upon further processing the mature
core protein is trafficked to cytosolic lipid droplets (CLDs)(McLauchlan et al., 2002) The core
protein remains associated with theseERmembrane assotated lipid storage organelles,

until required for virus particle formation.
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Unlike the Core protein,E1 and E2 both contain ER retention signals, leading to tindouild-up
within the ER lumen In addition to their role in processing the core/E1 boundaryhost signal
peptidases are also responsible for theliberation of the rest of the structural proteins,
cleaving the polyprotein at the E1/E2, E2/p7 and p7/NS2 boundariegHijikata et al., 1991)
The glycoproteins then undergo a series of maturation processes including folding,
homodimer formation and N-glycosylation, which are aided by chaperone proteinsvithin the

ER lumen

All non-structural proteins are cleaved from the pdyprotein by the activity of the viral
proteasesNS2/3 and NS3/4A.Upon cleavage at the NS2/3 boundary, NS3 fiee to form an
associationwith its co-factor NS4A, which allowsauto-cleavageof the NS3/4A baindary and
trans-cleavageof all downstream boundaries Pulsechase studies have shown that though
liberation of NS3 from NS2 and NS4A is rapid, the subsequent cleavage events occur much
slower; cleavage at thaNS5A/5B and NS4A/4B boundaries occurs more rpidly that at the
NS4B/5B boundary (Lin et al., 1994b, Bartenschlager et al., 1994kvidence suggests that
while NS4A proteinase cdactor enables NS3 to more rapidly cleave the NS4A/4B and
NS5A/5B its presence isabsolutely required for NS4B/5A cleavage(Lin et al., 1994b)
Ceavage hierarchy is thought to be important forassembly of thereplication complex as
increasing the rate of cleavage ahe NS4B/5A boundary has been seento inhibit replication
(Herod et al., 2012) The importance of cleavge kinetics on replication is further supported
by work by Wanget al, whoidentified highly conservedthreonine residuesat the Gterminus
of NS3 boundary that inhibited cleavage at the NS3/4/AWang et d., 2004). These residues

are hypothesised to slow cleavage to ensure proper formation of the N&2 complex.

All non-structural proteins are anchored to the ER membrane; either through the presence of
a transmembrane domain, or through the presence of aamphipathic helix. Initially these

proteins are associated with the cytosolic surface of the ER membrane, however formation of
the replication complex causes invagination of this membrane, such that these proteins end

up in a membrane bound vesicle.

1.4.3 VIRALREPLICATION

As mentioned previously, eplication of the viral genome, and subsequent virus particle
formation, is dependent on the formation of amembrane enclosed structure termed the
membranous web(Gosert et al., 2003)Within this the non-structural proteins come together
to form a membrane associated replication complex, responsible for thgeneration of new

viral RNAs.Within HCV the minimum requirementsfor this to occur are the nonstructural
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proteins NS35Band thecisAAOET ¢ 2.1 AT Al AT &4 248 Od 6A 5x4E200E EA
coding regions

Although it has been reported that HC\NS5Bcan make use of both primer dependent and
independent initiation in vitro (Luo et al., 2000, Zhong et al., 2000, Bressanelli et 2002), it
is thought likely that HCV make use ofde novoinitiation in vivo. This is supported by the
DOAOAT Aldop tlode tdthercatalytic site of NS5B, whicls believed would inhibit primer
driven elongation (Hong et al., 2001) This loop, alongside a -@rminal arm of NS5B, is
believed to cantrol the conformation of NS5B, limiting the formation of RNA duplexes within
the catalytic site. It is thought that these structures inhibit primer driven initiation to prevent
self-priming that would otherwise lead to truncation of synthesized transcripts Indeed
mutations which disrupt these structures have been shown to greatly impacteplication
(Cherry et al., 2015, Hong et al., 2001Pespite these arguments, the fact remains that HCV
can make use of primer driven initiation, and so the exact method of initiation remains

elusive.

Within the genome, eplication is driven by sequences withinthe UTRs with transcription of

the (+) strand to generate the {0 OOOAT A ET OAOI AAEAORcAOBART E
much less complex, and consists dE A  cabBle ddrAaid Fthe poly U/C tract, andhe %

region, aseriesobb OOAI AT A 11717 B OOOOAOOOAABRYIsb hadd A E C
role in replication. Early studies showed that dmain lof thev 8 5 4 2 quixed for géndme
replication (Friebe et al., 2001)as its deletion within bicistronic replicons was found to

inhibit RNA replication, while having only a moderate impact on translation.In the same

study, HCV replicons carryinga HGU 1 1 ET OEOOO AEEI AOEA uvd 542h
that the first 125 nucleotides of the HCV UTR arthe minimum elementsrequired for RNA
replication, although this activity does benefit from the presenceof down-stream elements

(Friebe et al., 2001, Kim et al., 2002p AOO 1T £ OEA Ol 1 A OEA 1 ETEI Oi
appears to play is recruitment and binding of miR124Jopling et al., 2005)which has been
OPAAOI AOCGAA O1 AT OE 11 AOI AGA OOAT 01 AGET T AT .
degradation (Thibault et al., 20158 4 EA AT 1 Bl Al AT OAOU OAGBART 4
UTR of the(-) RNA strand has also been shown to play a role in genome replicatidfirriebe

and Battenschlager, 2009) It is predicted to form a series ofseven stemloop structures, with

the minimal requirement for replication falling within the two AT T OAOO O1 OE,
Consistent with its role in (+) strand synthesis, this same RNA is bound by NS&Bd serves

as an excellent substrate fode novanitiation of RNA synthesis(Simister et al., 2009)
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1.4.4 VIRUS PARTICLE FORNIKONAND EXIT

Virus particle formation requires the association & the structural proteins with the progeny
genome. After translation core protein is trafficked to cytosolic lipid droplets (CLDs)
(McLauchlan et al., 2002)which are believed to act as platforms for particle formation. Here
the core protein is thought to oligomerise, leading to the formation of the basic capsid
structure. RNA recruitment to nascent capsids is also attributedo the core protein; the N-
terminal domain of the mature Qorotein is highly basic andcontains an RNA binding motifin
addition this region demonstratesRNA chaperoneactivity, allowing stable dimerization of
the genomic RNAIn vitro (Cristofari et al., 2004) Dimerization has beendemonstrated to be
non-essential for genome replication and particle formation, although it has been shown to
impact both of these(Shetty et al., 2010) Considering that only a single copy of the viral
genome is present within eachvirion, it has therefore been proposed that this dimerization
plays a role inregulating a downstream process, possibly acting as a molecular switch to

regulate the transition between different parts of the HCV life cycle.

Two models have been proposed texplain how genomic RNA is recruited to the progeny
capsid. In the first the mature core protein is trafficked from the CLDS to the site of genome
replication. Here the RNA is transported directly from the RC to the forming capsidn
alternative model proposes that the progeny genomes themselves are trafficked to the CLDs,
by the interaction of NS5A with core protein coated lipid droplet{Masaki et al., 2008) Work

by ShietalEAO EAAT OE £E A disadifglenteit that pl@ys air@e dAring genome
encapsidation with mutations abrogating packaging(Shi et al., 2016) possibly lending
support to the second model.In both models the core protein is extracted from the CLD
membrane, and migrates into the ER membrane, resulting in a luminal lipid droplet, carrying
core protein associated with genomic RNABartenschlager et al., 2011) The passage of the
capsid through the ER membrane leads to thecquisition of both the lipid envelope and the 2
surface glycoproteins, E1 and E2, both of which are retained on the luminal ER surface post

translation.

Acquisition of the lipid envelopeand virus egresshave both been shown to belependent on
the machinery associated with Very Low density lipid(VLDL) secretion (Huang et al., 2007)
It has therefore been suggested that maturation of the virus particle occurs dipid rich
regions of the ER that contribute to the fomation of luminal lipid droplets, the starting point
of the VLDL pathway(Bartenschlager et al., 2011)Afterwards the viral particles are thought
to exit the host cell by exocytosis.This model is supported by the high abundance of proteins

involved in VLDL pathway within the membranes of themembranous wel for example
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Apolipoprotein B (ApoB), ApoC1, AoE, and the microsomal triglyceiide transfer proteins
(MTTP) (Huang et al., 2007) Furthermore ApoE has been found to beessential for the

generation of infectious virus particles(Hueging et al., 2014)

Formation of infection virus particles is dependent on the activity of two viral norstructural
proteins, p7 and NS2Jones et al., 2007a)t is not yet clear the precise role that p7 plays in
virus particle formation, but mutational studies have demonstrated the importance of the ion
channel activty to the formation of infectious virus particles (Jones et al., 20073)loss of
activity significantly impaired the infectivity of progeny virus, but did not affect the
production of virus particles. It has been suggested that p7 facilitates proton permeablisation

of intracellular vesicles to generate a pH optimal for virus particle formation.

NS2is a cysténe protease that acts in conjunction with NS3 to catalyse the cleavage of the
two proteins. As with p7, mutation studies were used to demonstrate is role in particle
formation (Jones et al., 2007ajt is thought to act to bring together the various components
required for the formation of the virus particle (Bartenschlager et al., 2011, Phan et al., 2009,
Jirasko et al., 2010) studies have shown that NS2 is capable of forming a variety of protein
protein interactions with both the NS3NS4A complex and the two glycoproteins, E1 and E2
(Phan et al., 2009) Interestingly NS5A, which is thought to be involved in passingegomic
RNA to progeny virions, can beecruited to core protein complexesin an NS2 independent
manner (Jirasko et al., 2010) possibly suggesting that recruitment of RNA to the nascent

capsid is a distinct event
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1.5 HCV TROPISM

Tissue tropism of HCV is dermined by a complex mix of factors impacting all stages of the
virus life cycle. Chronologically, the first factors that will impact virus tropisms will be those
that affect virus attachment and entry, and so expression of the entry factors discussed abp
will form the firs t determinant of viral tropism. The minimal human factors sufficient to allow
HCV entry have been identified as CD81, 4% CLDI and OCLEPloss et al., 2009, Ding et al.,
2014).

Less is known at the moment about the requirements once the virus gains entry into the host
cell. Onesuchrequirement that has been identified is the expresion of microRNA122 (miR
122), which is estimated to constitute up to 70% of the total microRNA population ithe liver.
Studies have shown that sequestering ahiR-122 causesa marked decrease in the level of
viral RNA and protein from viral replicons (Jopling et al., 2005) suggesting that miRL22 is
essential for efficient genome replication Replication defective replicons did not show a drop
in protein expression however, suggesting that the miRNA impacts genome relion rather
than translation. The initial work identified two highly conserved miR-122 binding sites
within the HCV, one eactET OE A 0 8 . Sibbefuent \Gorkhas &irke expanded this to
include two additional binding sitesh A OAAT T A (Ipling 6ttald 2008jknd5Hedn

the NS5B coding regionlt is the two binding sites we OEET OEA uvd 542 OEAO ADPD
responsible for promoting genome replication mutation of either site has been shown to

inhibit the build-up of HCV RNA, which can iturn be rescued by making reciprocal

mutations within miR-122 (Jopling et al., 2005, Jopling et al., 2008)

Recruitment of miR122 is thought to protect the viral RNA, promoting stability and

replication (Roberts et al., 2011, Machlin et al., 2011)MR-122 AET A0 O OEA uvdé 542
AOOT AEAOGETT xEOE ' Oci1T AOGOA POl OAET ¢h &I OIETC A Al
I £#/ OEA (#6 CATTiI A AOA T AOGEAA AU A o6 1T OAOEAI AEOT i

that several groups havedemonstrated that expression of exogenous miRL22 enhances the
replication of HCV in severahon-permissive celltypes (Chang et al., 2008, Frentzen et al.,
2014, Lin et al., 2010)

In addition to miR-122, efficient replication of the H¥ genome is thought to require the
presence of SEC14L2(Saeed et al., 2015) Identified by transduction of a human
complementary DNA library into replicon carrying cells, addition of SEC14L2 allowed wild
type replicons of various genotypes to replicate at similar levels to those carrying cell culture

adaptations. Although the precise mechanism by which SEC14L2 acts is currently unclear it
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appears to protect HCV during lipid peroxidation, a factor known to impact aiwity of the

HCV replicasgYamane et al., 2014)in avitamin E dependent manner(Saeed et al., 2015)

As discussed previously the generation of infectious virions is closely tied to the synthesis
and secretion of lipid proteins.This can be seen by the low buoyardensity of HCV particles,
as well as the presence of several apolipoproteins withithe envelog a number have been
reported to be involved in the production of infectious virus particles including ApoB, MTTP,
ApoC1, and ApoE. It stands to reason therefotbat factors that affect these systems will
impact the ability of the virus to infect, and replicate within, different cell types. Despite the
involvement of a number of apolipoproteins current data suggests that only ApoE is essential
for the production of infectious virus particles. Work by Hueginget al demonstrated that
expression of ectopic ApoE along with miR22 was sufficient to allow production of
infectious virus particles in nonpermissive cell types, even in the absence of the other
apolipoproteins thought to be involved (Hueging et al.,, 2014) suggesting that ApoE
expression may contribute to tissue tropism This was then shown to impact the virus after

acquisition of the capsid, suggesting that ApoE isvolved in a late stage of particle formation.

Together these factors control which cell types can support optimum HCV infection.

1.6 EXTRAHEPATIC HCV

While Hepatitis C Virusinfection is predominantly associated with thehuman liver, several

cell tissuesaround the body are capable of supporting HCV infection, albeit to a lesser extent
than the hepatocytes. In fact HCV RNA has been detected within cells of the central nervous
system(reviewed (Fletcher and McKeating, 2012) the cerebrospinal fluid, as well as the
peripheral blood mononuclear cells (PBMCs|Lerat et al., 1998) Furthermore approximately
75% of HCV patients experience extrahepatic manifestations of HCV, with the most common
symptoms being depression, fatigue, joint and muscle pain, itchiness, arusd of sensation
Although many of the reported extrahepatic manifestations of HCV could stem fronthmonic
infection, many do not correlate to liver disease leading some to suggest #t these

pathologies stem fromsecondary populatiors of virus.

The earliest studies into HCV infection of the central nervous system retleupon the
detection of genomic RIA within brain tissue and the CN@eviewed (Fletcher and McKeating,
2012)); these were sufficient to demonstrate that HCV can infect these tissueswever they
were insufficient to determine whether HCV canreplicate there. Later works detected
negative strand HCV, indicative of replication, providing the first suggestions that these

tissues may suppot HCV replication (Radkowski et al., 2002, Vargas et al., 2002This is
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further supported by the apparent genetic diversity between HCV sequence isolated frommet
brain and those isolated from the liver that has been reported by several group@orton et
al., 2004, Fishman et al., 2008, Radkowski et al., 2002)

Peripheral blood mononuclear cells (PBMCs) represent a second extrahepatic site of HCV
replication. The earliest proof that HCV could infect PBMCs was obtainbg Lerat et al, who
were able to detect both positive and negative strand RNA in the PBMCs of HCV infected
patients irrespective of genotype o viral load (Lerat et al., 1998) There is some evidence to
suggest tha presence of HCV in PBMCs impacts treatment outcome; one study showed that
patients in whom PBMCs were infected showed a significantly lower response rate to IFN
(Gong et al., 2003)

Whilst the clinical symptoms of extrahepatic HCV may be of lesser concern that those
associated with liver infection, the possibility of these extrahepatic populations acting as a
reservoir does raise some major concerns. HCV related sequelae remain a major cause of liver
transplantation, and many of those receiving such transplants often show a drift in the viral
quasi-species; the new liver becomes infected with a genetically diffent strain of virus to

the previous liver. This suggests that the virus has evolved elsewhere in the body. Several
authors have therefore gone on to suggest that up to 4% of circulating virions originate from
extra-hepatic reservoirs (Fletcher and McKeating, 2012, Dahari et al., 2005, Powers et al.,
2006).

Outside of the 2 known reservoirs discussed above, epidemiological data suggests that HCV
may infect many other tissues. Studies have shown a correlation betweétCV infection and
cardiovascular disease, renal failure, vasculitis, and-&ll lymphoproliferative diseases. The
details of these manifestations will not be explored here, however it is important to note that

though HCV is primarily associated with theiVer, its influence is felt all around the body.
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1.7 TREATMENT

Infection with HCV does not always require treatment; a significant minority of those infected
will produce a robust antiviral response that will clear the virus during the acute phse of
infection. Additionally not all cases of chronic infection require treatment as mogpatients
AT 1 égerience severe liver diseaseand the side effects of treatment can be severe.
However, the problem remains that it is not yet possible to predit who will develop the
disease.The aim of therapy is to induce a Sustained Vilmgical Response (SVR), defined as
the absence of detectable viral RNA in the serurf, months after completion of treatment.
HCV infection is cured in 99% of those who achieve S\{¥&wain et al., 2010)

Until 2011 the approved therapy for HCV infection relied on a combination of a weekly
injection of Pegylated Interferon (peglFN) and a daily oral dose of RibavirinHowever, the
efficacy of this is lmited, with only approximately 50% of those infected with genotype 1 HCV
achieving SVR this figure rising to 80% for those infected with genotypes, 2, 3, 5, and 6
(Manns et al., 2006)In addition to the low efficacy the combinationof pegIFN and ribavirin
causesa variety of side effecs, e.g. headache, rash, depression, nausea, fatigrgemia,and

myalgia (Manns et al., 2006)

Due to the considerable short comings of pelFN and ribavirin much research was
undertaken to develop new theapies for the treatment of HCV, culminating in 2011 in the
licencing in the EU othe first of a number of Directly Ating Antivirals (DAAS), telaprevir and
boceprevir. Specifically targeted at genotype 1, these drugs improved SVR rates
approximately 20%. Since then several others have been licensed, with even more in the
pipeline. These DAAs come in a number of varieties, targeting a number of HCV proteins, and

these will be discussed in detail below.

1.7.1 INTERFERON

Interferon-| (IFN-; Qs a member of the type | interferons, alongside IR 8 4 EAOA
released by cells in response to a viral infectiorand induce an antiviral responsein
surrounding cells. The interferon receptor, a heterodimer of Interferony OAAADOT 00
1 and 2on the cell detects extracellular interferon and trigger a signalling cascade through
Janusactivated kinase 1 (JAK1) andyrosine kinase2. These then activateignaltransducing
activators of transcription (STAT)1 and 2 whichenter the nucleus ad induce the expression

of a number of proteins with antiviral effects Examples of IFN stimulated geneg¢SG)include
Protein Kinase R PKR), which phosphorylates eF2) to inhibit translation, and the ¢ -0 -0

oligoadenylate synthetass, which activates endoribonuclease that degrade viral RNAver
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300 individual ISGs have been identifiednany of which have been shown to impact HCV
replication (Metz et al., 2013) e.g. Tripartite motif containing 14 (TRIM14)XMetz et al., 2012)
TRIM22 (Yang et al., 2016)and Tetherin(Dafa-Berger et al., 2012)

Exogenous IFN|  E O A usedBadtifiral.Ults historic usein the treatment Hepatitis B
infections first led to its use against Hepatitis C, then known as NorA, NonB, hepatitis. The
efficacy of this treatment was limited howeverwith only 50% of genotype 2 and 3 infected
patients responding, and only 20% of genotype 1 infected individualSOne change hat
improved response rates was the addition polyethylene glycol chains to the interferon.
Pegylated Interferon (peglFN) demonstratesa lower elimination rate, reduced distrbution,
and slower absorption,such that the drug remains in the system longer. T& reduced the

frequency of injections fromthree a week down to one

1.7.2 RIBAVIRIN

Ribarivin is a broadspectrum antiviral that is used to treat a variety of RNA and DNA viruses.
A guanosine analogugribavirin is processed by cellular phosphate kinases intanono-, d-
and tri-phosphorylated forms. Although widely used the precise mode of action of ribavirin
remains unclear, although several have been proposefle et al., 2007) One proposed
mechanismis that ribavirin can be incorporated into RNA strands by RNA polymerases
place of guanosine, and inhibit viral replication in one of two wayslf successfully
incorporated into the viral genome itmay causemutation pushing the virus towards error
catastrophe. Alternatively binding of ribavirin to the polymerase can block the binding of the
correct nucleosides, thereby inhibiting replication. Additionally ribavirin may block
replicaton ET AT T OEAO xAUh AU AAPI AOET C '408 2EAAOQEOEI
monophosphate (IMP), a regulator of GMP phosphorylation. Both IMP and ribavirin
competitively bind to, and inhibit Inosine-u -thonophosphate dehydrogenasgan essential
enzyme fa the generation of GTP, thus ribavirin could block replication by depleting the host
cell of GTP. Finally ribavirin has been seen to have immunomodulatory activity, diverting the
immune response away from a Th2 response towards a Thl response. In HCV dtifm this
may shift the immune response away from an ineffectual humoral response towards a more

effective cytotoxic T-lymphocyte response.

The current recommended therapy still relies on the combination of pe¢fFN and ribavirin,

but now also includes oneof several direct antiviral agents, which are more effective, and
have fewer side effects. The introduction of these has dramatically improved the response
rate to 90% of all cases, and has cut length of treatment to just 12 weeks. Such agents include:

NS3-4A protease inhibitors, to inhibit the production of mature viral proteins; nucleotide
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analogue inhibitors, to inhibit the viral RNAdependent RNA polymerase; nomucleoside
inhibitors of the RNA-dependent RNA polymerase; and inhibitors of the viral NS5protein.
Newer therapies have recently been licensed that lack IFN, howevdreir use by healthcare
providers such as the NHS is still restricted because of cost. This is especially true in the
developing world; in these regions the high cost of the neweherapies is prohibitive, such

that the bulk of people in need of therapy remain reliant on petf-N and ribavirin.

1.7.3 NS3/NS4A PROTEASE HNBITORS

Both telaprevir and boceprevir, the first 2 DAAs licenced for treatment against HCV, are
examples of HCV protese inhibitors. These drugs block the activity of the NS3/4A protease,
inhibiting the maturation of functional non-structural proteins from the HCV polyprotein.
Both telaprevir and boceprevir function by binding to theactive site of theNS3/4A complex,

thereby inhibiting the protease activity.

Early telaprevir precursors were first developed in 2000 by Eli Lilly and VerteXKwong et al.,
2011). Early development was kick started by the molecular characterisation tfie NS3/4A
complex and subsequent identification ofthe protease active site as a potential target for
inhibitors. Early precursors to Telprevir were developed based on the NS5BB subdrate
(Kwong et al., 2011, @en and Tan, 2005) and the understandingthat natural substrates of
NS3 can havean inhibitory effect on the protease (Steinkuhler et al., 1998) Subsequent
optimisation led to the eventual development of telapreir. This carries a keto-carbonyl
group which forms acovalent bond with the catalytic serine residue witE T  OEA DB OT O
binding site (Lin et al., 2006a) allowing it to compete with the NS5A/5B substrate and
therefore inhibit the protease activity. During early clinical trials patients treated with
telaprevir alone demonstrated a robust drop in HCV plasma RNA and liver damage markers
(Kwong et al., 2011, Reesink et aR006). However, when telaprevir was used alone, it was
shown to lead to the emergenceof resistance mutants in a high proportion of patients
(Gentile et al., 2009, Sarrazin et al., 2007As such telapravir was usd in combination with
IFN and ribavirin. It was initially license by the US FDA in May 2011, but was withdrawn from
the market in 2014 due to the emergence of newer more effective therapie$elaprevir is

only indicated for used against genotype 1 infeatins.

Similarly to telaprevir, boceprevir competes with the NS substrates to bind to the active site
of the NS3 protease, specificallye8139 (Malcolm et al., 2006) As with telaprevir, boceprevir
was limited to being used in genotype 1 infections andt has since been removed fronthe

market due to the availability of superior DAAs.
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Other examples of NS3 inhibitors include paritaprevir and sovaprevir.

1.7.4 NSHAINHIBITORS

The second class of DAAs available against H&rget the NS5A phosphoprotein. NS5A is an
essential component of the replication complex, and as such represents a prime target for
drug development.Due to the versatility of NS5A, it is likely that inhibitors of this protein will
impact multiple points in the HCV life cycleDespite the efficacy of many of these drugs, they
have a low barrier to resistance and so are not used in isolationCommonly these are given in
conjunction with peglFN and another DAA, as NS5A resistant mutants generally remain
sensitive to these(Fridell et al., 2010)

Daclatasvir is an NS5A inhibitor thabinds to the N-terminus of the NS5A protein, preventing

it from associating with the membranes of the celland thereby altering its subcellular
localisation (Lee et al., 2011) This prevents the formation of the replication complex,
inhibiting RNA replication and virion formation.The precursors to daclatasvir were originally
developed by Bristol-Myers Squibb, as part of a library of compounds prepared foregeral
screening campaigngLemm et al., 2010) These were then screergefor their ability to inhibit

the replicon of both genotype 1b HCV and Bovine viral diarrhea virus.A class of compounds
with a thiazolidinone core, were found to be highly effective, and netoxic, inhibitors of HCV.
Further screening identified that these early precursors interacted with NS5A by a novel
mechanism targeting domain |, and thusserved as an attractive focus for further
development (Belema and Meanwell, 2014, Lemm et al., 20LBrom these initial screens the
thiazolidinone core compounds went through extensive modification to generate wdt is now
called daclatasvir (Figure 1-5). The first clinical trials for daclatasvir were published in 2010,
and it was approved under the name Daklinza in 2014 in the EU, and 2015 in the US.
Daclatasvir is only used in the treatment of genotype 1, 3, or 4 infections and is used in
combination with sofosbuvir, ribavirin, and IFN, although the precise combination depends
on the genotype and the scale of liver damadéDA, 2016)

Precursor Daclatasvir

oy —mootR

NHCO,CHj,
£ OCH,Ph

Figure 1-5 Structure of Daclatasvir and its precursor. Modified from Belema and
Meanwell, Discovery of Daclatasvir, a Paenotypic Hepatitis C Virus NS5A
Replication Complex Inhibitor with Potent Clinical Effect, J. Med. Cher2Q14, 57
(12), 505775071 (Belema and Meanwell, 2014)
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Another example of an NS5A inhibitor is Ledipasvitdeveloped by Giled (Link et al., 2014)
The drug consists of a arunsymmetrical benzimidazole-difluorofluorene -imidazole core and
distal [2.2.1]azabicyclic ring. It is known to binddirectly to the NS5A potein, inhibiting one

or more of the functions of the pratein, however, the precise binding site and activity of the
drug remains unknown. In early clinical trials ledipasvir monotherapy was found to be
capable of causing an average threleg decrease in viral loadLink et al., 2014), and in phase

2 trials in which ledipasvir was paired with sofosbuvir, with or without ribavirin,
combination therapy achieved 100% SVR after 12 weeks, in prior non responders. Ledipasvir,
in combination with sofosbuvir was then licensed by the FDA in October 20Y#DA, 2015)

Other examples include ombitasvir, ravidasvir, elbasvir, and velpatasvir.

1.7.5 NSS5B INHIBITOR

The final class of DAAs available against HCV target the viral RNA dependent RNA polymerase,

NS5B, inhibiting the ability of the virus to replicates its genomeNS5B is an attractive
therapeutic target as the host cell hago equivalent system that may sffer an off target effect.
There are two types of NS5B inhibitor, the nucleoside inhibitors, and nenucleoside
inhibitors.

Nucleoside inhibitors are analogues ofibonucleotide triphosphate, and are ableo enter the
active site of the polymerase. Once ithin the active site the inhibitor either stalls the
polymerase activity or causes premature termination. One example of this type of inhibitor is
sofosbuvir, which was developed by Pharmassdgi.am et al., 2010) and later licensed by
Gilead Taken as a prodrug, sofosbuvir is metabolised to an active form, which can be
incorporated into nascent RNA molecule8 / T AA ET AT OPT OAOAA A ¢ 86
causea steric clash resulting in pemature chain termination (Ma et al., 2007, Appleby et al.,
2015). Sofosbuvir has been used in genotypes@ (Gentile et al., 2013) however cotherapy

is tailored differently between genotypes. For genotypes 2 and 3, safwuvir is given in
combination with both ribavirin and interferon, however with genotypes 1, 4, 5, and 6 the
recommended therapy includes ledipavir, an NS5A inhibitor. There is also limited data the

sofosbuvir can be used in the treatment of genotype 7 infectiorfSchreiber et al, 2016).

In contrast to the other classes of DAASs, nucleoside inhibitors display high threshold to
resistance (McCown et al., 2008) most likely due to the inability of the virus to distinguish
between inhibitors and true NTPs.

The second type of NS5B inhibitors are the nenucleodde inhibitors. These are able to bind

to sites other than the active site and inhibit polymerase activity in a neoompetitive manner.
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These are possibly the most diverse of the DAAand they target large number of different
sites of the NS5B proteinhowever only one has so far been approved, Dasabu\irasabuvir
binds to NS5B outside of the active site, inducing a conformational change that inhibits the
elongation of nascent viral gnomes (Gentile et al.,, 2014) Due to variation within NS5B

between genotypes dasabuvir is only used in the treatment of genotypa& Bnd 1b infections.

1.7.6 RECENTADVANCES IN HCV THBRY

The last few years have seen the emergence of a number of pangenotypic therapies for the
treatment of HCV infectionsThese show increasd efficacy and have largely replaced the
earlier DAAs.

Mavyret/Maviret is one such exampleDevdoped by AbbVie, it combines arNS3 protease
inhibitor, Glecaprevir, with an NS5A inhibitor, pibrentasvir(Lawitz et al., 2015) Early clinical
trials have shown that this combination is highly effective acrosall major genotypes and is
capable of SVR in a shorter periofLawitz et al., 2015, Zeuzem et al., 2018}t was licensed in

the US and EU in August 2017, and, as of January 2018, is recommended by the National
Institute for Health and Care Excellence for the treatment of all genotypes in the UKICE,
2018).

Another pan genotypic therapyis marketed under the name VoseviThis is a combination of
the NS5B inhibitor sofosbuvir, the NS5A inhibitor velpatasvir, and the NS3/4A inhibitor
voxilaprevir, and is the first triple DAA therapy licensel in the US and EY{Heo and Deeks,
2018). Although it has been shown to cause high levels of SVR in genotypeS§, the
combination of sofosbuvir and veltapasvir without voxilaprevir is superior. As such Vosevi is
instead recommended as a retreatment option for those for whom previous DAA based

therapies have failed(Bourliere et al., 2017)

1.7.7 HOST FACTORS IMPACTINREATMENT

Although the infecting genotype is the main determinant in the success of treatment, host
factors also play an essential role determining outcome. The most basic factors that impact
outcome include; age, gender, emfection, and alcohol consumption. Additionally there is
strong evidence to support a genetic element as well, with several polymorphisms being
identified that impact treatment outcome. Several genome association studies have identified
a link between polymorphismsin the IL28 locus and the outcome of interferon treatment
(Abe et al., 2010, Ge et al.,, 2009, Suppiah et al.,, 2009, Tanaka et al., 2008 major

polymorphism present in Asian, European, and American population®r example,has been
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linked to both successfully treatment, and spontaneous clearance of the virus. It has been
proposed that the different allele types result in different cytokine profiles, and that the
major allele, promotes a stronger inflammatory reponse (Abe et al., 2010) Other genes
linked to treatment outcome include; MxA (Hijikata et al., 2000, Knapp et al., 2003Y0AS1
(Knapp et al.,, 2003) PKR (Knapp et al., 2003) IFNRA1 (Matsuyama et al., 2003)and
MAPKAPKJTsukada et al., 2009)

In addition to directly impacting the success of therapy, several human genes have been
implicated in the development and severity of side effect. Examples of this includfEPAand

S C28A2both of which are thought to impact the development of anaemia in patiest
undergoing treatment including a protease inhibitor (Ampuero et al., 2015) Factors such as
these contribute to the success of thegy indirectly, by impacting the quality of life during

treatment, and therefore adherence.
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1.8 STUDYING HCV

Cellbased work on HCV replication initially relied on the infection of cell culture or primary
cell lines with whole virus. These systems were hinded however, due to the very low levels
of replication that could be achieved and the difficulty in obtaining primary hepatocytes. A
major breakthrough occurred in 1999 with the development of a selectable replicon system
by Lohmanet al derived from the consensus sequence of a genotype 1b isolate designated
conl (Lohmann et al., 1999. This system relies upon a bicistronic RNA molecule carrying a
G418 resistance marker Neog which expresses Neomycin phospotransfeise (NPT), and the
viral non-structural proteins NS3-5B; NS2 was found to be no®ssential for the replication of
the replicon, whilst its inclusion yielded markedy lower amounts of replication. As such it
was discarded. TheNeo gene was expressed using #h HCV IRES, while expression of the
replicase was controlled by a second IRES derived from Encephalomyocarditis virus
(EMCV)Figure 1-6). The Neo gene is often replaced with a Firefly luciferase gendug),
allowing RNA replication to be monitored using a simple assay in which luciferase activity

equates to replication(Lohmann et al., 2003)

NS3 NS4A NS4B NS5A  NS5B

HCV IRES EMCV IRES 3'UTR
Figure 1-6 Hepatitis C Virus replicon.

During the initial work with the replicon system, stable cells lines showed high levels of both
viral protein and RNA, confirming the ability of the replicons to replicate. However, selection
using G418 yielded few colonies, leading to the suggestion that either only a minority of the
transfected cells were capable of supporting replication, or that the replicon had acquired
mutations that allowed it to replicate in cell culture (Lohmann et al., 1999) Work has since

been published that provides support to both theories.

The presence and impact of cell culture adaptive mutations within the HCV replicons is how
well known and has been the subject of nah research. These mutations likely occur from
errors made during in vitro transcription and/or from errors made during the initial period
after transfection as the replicons undertake a limited degree of replication. Upon

introduction of selective pressure, those replicons carrying beneficial mutations convey G418
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resistance to the cell and can be selected out. Mutations can then be introduced back into the

parental replicons, resulting in a marked improvement in colony formation.

Several groups have pulidhed work on culture adaptation and have identifying an array of
mutations (Blight et al., 2000, Krieger et al., 2001, Lohmann et al., 2001, Lohmann et al.,
2003). All cell culture adaptive mutations identified inthis way have been located within the
viral replicase as opposed to the UTRs of the replicon. Of these, the most effective individual
mutations have been located within NS5B, NS5A, and NS4B. Interestingly, whilst several
culture adaptive mutations have ben identified within the NS3 protease(Lohmann et al.,
2003, Krieger et al., 2001) these provide little benefit alone. However, in combination with
mutations elsewhere these had a synergistic effect greatly increag replication. Inversely
those mutations elsewhere in the replicase are often incompatible with each other as
replicons carrying multiple mutations that individually greatly increase replication became

non-viable (Lohmann et al., 2003)

Although culture adaptaion of the replicon appears to be the main driving force behind
increased replication, it is possible for replicons to replicate without these as sutlones of

Huh7 cells are able to support replication of replicon RNAs that lack culture adapted
mutations (Blight et al., 20028 4 EAOA OOA Ai 11 AOG AAT AA ROAXKO,
generate a cell line that is highly permissive to HCV replicatigiBlight et al., 2002)

Another major breakthrough in the field of HCV research was the discovery of Japanese
Fulminant Hepatitis 1 (JFH1), a genotype 2a isolate of H{KXato et al., 2001) Prior to this the

low efficiency of replication limited the study of the complete HCV life cycle. Replicons
derived from JFH1 do not have this problenmowever, and replicate efficiently in Huh7 cells
without the need for culture adaptive mutations. Because of this JFH1 has been widely
AAT DOAA AO OEA OOAT AAOA EOI T AOGA O1T AA OOAAR
of HCV research.

The discovery of JFH1 eventually led to the development of cell culture HCV systems (ccHCV).
Transfection of in vitro transcribed JFH1 RNA was found to be capable of generating
infectious virus patrticles, allowing the study of the entire life cycle with a single @date
(Lindenbach et al., 2005, Wakita et al., 2005, Zhong et al., 2005)

Unfortunately, JFH1 allowed insight into only a single genotype. Work by Pietschmashal
expanded this by both forming intragenotypic and intergenotypic chimeras of HCV
expressing the structural proteins of genotype 1a, 1b, and 2a, and the nsfructural proteins

of JFH1(Pietschmann et al., 2006) The nonstructural proteins from JFH1, fused by ait
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within NS2 immediate downstream of the first transmembrane domain, allowed robust

replication of the chimeras, leading to the production of infectious particles.

Since the development of these chimeras the expansion of the ccHCV system has been
championed by Jens Bukh. This work has led to the development of systems that allow the
study of genotype 1a, 1b, 3a, 4a, 2a, and 2b strains of HCMet al., 2015, Ramirez et al., 2014,
Gottwein et al., 2010)

Prior to the establishment of the replicon and cell culture systems, the ability to study HCV
was limited by the absence of suitable models. As such many early studies relied on the use of
surrogates of HCV, most commonly Bovine Viral Diarrhoea Virus (BVDV) modéRuckwold

et al., 2003) BVDV is a pestivirus with a high degree of genetic similarity to HGMiller and
Purcell, 1990). Similarly to HCV, it generally causes lorigrm, chronic infections in its natural
host. In addition it shares several molecular similarities with HCV, including IRES structure,
NS3 helicase/NPTase activity, and NS5B structure. Before the use of the HCV replicon based
models became widespread, BWDwas used due to the ease of culturing iih vivo. Even with

the advent of early replicon systems, BVDV had the advantage of simulgtithe entire viral

life cycle, thoughthe development of ccHCV systems means thiis is no longer the case.
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1.9 NS5A

1.9.1 STRUCTURE

NS5A,is a multifunctional viral phosphoprotein which is approximately 450 amino acids in
length, although the size varies between genotypesind which cclocalises with the other

non-structural proteins, in the HCVRC(Mottola et al., 2002, ElHage and Luo, 2003)At its N-

terminus NS5A hasa 33 amino acidamphipathic | -helix which anchors the proteinto the ER

membrane (Elazar et al., 2003, Brass et al., 2002Jhis J -helix is believed to be embedded
within the ER membrane, such that it lies parallel to théipid bilayer, with the hydrophobic

faceaimed towards the membrane(Brass et al., 2002)

Extending into the cytosol from the aphipathic helix are three functional domairs
(Figure 1-7), domains I-lll, resporsible for the activities of NS5A,separated by Low
Complexity Sequences (L&) | and Il. The presence of thethree domains and interdomain
LCS regions wadirst suggested based on observations frontimited protease treatment of
NS5A originating from a genotype 1b isolate of HCV. Thisdentified two trypsin sensitive
regions within NS5A that fall at residues 215 and 355%Tellinghuisen et al., 2004) Domain |
corresponds to the 180 amino acids immeidtely downstream of the amphipathic helix, and
can be separated into two sufidlomains (Tellinghuisen et al., 2005) Subdomain | consists of
3AT OEDAOERRAD -AdixAwhieldompinil encompasses a ségs of 6 antiparallel
[ -sheets. Cysteine residues present in sutbomain | form a zinc binding motif, such that a
single zinc atom is bound to each protein moleculéTellinghuisen et al., 2004) This, in
conjunction with a disulphide bond in sub-domain I, maintains the structure and
functionality of domain I. An initial study into domain | structure showed that domain | was
able to form homodimers, with2 domain | monomers linkedvia interactions located clo to
the Niterminus. The homodimer formed abasic groovewhich was predicted to be capable of
binding to RNA an activity that has since been confirme@Huang et al., 2005) although the
location within domain | where RNA binds has yet to be experimentally verified The
formation of the homodimer hasalso been siggestedin several subsequent studies that have
determined the structure of domainl (Love et al., 2009, Tellinghuisen edl., 2005, Lambert et
al., 2014) however these structures differ in the orientation of the two monomers relative to
each other There is alsosomelimited data suggesting the formation of a dimeric structuran
vitro (Hwang et al., 2010) All of NS5A upstream of LCS | is essential for RNA replication;
mutations which disrupt either domain | or the amphipathic helix are lethal to RNA

replication (Tellinghuisen et al., 2004 Brass et al., 2002, Penin et al., 2004a)
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Domains Il and Ill, which are essential for RNA replication and virus particle formation
respectively,are much less well structured(Hanoulle et al., 2010, Hanoulle etlg 2009, Liang
et al., 2007) and are thoughto be similarto a class of proteins ca#id Intrinsically Disordered
Proteins (IDPs) These proteins have little or no structure alone, but undergo conformational
changein association with a ligand(Penin et al., 2004b, Wright and Dyson, 1999Dften these
proteins form small, transient, amphipathic secondary structuredo facilitate binding of the
target ligand (Wright and Dyson, 1999, Wright and Dyson, 2009)termed Molecular
Recognition Elements (MolEs). Several MoREs have been identified withinNS5A including a
Proline-Tryptophan turn essential for RNAreplication (Dujardin et al.,2015), O x 1 -helices

in domain Il thought to allow interaction with Cyclophilin A (Verdegem et al., 2011)and 2
/O O O mdlices that form a SH3 binding motif{Feuerstein et al, 2012). Two models have
been put forward to explain the interaction of IDPs with their ligands, Induced Folding and
Conformational Selection. The Induced Folding model proposes that IDPs remain completely
unstructured in the absence of a ligand; bindinghen induces folding of the IDPs into the
necessary structures. Alternatively the Conformational Selection model suggests that IDPs
undergo somefolding in isolation, and that the ligand then preferentially binds poteins that
are folded more closely to tle activeform (Wright and Dyson, 2009) In actuality it is likely
that a hybrid of the two mechanisms is used; some degree of folding being essentialaitow
the initial interaction which then induces further conformational changes. This can be seen in
. 30! h x EHhaliges tat formjthe SHabinding motif forming even in the absence ofa
ligand, but the protein remaining mostly unstructured (Feuerstein et al., 2012) A common
feature of IDPs is the ability to form multiple protein-protein interactions, folding into
various structures in association with different ligands,and NS5A is no exception, having
been shown to associate witha large number of proteins(Macdonald and Harris, 2004) The
lack of structure contribute s to this promiscuous nature by providing the flexibility necessary

to form these myriad interactions.
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Figure 1-7 Structure of the HCV NS5A protein. An amphipathic helix at the N
terminus anchors NS5A to the ER membrane, with three functional domains
extending outwards into the cytosol. Interactions within domain | allow the
formation of a homodimer, and support the formation of and RNA binding groove.
Modified from Badillo et al, Overall Structural Model of NS5A Protein from Hepatitis
C Virus and Modulation by Mutations Confering Resistance of Virus Replication to
Cyclosporin A, Biochemistry, 2017, 56 (24), 30223048 (Badillo et al., 2017)

1.9.2 PHOSPORYLATION

As prevously stated NS5A is a phosphwrotein, with the key sites of phosphorylation being
serine and threonine residueslocated with, LCS3, LCH and domainlll (Figure 1-8). It exists
in two forms, the basal state, p56, and a hyperphosphorylated form, pb&hat produce
distinct bands when analysed by sodium dodecylsulphate polyacrylamide gelextrophoresis
(SDSPAGE)Kaneko et al., 1994)Several host protein kinases have been identified as having
an impact on NS5A phosphorylationincluding: casein kinase2, casein kinasep 4 Protein
Kinase A serine/threonine-protein kinase 1 (RossThriepland and Harris, 2015, Macdonald
and Harris, 2004)and phosphatidylinositol 4-kinase Illa (P14KA)(Reiss et al., 2011)Cellular
factors such as these appear to be sufficient for the generation of the hypophosphorylated
p56, howeverhyperphosphorylation of this, to the p58 form, appears to be dependent on the
presence of other nonmstructural proteins (Macdonald and Harris, 2004) Work with
genotype 1bisolates ha suggesteda requirement for upstream nonstructural proteins, NS3
to NS4B(Kaneko et al., 1994, Liu et al., 1999, Neddermann et al., 1999)wever some data
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suggess that only NS4A is required as a shift from p56 to p58 can be triggered with the €o
expression of NS4A alonéAsabe et al., 1997)

Phosphorylation appears to have a regulatory function, modulating the involvement of NS5A
in genome replication and the formation of the virus particle. The precise role that
hyperphosphorylation plays, however, remainsunclear. Early studies in genotype 1b isolate
conl suggestedhat hyperphosphorylation of NS5A inhibitedgenome replication(Evans et al.,
2004). Indeedit has been shown for the conl isolate thasubstituting serine residues key for
hyperphosphorylation typically promotes RNA replication (Appel et al., 2005) Conversely,
studies in the Harris group on genome 2a isolate JFHlhave suggested that
hyperphosphorylation of NS5A promotes replication. In these studies it was seen that
inhibiting hyperphosphorylation of certain residues within LCSI was lethal to replication
(RossThriepland and Harris, 2014) In this study however it was noted that phosphorylation
state is not the universal control, as substitution of some serine residues with aspartic acid,
which can also be phosphorylated, was found to Hethal. Interestingly several studies have
shown that other non-structural proteins are capable of modulating NS5A phosphorylation
state, e.g. mutations in NS4Bot boost replication were shownto down-regulate NS5A
phosphorylation (Appel et al., 2005) while an electrostatic switch mechanism is proposed to
allow NS4A regulation d NS5A phosphorylation(Lindenbach et al., 2007)

Phosphatidylinositol 4-kinase llla (PI4KA)is a cellular kinasesthat has been linked to the
generation and maintenance of a microenviroment essential for replicaton (Reiss et al.,
2011). It is thought that enhanced PI4KA activity is required to generate an enriched
membrane microenvironment, in which the virus may replicatelt was noted that enhanced
PI4KA activity was diven by NS5A.In contrast however, work by Harak et al showed that
replication within the much more permissive Huh7 cell linecells that already express high
levels of PI4KArequired culture adaptive mutations that reduced Pl4KAactivity (Harak et al.,
2016). Importantly several of the NS5Aculture adaptive mutations associated with PI4KA
activity, targeted serine residues within LCSI which have previously been linked to
phosphorylation, suggesting a link betweerNS5A phosphorylation sate, PI4KA recruitment,
and replication. Together these data demonstrate that a delicate balance between p56 and

p58 is required for optimal replication.
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Figure 1-8 Organisation of NS5A showing the key phosphorylation sites . Sites in
red have been confirmed by mass spectrometry, while sites in blue have been
proposed by genetic analysis but lack biochemical data. The sequences presented
are from genotype 1b (J4 isolate, GenBank accessiaumber AF054250, upper
sequence) and genotype 2a (JFH isolate, GenBank accession humber AB047639,
lower sequence). Figure modified from RosS hriepland D, Harris M. Hepatitis C
virus NS5A: enigmatic but still promiscuous 10 years on! The Journal of geral
virology. 2015;96(Pt 4):727-38(Ross Thriepland and Harris, 2015).

1.9.3 FUNCTION

NS5A has a variety of functins within the virus life cycle,including promoting the activity of
the RNAdependent RNA polymeraseNS5B(Shirota et al., 2002, Tellinghuisen et al., 2004)
and aiding in the maintenance of thdRC(Reiss et al., 2011)NS5A is also known to have an
essential role in virion formation, and is believedo be involved in the connection between
the sites of this and the sites o0RNA replication. Additionally NS5A has shown the ability to
interact with and regulate the host cell cycle, promoting cell proliferatio(Ghosh et al., 1999)
Much of the focus on NS5A is due to its importance in the viral response to the immune
system; NS5Ahas been shown to inhibit both apoptosis(Ghosh et al., 2000)and the
interferon response(Tan and Katze, 2001, Song et al., 1999, Paterson et al., 1998)ch work
has theefore been performed to understand the physiological and clinical importance of this
protein. Interestingly NS5A is considered to lack any enzymatic activity, and instead is

thought to mediate its myriad functions through interactionwith a vast array ofproteins.

1.9.3.1 RNA REPLICATION

Evidence that NS5A has a role in viral replication was first brought to lighby the
development of the replicon system as many mutations that improved cany formation
mapped to NS5ALohmann et al., 2001, Blight et al., 20007 direct link between NS5A and
replication was then shownby Krieger et al, who observed RNA eplication in transiently
transfected cellsusing a luciferase reporter It was found thatmutations within both NS5A

and NS5B increased RNA replicatiofKrieger et al., 2001) This was further supported by the
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observation that loss of the Nterminal amphipathic helix from NS5A impairsRNAreplication
(Elazar et al., 2003)

Though the precise role that NS5A plays in replication remains elusive, it is clethat the
process involves direct interaction with NS$B; NS5A is known to bind NS5B, and this has
been shown to modulate NS5B activity (Shirota et al., 2002, Quezada and Kane, 2009)
Furthermore this associationhas been shown to be essential foeplication; if this interaction

is lost replication is inhibited (Shimakami et al., 2004, Elazar et al., 2003NS5A also has
indirect roles in regulating genome replication. As mentioned previously NS5A has been
shown to recruit, and enhance the activity of, PI4KA, an activity that is essential for
replication (Reiss et al., 2011)The functional interaction site for this interaction lies within

the Gterminal region of domain I.

It is important to note that not all of NS5A is essential for replication. Whilst both domains |
and Il are thought to be involved in somecapacity, domain Il is widely considered
dispensable for replicationas replicons with bothlarge scale deletions(Appel et al., 2005)
and insertions (Moradpour et al., 2004) within domain Il remain functional. What is
essential for replication is the entirety of domain I, and the @ rminus of domain Il and
typically mutations targeted at either of these regionsresult in a lethal drop in replication
(RossThriepland and Harris, 2015, Arumugaswami et al., 2008, Tellinghuisen et al., 2008,
RossThriepland et al., 2013)

Interestingly, the contribution to replication of the amphipathic helix at the Nterminus of
domain | extends beyondits ability to anchor NS5A to membranesWork by Brasset al
examined the interchangeability of amphip#hic helices from NS5As from HCV and related
members of the Flaviviridae (Brass et al., 2007) Despite having similar propensities for
membrane anchoring, only avery small number of residue exchanges were tolerated in the
context of HCV RNA replication. This suggests a role for the amphipathic helix in replication
complex formation, possibly through the formation of essential interactions with other
components of the replication complex. One such interaction that has been proposed, is with
NS4B.Work in the Tellinghuisen group has identified key residues on the charged face of the
amphipathic helix, that form an interaction with the NS4B protein, and which are essential for

replication (Biswas et al., 2016)

1.9.3.2 VIRION FORMATION

NS5Aplays an essentialrole during virion formation, specifically during the associaton of the
progeny genomes with the core proteinNS5A is thought to bind to progeny genomes and

contribute to the transport of these to lipid droplets allowing them to become encapsidated
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with core protein (Masaki & al., 2008) In support of this model, NS5A has been found to
exist in two populations within both replicon and virus infected cells(Wolk et al., 2008, Eyre
et al., 2014) large nonmotile structures that were suggested to exist in the membranous web,
and smaller, fast moving structures, thus demonstrating motile potential for NS5A and its
binding partners. Both Domain | and Il are thought to contribute to this function of NS5A,
having been shown to interact wih lipid droplets (Miyanari et al., 2007) and core protein
respectively (Appel et al., 2008) Although traditionally the entirety of domain Il is
considered necessary for virion formation, some evidence now suggests that this pessis

dependentonly on the N-terminus and the Gterminal 15 amino acids(Zayas et al., 2016)

1.9.3.3 IFN RESISTANCE

Much of the research into NS5A has been driven by its proposed roleprotecting the virus
during the immune response, specifically by providing resistance tinterferon-; j -y &h
which remains part of the recommended therapy for HCV infection.This hypothesis
originates from the observation that mutation within a 40 amino acid long region of domain

II, termed the Interferon Sensitivity Determining Region (ISDRappeared to havean impact

on the effectiveness of IFNN OEAOADU ET AEOI 1 EAokbtd dil al. EIDIEA A O/
Murakami et al., 1999) This hypathesis remains controversial however, as several studies
have found little or no correlation between muation within this region and treatment
outcome (Paterson et al., 1999, Aizaki et al., 2000These observatios do not contradict the
idea that NS5A plays a role in IFN resistance, but instead question the importance of the ISDR
Further studies have suggested that the -@rminal region of NS5A plays a more important
role in mediating IFN resistance with the so-called V3 region in domain Ilibeing implicated
(Nousbaum et al., 200); more mutations associated with IFN resistance and sensitivity were
found within this region, than within the ISDR.The question still remains however, how does

NS5A mediate this apparent resistance?

One potential mode of action is through the repressn of Protein Kinase R (PKR). PKR is
activated in the presence of doublestranded RNA, which is only present during viral infection,
AT A AAOOAO OEA DPEIT OddEesséntil AdE in Teukdrydiic thapskation.
OET OPET OUI AGET 1 lylinAbitAt)asslatipn, fdveniihd tBepfotiuction of viral
proteins. PKR was first reported to be a target of NS5A by Gafeal (Gale et al., 1997)who
demonstrated that NS5A was able to bind to, and inhibit, PR. Binding to PKR was later
shown to be dependent on the ISDRGale et al., 1998) supporting its involvement in
mediating IFN resistance. NS5A was found to bind to PKR at the same siead&known PKR
inhibitor, P58PK within a region of PKR responsible fordimerization; suggesting that

inhibition occurs by preventing the formation of the active dimer
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Another target of NS5A appears to be the IFMduced JAKSTAT signalling pathwayThe first
evidence that HCV interfered with JAKSTAT signalling was provided by Heinet al, who
showed that expression of the HCV genome was capable of inhibiting ISGFRuiction (Heim
et al., 1999) and this was later shownin vivo,in mice (Blindenbacher et al., 2003) Multiple
subsequent studies have since shown the involvement &S5A in this procesqGong et al.,
2007, Kumthip et al., 2012, Lan et al., 2007, Polyak et al., 2001ikely by blocking or
reversing the phosphorylation of the STAT proteins, thereby preventing the induction of the

ISRE controlled genes.

1.9.3.4 NS5A AND THE CELL CYE

HCV NS5A habeen shown to effect a wide variety of host cell mechanisnwther than just
blocking IFN signalling(Macdonald and Harris, 2004, He et al., 20063nother key role of the
.3uv! PDPOIT OAET EO O 11 AOI AOA OEIAeukary@dcels e 1 80 COIT x OF
cell cycle is controlled by multilayered signalling pathways which detect both internal and
external stimuli and modulate cell growth, proliferation, differentiation, gene expression and
cell death. Key to these signalling cascades are thélitogen-Activated Protein Kinases
(MAPKs)a diverse family of proteinspresent in all eukaryotic cells(Chang and Karin, 2001)
In their basal forms MAPKs are catalytically inactive, however dual threonine/tyrosine
phosphorylation causes conformational change, allowing the MAPKs to bind to downstream
targets and elicit a cellular response. Phosphorylation, and therefore activation, of MAPiss
the responsibility of a diverse group of proteins called MAPK KinaséMAPKKSs), which are in
turn regulated by an even more diverse group of proteins called thtMAPKKKs Specific
MAPKKKs can be activated by a wide variety of stimuli, both intraand extra-cellular
resulting in a vastly complex signalling pathway. Despite the vast array of MAPKIl&sd
MAPKKKSs, onlyrelatively few classes of MAPKSs exist in eukaryotic cells; extracellular signal
related kinases (ERKSs), Jun aminterminal kinases (JNKs), p38 proteins, and ERK&hang
and Karin, 2001)

HCV, and NS5A specifically has been shown te bapabé of inhibiting all MAPK signalling
pathways (Macdonald and Harris, 2004) Growth factor receptor-bound protein 2 (Grb2) is a
cellular growth factor essential for proliferation of many cell types, and a member of the ERK
signalling cascade, involved in the cells response to Epidermal Growth Factor (EGF). NS5A
has been seen to interact with thisGrb2 via a highly conseved proline rich motif, inhibiting

the activation of the ERK signalling cascad@an et al., 1999, He et al., 2002Fonsistent with
NS5A inhibiting EGF signalling it has beenreported that in multiple cell types cells
expressing NS5A became resistant to the addition of exogenous E@facdonald et al., 2005,

Tan et al., 1999) Interestingly work has shown that the poly protein motif ofNS5A is capable
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of interacting with many other Srchomology 3 domain containing proteins(Macdonald et al.,
2004). One example of this is thePhosphoinositide 3 kinase (PI3K)cell survival pathway
(Macdonald etal., 2005), which is linked to regulation of apoptosis NS5A has been shown to
interact with the p85 regulatory subunit of PI3K and stimulation of this pathway by NS5A
has been shown to inhibit apoptosigStreetet al., 2004, He et al., 2002)

NS5A has also been demonstrated tmodulate the p38 MAPK pathway(He et al., 2001, Wu
et al., 2008) For example NS5A has been shown to inhibit activation of the p38 pathway
inhibiting the phosphorylation of elF4E This has been proposed to limitcap-dependent
translation, potentially generating a cellular environmentduring late stage infectionsthat
favours HC\W® @ap-independent translation (Macdonald and Harris, 2004, He et al., 2001)
However, inhibition of translation is not the only function impacted by NS5A modulating the
p38 pathway. NS5A has also been shown to inhibit the activation of the Abnormal Spindle

like microephal associatedorotein, leading to cell cycle arres{Wu et al., 2008)

Finally NS5Ainteracts with JINK MAPKPark et al., 2003) NS5A has been shown to interact
with the TNF receptor asociated factor 2, inhibiting the downstream activation of nuclear
factor kappalight-chain-enhancer of activated B cells (N " 08 -f 'O DIRAUO Al
role in the regulation of apoptosis, its deactivation was propsed to sensitize cells to
apoptosis. However, more recent data proposes that it may in fact have the opposite effect
(Xie et al., 2017)

These various data clearly show that NS5A is capable of modulating cell signallpathways
linking to cell growth, proliferation, and survival Although the precise role that this
modulation plays in the viral life cycle has been the source of much speculation, the models

formulated are varied and complex, and so will not be discussed in detail.

1.9.3.5 APOPTOSIS INHIBION

Essential to any virus that causes chronic infection is the inhibition of apoptosis, and HCV is
no exception. Numerous studies have shown impaired apoptosis in cell expressing various
HCV proteins, and many of these have suggested a role for NS5Ahis tprocess (Ross
Thriepland and Harris, 2015) Apoptosis is a highly regulated process and can be induced
either by internal signals, via the intrinsic pathway, or by external stimuli, through the
extrinsic pathway. Evidence suggests that NS5A may modulate hopathways to block

apoptosis.

Mitochondrial health is one of the key regulators of the intrinsic apoptotic pathway; proper

mitochondrial activity, morphogenesis, and dynamics are essential to the health of the cell
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and to the host as a wholeand dysreguétion of this delicate system can have devastating
outcomes(Liesa et al., 2009) As such mitochondrial fission, fusion, and mitophagy are tightly
regulated, and have a major role in regulating apoptosi&Suen etal., 2008) HCV infection is
well known to cause membrane restructuring, principally during the formation of the
membranous web, and the mitochondrial membrane is not exempt from this, showing
considerable impairment during infections. Changes observeduring HCV infectioninclude
altered membrane potential andimpaired oxidative phosphorylation (Piccoli et al., 2007)
both of which lead toan overall shiftin cellular metabolic activity towards glycolysis. This
damage should induce cell death, however HCV has been shown to madeilmitochondrial
dynamics to block apoptosis and to promote virus replication (Kim et al., 2014, Siu et al.,
2016, Kim et al., 2013) NS5A, alongsle the Core protein, hasbeen shown to promote
mitochondrial fission and breakdown, thereby attenudéing the pro-apoptotic signal caused by

infection.

DNA damage is also a major prapoptotic pathway. In response to DNA damage activated
p53 binds to DNA ad induces the expression of proteins involved in cell cycle arrest, DNA
repair, and apoptosis. NS5A has been shown to bind p53 and sequester this is in the
cytoplasm, limiting the expression of downstream factors(Majumder et al., 2001) and
potentially inhibiting the induction of apoptosis (Lan et al., 2002)

Extrinsic apoptosis is regulated by death receptors, cell surfacesceptors that induce

apoptosis in response to the binding of extracellular ligands. These death receptorave a

cytoplasmic death domain whichactivates a signal cascade timduce apoptosis.The two most

well understood death receptors are the TNFR receptor, that recognises Tumour Necrosis

&AAOT O 1 h AT A &AOh xEEAE AETAO OEA &AO,8 )1 Al OE
receptor causes trimerisation of the receptor, causing clustering of the cytoplasmic death

domains, allowing the recruitmentof one of the twoadaptor protein, either TRADD or FADD.

In the Fas pathway a death effector domaiim the FADD protein then activates precaspase 8,
causingapreADT POT OEA A A OpatAwaités twobpAtendal ofitgome If TRADD is

recruited alone it will recruit a serine/threonine kinase, RIP, and an adaptor, TRAE, which

will activate a signalling cascade, generating and antiviral response. AlternativéelRADD can

recruit FADD and trigger apoptosis through precaspase 8. NS5A has been found tondito

TRADD and inhibit TNFf ET AOAAA OECT Al T ETCh Al T AEET C Al OE Ot
(Majumder et al., 2002, Ghosh et al., 200@nd the expression of antiviral effectorqPark et

al., 2003, Park et al., 2002 his activity is specific to TRADD however, as NS5A is not capable

of inhibiting FasL induced apoptosi{Majumder et al., 2002)
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1.10 PROTEIN DEGRADATION

One of the key m#ods the cells utilise to combat invasive pathgens is to break down
pathogen derived protein This relies on the systems already in place to degrade cellular

proteins.

Eukaryotic cells have a variety of mechanisms to allow them to breakdown protein, bot
endogenous, and exogenous. Of these the two best characterised are the lysosome and the

proteasome, and these will be discussed in detdielow.

1.10.1 THE PROTEASOME

Proteasomes are large protein complexes that are responsible for the breakdown of the
majority of cytosolic proteins. The 20S proteasome is made up of 4 stacked heptameric
proteinril COh AT T OE O O E-bubunits @ad EOWDAOM@I ASUD@R#A The 2 outer most
OET CO AOA DOAAT isublindsOefd aot ad alséaffold forEegulatory factors. The
N-termini of these residues fom a 13A gate that regulates entry into te catlytic chamber;
only unfolded proteins are allowed access to the catalytic inner rings. The two central rings
AAAE AT 1 OAswbunitsOidndidgithe patalyticcore. This core is relatively large, 534
and has no intrinsic regulatory activity; any protén present will be degraded. 3 distinct
protease activities are present in the proteasome, trypsitike, chymotrypsin-like, and
peptidylglutamyl -peptide hydrolysing. Hydrolysis of proteins by the proteasome yields short
peptide fragments, approximately 20amino acids in length, that are able to exit the catalytic
chamber. Once in the cytoplasm these are rapidly degraded by resident proteases, converting

them back into individual amino acid residues to be reused.

While the 20S proteasomecan exist alone ithas no ability to cause unfolding of target
proteins, and so is predominately involved in the brealdown of proteins with little or no
complex structure. Higher order proteins are targeted instead to the 26S proteasome, a
complex of a 2@ proteasome and a 4Sregulatory subunit. The 19S subunit carbe divided
into 2 subdomains, a Subunit ring that mediates association with the 20S complex, and a 10
subunit lid domain. 6 of the 9subunits of the ring structure are ATPases, which drive the
unfolding of target proteins. These ATPases associate with the 20S complex via coils at their
Gtermini, while coils at the Ntermini allows dimerization, ultimately forming a ring of 3
dimers aligned to the lumen of the 20S complex his interaction requires the binding, lut not

the hydrolysis, of ATP by the ATPasesBinding of these ATPase subunits causes

conformational changes in the 20S enlarging the lumen.
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The activity of the 26S proteasome is tightlycontrolled, such that only proteins carrying
appropriate degradationsignals are broken down. Tis is the role of the lid domain of the 19S
particle. Canonically ontrol is mediated by modification of a lysine residue of the targeted
protein, specifically by addition of Ubiquitin, a 76 amino acid peptide.The covalent binding of
ubiquitin to the target protein involves 3 enzymes, a ubiquitin activating enzyme (E1), and
ubiquitin -conjugating enzyme (E2), and a ubiquitin ligase (E3). E1 enzymes recruit ubiquitin
in an ATP dependent manner, and then transfer this to E2s. E3d&es then catalyse the
transfer of the bound ubiquitin to the NH side chain of a lysine residue of the target protein.
The specificity for this process is determined by the E3 ligases, a highly diverse protein family.
Targeting of a protein to the proteasme requires polyubiquitination, the presence of at least
4 bound ubiquitin residues. Ubiquitin itself contains seven lysine residues that can be
targeted by E3 ligases, allowing the formation o& diverse array ofubiquitin chains on the
target protein. Due to the highly complex nature of ubiquitination, impacted by the diversity
of enzymes involved and linkages that can be made, polyubiquitination can play a variety of
roles. The main polyubiquitin chain associated wh protein degradation involves the linkage

of subsequent ubiquitin molecules to Lys48, and this will be discussed further.

Upon polyubiquitination target proteins are trafficked to the proteasome to be degraded. The
precise method by which this achieved is yet to be elucidated but is known tmvolve
Ubiquitin receptors. These haveboth a Ubiquitin associating domain, to bind the target
protein, and a ubiquitin like domain, that mediates recruitment to the 19S subunit of the 26S
proteasome. Upon being trafficked to the proteasome, the polyuhidginated protein is bound

by a ubiquitin receptor of the 19S subunit in an ATflependent manner. Target proteins are
then unfolded by the activity of the 19S ATPases, while ubiquitin is cleaved by the activity of a
deubiquitinase located within the lumen of the 6 ATPases. The order in which these
processes occur is unclear, however both must occur before the protein can be translocated

into the catalytic core.

The proteasome has an important role in defence against viruses; involved in both the
detection, and attack of viral infections. An essential part in detecting infected cells is the
presentation of viral epitopes in the context of Major Histocompatibility Complex (MHC) class

I. After translation MHC molecules are retained in the ER, in associationttvia Transporter
Associated with Antigen Processing (TAP(Suh et al., 1994) Peptide fragments released by
the proteasome are transported into the ER by the TAP trafocon, where they associate with
empty MHC class | complexes. Loading of an appropriate peptide fragment stabilizes the MHC
complex, and this is then transported to the cell surface, through the Golgi apparatus. CD8+

Cytotoxic T lymphocytes continually san peptides presented on the cell surface. If these
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detect antigenic peptide they trigger apoptosis in the infected cell in an attempt to limit

pathogen spread.

1.10.2 THE LYSOSOME

Lysosomes arespherical organelleswithin the cell cytoplasm that contain a divese range of
approximately 50 hydrolytic enzymes, involved in the breakdown of both intracellular and
extracellular debris. The pH of the lysosome is roughly 4.5, with the acidity both contributing
to the breakdown of waste and promoting the activity of lyessomal enzymes all of which
show optimal activity at lower pH. The acidic pH is maintained by chloride ion channels and

proton pumps, which continually transport H-ions from the cytoplasm into the lysosome.

Lysosomal enzymes are ctranslationally translocated into the lumen of the rougkER,
where they undergo modification and maturation. Each is given a mannofephosphate tag,
which marks the protein for passage to the lysosomeThese pass into the Golgi, bind
mannose6-phosphate receptors, and are paaged into vesicles that are then transported to,
and fuse with, late endosomes. The relatively low pH of the late endosomes, roughly 5.5,
causes the lysosomal proteins to dissociate from the receptors, which are then recyatl&@he
receipt of a full complenent of hydrolases allows late endosome to mature into lysosomes.

this way the formation of lysosomes can be considered to intersect with endocytosis.

Lysosomes are predominately associated wih 3 cellular processes: endocytosis, the uptake
and breakdown or extracellular material; phagocytosis, the uptake and breakdown of large
extracellular material e.g. bacteriaand viruses and autophagy, the engulfment and
breakdown of cellular derived material. In each of the three processes the material twe
degraded is surrounded by a cellular derived membrane, which then fuses with a lysosome
ultimately resulting in the degradation of the enclosed materialThe most relevant to this
work is autophagy, which itself can be split into 4 types: macroautophagy, whicis the
pathway used to breakdown organelles or proteins; microautophagy, which is used to
breakdown small cytoplasmic material; mitophagy, which is the breakdown of mitochondria;
and chaperonemediated autophagy, an extremely selective form of autophagy iwhich
proteins carrying a specific sequence are transported to the lysosome by heat shock protein
70. The machinery of autophagy has been found to be capable of being highly specific,
identifying tagged substrates to be degraded and targeting them to lysome (Kraft et al.,

2010). In this way autophagy functions to recycle cytoplasmic material.

As with the proteasome, lysosomes play an important role in protecting cells during viral

infection; principally by intercepting pathogenic material that enters the cell by endocytosis.
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Lysosomes fuse with virus carrying endosomes, exposing the virus to the potent hydrolases
within. Lysosomes are also essential to apoptosis, allowing controlled death of the host cell to

limit viral spread.

1.10.3 VIRUSES AND PROTEINEGRADATION

It is well known the protein degradation pathways play key roles in protecting cells during
viral infection, be it the increasa turnover of protein during the IFN response, or the
generation of antigenic pepides to be displayed by MHC. It is also clear that viruses have
evolved myriad mechanisms to interfere with these processesither blocking then or coe
opting them for their own benefit. One example of this ighe Influenza A neuraminidasethat
has been sbwn to induce rupture of lysosomes(Ju et al., 2015) anactivity essential for the
virus life cycle and cell death. Additionally Influenza A has been shown to inhibit autophagy,
allowing it to control the death ofthe host celland optimise conditions for viral replication
(Gannage et al., 2009)

Another example of a virus that inhibits cellular protein degradation is in the EpstenBarr
virus (EVB). The viral nuclear antgen 1 protein is the sole protein required to replicate the
viral genome during latent infections, and as such is an important marker in the detection of
infected cells. This protein however contains a long and repetitive sequence composed only
of alanine and glycine residues, a factor that has previously been shown to inhibit protein
unfolding and progression into the catalytic core of the proteasom@Hoyt et al., 2006) In this
way EVB can inhibit the degradation of the nuclear antigen 1 protein(Zhang and Coffino,
2004, Levitskaya et al., 1997)limiting the peptide fragments available to be presented by

MHC, and thereby delay detection of virally infected cells.

Of courseviruses can also protect cellular proteinsfom degradation. NS5A for example has
been shown to inhibit the degradation of the epidermal growth factor receptor Zlgloi et al.,
2015). This protein is thought to be important for viral entry(Diao et al., 2012, Lupberger et
al., 2011)and HCV replicationduring the IFNresponse(Lupberger et al., 2013)and therefore

protection of it by the virus would support both re-infection and IFN resistance.

4EA AAT OA AgAi Pl A0 Ail AAIiT1O0OO00AOA CGadatioOAOS

but the reverse is also possiblemany viruses have evolved to target cellular proteins for
degradation. NS5A itself for example has been shown to bind to the Nucleosome Assembly
Protein (NAP1L1), a chaperone protein involved in chromatin remodéhg during

transcription, and targeting it for proteasomemediated degradation(Cevik et al., 2017) This
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impairs a variety of signalling pathways necessary for an effective antiviral response, and

HCV can therefore capt the proteasome into inhibiting the immune response.

Together these examples show the mmad interactions between viruses and the protein
degradation machinery.This work focuses on the possible ability of NS5A to block targeted
degradation. A similar activity has been demonstrated in Turnip yellow mosaic virus. The
RNA dependent RNA polymerse of this virus was found to be susceptible to
polyubiquitination and decay, causin@ reduction inviral infectivity (Camborde et al., 2010)
The virus was later found to produce a protein capable of countering this activity, causing
deubiquitination of the viral protein and promoting infectivity (Chenon et al., 2012)It is
possible that NS5A performs a similar function during HCV infections, however as yet this

remains unclear.
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1.11HYPOTHESIS

Preliminary work has identified a novel activity within domain 11l of NS5A that wasapable of
protecting the protein from artificially -mediated targeted degradation. The hypothesis of this
thesis is that the NS5A protein of HCV also counteracts a biologically relevant degradation
process, promoting both the stability of itself and other viral proteins from targeted

degradation.

1.12 AIMS

To identify the region of NS5A required to allow the protein topersist in the face of a

destabilizing event

To characterise the protective nature of I$5A; identifying which degradation pathways are

affected and what cellular factors may be involved

To determine the physiological benefit of this activity during the viral life cycle; specifically
ET x . S3pwotedive potential may impacton the interaction between HCV and the host

immune response.
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2 MATERIALS AND METHO®

2.1 WATER

Deionised water (dHO) was used for most solutions including those for gel electrophoresis
and SDSPAGE. Ultra High Quality water (UHQ) was used in nucleic acid solutions, and all
solutions involved in the manipulation of RNA.

2.2 CHEMICALS AND REAGEN

Unless stated otherwise all plastic and reagents were purchased from Thermiisher
Scientific. Enzymes were purchased from either New England Biolabs of Thermo Fisher

Scientific.

Reagent Supplier

100X Noressential Amino Acids

100X PenStrep (5000units/ml penicillin, Ymgstreptomycin)

30% Acrylamide Solution

30% Formaldehyde Solution

30% Hydrogen Peroxide

5X Passive Lysis Buffer

Acetic Acid

AcetylenePEG4Biotin

Agarose

Ammonium Persulfate (APS)

Ampicillin sodium salt

ATP

Bovine serum albumin

Bromophenol blue

Calcium chlorate

Calf Intestinal Alkaline Phosphatase (CIAP)
Chloroform

CoEnzyme A

cOmplete Protease Inhibitor

Coomasie blue

Copper sulphate

Coumaric acid

Diethyl pyrocarbonate (DEPC)

Dimethyl Sulfoxide

DNase 1

DNTPs (Deoxynucleotides triphosphates)
Dulbecco's Modified Eagle Medium (DMEM)
Dulbecco's Phosphatuffered Saline
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Gibco

Gibco

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Biotium

Thermo Fisher Scientific
Jena Bioscience
Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Adrich

Fermentas

Thermo Fisher Scientific
Sigma Aldrich

Sigmal Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldric

Sigma Aldrich

Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
Gibco

Gibco



Ethanol, absolute

Ethidium bromide
Ethylenediaminetetraacetic acid (EDTA)
Film

Formaldehyde

Formanide

G418

GeneRuler 1 kb DNA Ladder
Glo Lysis Buffer

Glycerol

Glycine

Heat Inactivated FBS

HEPES

HEPES (Tissue culture
HyClone Trypsin 0.25% (1x)
Hydrochloric acid (HCI)
Hydrogen peroxide
Kanamycin sulphate salt
L-Azidohomoalanine
L-Cysteine

Luciferin

Luminol

Magresium chlorate

Methanol

Minimum Essential Medium NeBssential Amino Acids
MOPS

NP-40 (NonidetP40)

Opt-MEM
Phenol:Chloroform:Isoamyl Alcoh(25:24:1)
Polyethylenimine (PEI)
Potassium acetate

Potassium hydroxide
Rely+0On Virkon

RiboLock RNase Inhibitor
RNA secure

RNTPs (Ribonucleotide triphosphates)
Rubidium chloride

Sodium acetate 3 hydrate
Sodium ascorbate

Sodium chloride (NaCl)
Sodium deoxycholate

Sodum hydroxide

Superfect transfection reagent
SYBR Safe

49

Thermo Fisher Scientific
Sigma Aldrich
Sigma Aldrich

Thermo Fisher Scientific
Sigma Aldrich

Melford Laboratories lc
Thermo Fisher Scientific
Biotium

Thermo Fisher Scientific
Sigma Aldrich

Gibco

Sigma Aldrich

Gibco

GE Healtbare Life Sciences
Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Jena Bioscience

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
Gibco

Sigma Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

DuPont

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Qiagen

Invitrogen



SYBR® Safe DNA gel stain
TEMED (Tetramethylethylenediamine)

Trimethoprim
Tris Base

Trig3-hydroxypropyltriazolmethyl)amin

Triton %100
Tryptone

Tween 20

Yeast Extract

I -Mercaptoethanol

Table 2-1 Reagents and manufacturers.

BamHI

Bglll

Clal

Cpol(Rsrll)

EcoRI

Hindlll

Mfel

Miul

Mung Bean Nuclease
Phusion HF

Pmel

Pvul

Spel

T4 DNA ligase

T7 DNA polymerase
Tag DNAolymerase
Xbal

Xhol

Table 2-2 Restriction enzymes and manufacturers.

New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
New England Biolabs
New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific

2.3 PLASTIC WARE

Invitrogen

Thermo Fisher Scientific
Sigma Aldrich

Thermo Fisher Scientific
Jena Bioscience
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Melford Laboratories Ltd
Thermo Fisher Scientific

All plastic ware was purchased from Thermo Fisher @&entific, with the exception of 1.5ml

microfuge tubes, which were purchased from Sarstedt.

2.4 PLASMIDS USED IN THISTUDY

G418 resistant pPSGRJFH1 replicon constructs were kindly donated by Takaji Wakizate et

al., 2004), while pSGRJFH1luc replicon constructs were originally donated by John

McLauchlan (Targett-Adams and McLauchlan, 2005)These replicons express a HCV sub
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genomic replicon based upon the Japanese Fulminate Hepatitis (JFH1) isolate. All pFK5.1
based constructs were generated from oes previously generated in the group but which
originate as a gift from Ralf Bartenschlage(Herod et al., 2012) These plasmids express a
sub-genomic replicon derived from the Conl isolate of HCV. pCDNA3.1 (Invitrogen) and
pSuper (Oligoengine) are commercial vectors. pLVTHM, psPAX2, and pMD2.G, originall
generated by the Trono Lal{Naldini et al., 1996) were purchased through Addgene.

2.5 BACTERIAL CULTURE

2.5.1 LURIA BERTANI (LB) MDIUM

Escherichia coli (E. di) were gown in Luria Bertami (LB) media prepared by dissolving 10 g/l
Trypton, 5 g/l Yeast Extract and 5 g/l Sodium Chloride in distilled water. This was autoclaved
for 15 minutes at 121°C and stored at room temperature. An appropriate antibiotic was

added immediately prior to use.

2.5.2 LB-GLYCEROL STOCKS

For long term storage glycerol stocks of bacteria were produced by adding 500 pl of 30%
(v/v) Glycerol to 500 pul of overnight culture, to a final concentration of 15% glycerol (v/v).

Glycerol stocks were therstored at-70°C.

2.5.3 LB AGAR

LB Agar plates were used to isolate singlE. colicolonies. To produce these 15 g/l Agar was
added to LB media and autoclaved. The agar was cooled to 40°C and appropriate antibiotic
added. The cooled agar was then poured into gitic Petri dishes. The plates were transferred
to a laminar flow hood to solidify and dry. Plates were stored upside down at 4°C until

needed.

2.5.4 AMPICILLIN

Ampicillin (Sodium salt) was dissolved in dHO at 50 mg/ml and filter sterilized using a 0.2

micron filter. Aliquots were then stored at-20°C. The working concentration was 100 pg/ml.

2.5.5 KANAMYCIN

Kanamycin (Sulphate salt) was dissolved in diD at 10 mg/ml and filter sterilized using a 0.2

micron filter. Aliquots were then stored at-20°C. The working concatration was 50 pg/ml.
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2.6 ESCHERICHIA COLI (EOLI)

Escherichia coli (E. coliused in this study are listed below, alongside their genetic
background(Table 2-3).

F endAl,ginvV44,imz NBO! m> NBf ! MI HmEINA pplEpvAR S
51 ph ArgF)U169, hsdR17¢KKY b & X <
F, endAl, ginv44,tn s NBO! mX 3J&INNBpc >0 NBY OHedRES [
STBL2 Y NN X <
Table 2-3 Strains of E. coliused in this work and their genetic background

2.7 GROWTH OF E. COLI

, ENOEA AOI OOOAO 1 £ AT OE. cBivete typically brédwn $ LB medi®) OO A |
supplemented with appropriate antibiotic, at 37°C, shaking at 200 rpm, for 18 hoar
However, cells transformed with either pSGR JFH1 or pFK5.1 plasmids, were instead grown

for 24 hours at 30°C to overcome plasmid stability issues.

Single colonies were produced by streaking onto L-Bgar plates supplemented with an

appropriate antibiotic . Plates were then incubated at 37°C for 18 hours.
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2.8 COMPETENT CELLS

Conpetent cells were preparedby inoculating 1.2 ml of an overnight culture of naivee. coli
into 120 ml of LB media in a 1 | conical flask and growing with agitation at 37°C until it
reached an Optical Density (ODyo of 0.38. The culture was incubated on ice for 15 minutes
before being centrifuged at 3000 g for 10 minutes at 4°C. Pelleted cells were-seispended in
40 mls of ice cold Transformation Buffer 1 Table 2-4) and re-centrifuged at 3000 g for 10
minutes at 4°C. The pellet was then rguspended in 4 ml Transformation Buffer 2 Table 2-4)
AT A OO1 OAA A0 -8p°@ mntil required.l ENOT O AO

Transfamation 30mM Potassium Acetate, 1M Calcium Chlorate, 56M Magnesium

Buffer 1 Chlorate, 1000M Rubidium Chloride, 15% Glycerol, pH 5.6 using acetic ac
Transformation 10mM MOPS, 75M Calcium Chlorate, 10mM Rubidium Chloride, 15%
Buffer 2 GlycerolpH 6.5 using Potassium Hydroxide

Table 2-4 Buffers used in the generation of c ompetent cells.

2.9 TRANSFORMATION

To transform competentE. coli2 pl of DNA solution was added to 50 pl of competent cells in a
1.5ml microfuge tube on ice, and incubated for 20 minutes h€ transformation was then heat
shocked at 42°C for 50 seconds, before being returned to the ice for a further 10 minutes. The
transformed bacterial were transferred to 450 pl of LB media and incubated at 37°C for 1
hour to allow recovery. 150 pl of this vas then plated on LB Agar supplemented with

appropriate antibiotic, and grown as above.

2.10 ISOLATION OF PLASMIDNA

Plasmid DNA was extraction from bacterial culture using a Miniprep kit (Thermo Fisher
Scientific) following the manufacturers recommendationsBriefly, bacteria from an overnight
culture were pelleted by centrifuging at 5000g for 15 minutes and resuspended in 250 pl re
suspension buffer before being transferred to a 1.5 ml microfuge tube. A volume of 250 pl of
lysis buffer was added and the dation mixed by gentle inversion, followed by the addition of
350 ul of neutralising buffer and further inversion. The resulting cell debris was pelleted by
centrifuging at 16,000 g for 10 minutes. The DNA containing solution was passed through a
spin column which was then washed twice with 500 ul of wash buffer; centrifuging at 16,000
g for 2 minutes between each step. Residual ethanol was removed by centrifuging the column
a further time before it was transferred to a fresh microfuge tube. Bound DNA wasuged by

adding 50 I elution buffer, and centrifuging at 16,000 g for 2 minutes. DNA concentration

54



was determined using a Thermo Fisher Scientific Nanodrop 100 Spectrophotometer. DNA

was stored at-20°C until used.

2.11 RESTRICTION DIGESTINOOF DNA

DNA digesion was performed with between 500ng and 5 pug of DNA, in reactions ranging
from 10-100 pl. Each digestion was performed in a buffer appropriate to the restriction
enzyme used, such that a minimum of 50% enzyme activity was maintained. Al Zatio of
enzyme (units of activity) to DNAj t @43 used during overnight digestions, while &:1 ratio
was usedfor digestions between 14 hours.

2.12 DNA LIGATION

All DNA ligation was performed in 10ul reactions using 1x T4 Ligase Buffer. In a typical 1Qul
reaction, 5-10 femtomoles of vectorDNA was combined with a 5fold excess of insert, Jul of
10 x T4 Ligase Buffer, and 10 units TDNA This was then incubated at room temperature

overnight.

2.13 PHENOL CHLOROFORM EXACTION

Phenol Chloroform was used to remove protein from DNA samples. An equal volenof
Phenol Chloroform was added to the DNA, and the two phases mixed by vortex, before being
centrifuged at 16,000 g for 10 minutes. The upper aqueous phase, containing the DNA, was
carefully transferred to a clean microfuge tube, where an equal volume ahloroform was
added; once again being mixed thoroughly by vortex. The tube was then centrifuged at
13,000 g for 10 minutes. The DNA containing aqueous phase was extracted and transferred to

a fresh microfuge tube.

2.14 ETHANOL PRECIPITATIO

To purify DNA, 1/10t volume of 3M Sodium acetate and 2 volumes of 100% ethanol was
added to the DNA sample. This was vortexed to mix thoroughly and incubated-&0°C for 30

minutes before the DNA was pelleted by centrifugation at 16,000 g for 30 minutes. The
supernatant was extracted and the pellet washed in 50 pl of 70% ethanol. The pellet was then

dried and re-suspended in UHQ
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2.15 POLYMERASE CHAIN REAION

Amplification of DNA by Polymerase Chain Reaction (PCR) was achieved using Phusion
polymerase (Thermo Fischer Scienfic). All PCR reactions, unless stated otherwise, contained
1-5 ng of each template, X Phusion High Fidelity Buffer, 0.5 Units Phusion Enzyme, 0.5 pM
primers, and 0.8 mM dNTPs, in a 50 pl reaction. Each step of the reaction was performed at
specific temperatures as described inTable 2-5. Prior to heating PCR mixtures were stored
on ice and the thermocycler preheated to 98°C. Initial denaturation of the template DNA was
achieved by heating to 98°C for 2 minutedt the start of each cycle this was repeated for 15
seconds to once again denature the template. To allow annealing of the primers to the
template the temperature was lowered to 54°C for 30 seconds. The elongation temperature
for all reactions was 72°C, lthough the length of this step varied depending on the length of
template to be replicated, typically 1 minute per kb. Typically 20 cycles of denaturation,

annealing, and elongation were performed followed by a final 10 minute elongation at 72°C.

Initial Melting 98 120
Template Denaturation 98 15
Primer Annealing 54 30
Primer Elongation 72 60 perkb
Final Elongation 72 600

Table 2-5 Standard conditions used for PCR using Phusion HF.

2.16 GEL ELECTROPHORESIS

Gel electrophoresis was used to separate DNA fragments, determine purignd assess
recovery of DNA. Agarose was added to A Tris-Acetate EDTA buffer (TAE) Table 2-6)
typically to a concentration of 0.7% (w/v), and heated to boiling point in a microwave. This
was cooled to approximately 50°C before 0.% SYBR Safe (Invitrogen) was added. The
agarose was then poured into a gel casting tray, prepared with an appropriate condmd
allowed to cool and solidify. Once solidified, the gel was overlaid with TAE buffefgble 2-6)
and the comb removed. Samples to be run were mixed withX.Loading Buffer Table 2-6)
and loaded into the wells alongside Generuler 1 kb ladder (Fisher). A potential difference of
40 V was applied acrosshe gel until the loading buffer had migrated approximately two
thirds of the way down the gel. The gel was then visualised using a BioBDigéM 2UV

Transilluminator (UVP), set at a wavelength of 302 nm.
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2429/l Trisbase, 18.ay/l Ethylenediaminetetraacetic acid, 5.7%
50 X TAE Acetic Acid
6 X Agarose Gel Loadin 305mM Glycerol, 25mM Ethylenediaminetetraacetic acid, 0.01%
Buffer (diluted in UHQ) bromophenol blue
Table 2-6 Buffers used in DNA gel electrophoresis.

2.17 PURIFICATION OF DNAROM AGAROSE

DNA was retrieved from agarose gels using a Thermo Fisher Scientific GeneJet Gel Extraction
Kit (Thermo Fisher Scientific). If DNA was to be extraed from the gel, it was run for no more
than 1.5 hours, and a blue light filter was used during visualisation to prevent Ultra Violet
induced mutation. The desired DNA bands, made visible by the use of a Dark Re@d¢Clare
Chemical Research), were exasl from the gel using a scalpel, and transferred to a 1.5 ml
microfuge tube. The excised agarose slice was weighed and a volume of DNA binding buffer
equal to the mass of the agarose was added (100 ul of DNA binding buffer was added to a 100
Ug slice of agrose). To melt the agarose fragment, it was heated to 65°C for 10 minutes. Once
melted the agarose and binding buffer were transferred to a spin column, bound, and washed
with 700 pl of wash buffer, centrifuging at 16,000 g for 2 minutes after each steResidual
ethanol was removed by centrifuging the column dry for 2 minutes. The spin column was

transferred to a fresh microfuge tube and the DNA eluted into 25 pl of elution buffer.

In cases low of DNA vyield, an alternative method was utilised to purify DNfrom agarose

using phenol. As above DNA to be extracted was excised from the gel and transferred to a 1.5

ml microfuge tube. This was then frozen at70°C for a minimum of 10 minutes. The gel slice

was macerated using a clean pestle, and frozen once morEhe maceration process was
repeated until a fine slurry was produced. This was weighed and an equal volume of phenol
solution added. The microfuge tube was vortexed to mix and centrifuged at 13,000 g for 10
minutes. The aqueous layer, containing the DNMas then transferred to a fresh microfuge

tube and an equal volume of chloroform added. This was once again vortex and centrifuged at
13,000 g for 10 minutes. The purified DNA, located in the top aqueous was extracted and
purified by ethanol precipitation8 4 UPEAAI 1T U OEA $.! xAO Al OOAA

2.18 T7 TRANSCRIPTION REA'IONS

To generate an excess of template DNA 5 ug of plasmid was linearized using an appropriate
restriction digestion and any overhangs left by digestion were removed using nmg bean
nuclease (New England Biolabs). Linear DNA was then purified by Phenol Chloroform

extraction and ethanol precipitation, and eluted into 20 ul UHQ. To confirm recovery and
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POOEOU 1T &£ OEA $.! p t1 1T £ OEEO xA@dudell i Aa30OAA AU
pl reaction using a T7 polymerase (Thermo Fisher Scientific) in £ T7 Polymerase Buffer

(Thermo Fisher Scientific). The remaining 19 pl of DNA recovered from the ethanol
precipitation, 10 ul 5x T7 Polymerase Buffer, 2 ul RNA Secure and.Z% pl DEPC kD were

heated to 60°C for 10 minutes before 40 units of T7 polymerase, 50 units RiboLock RNase

inhibitor (Thermo Fisher Scientific) and 8mM rNTPs were added, and the reaction incubated

at 28°C for between 10 and 24 hours (overnight). To degde the remaining DNA, 2 | it

units) of DNAse | (New England Biolabs) was added, and the reaction incubated at 37°C for

30mins.

2.19 RNA CLEAN UP

After the transcription reaction, RNA was purified using an RNA Clean & Concentrator Kit
(Zymo Research) by folloving the general procedure provided by the manufacturer. 104l of
buffer was added to each 52 pl transcription reaction, and pipetted up and down to mix,
followed by 156 pl 100% ethanol. The sample was transferred to a Zyr#®pin™ column and
centrifuged at 16,000 g for 2 minutes, and 400 URNA prep buffer was passed through the
column. The bound RNA was then washed in, first 700l, then 400 ul, RNA wash buffer,
centrifuging between each step The RNA was eluted into 2x 30 ul RNAse free UHQ,

transferred to a clean RNAse free screw cap tube, and stored 20%C.

The concentration of the recovered RNA was determined using a Thermo Fisher Scientific

Nanodrop 1000 Spectrophotometer.

2.20 RNAGELELECTROPHORESIS

To determine the quality of RNA recovered after a tragcription reaction it was run on a3-
morpholinopropane-1-sulfonic acid MOPS formaldehyde gel. 0.32g of agarose was added to
3.5ml 10 x MOPS buffer Table 2-7) and 29.5 ml DEPC treatedwater, and heated in a
microwave to melt the agarose. This wasansferred to a fume hood and cooled to roughly 50
X before 2ml of formaldehyde was added into the solution mix The resulting MOPS

formaldehyde gel was pourednto a gel casing unit prepared with a comb, and allowed to set

in the fume hood. Once the gel had set it was overlaid withXUMOPS buffer. 2.5l of each
sample to be run was added to 7.l RNA loadingbuffer (Table 2-7) and heated to 88C for 5
minutes, before being loaded into the gel. A potential difference of 40V was applied across the
gel for a period of 2 hours. The results werevisualized using a BioDocIT™ 2UV

Transilluminator (UVP), set at a wavelength oc802nm.
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5.869/l EDTA, 41.8/ MOPS, 6.8 Sodium acetate 3 hydrate, pH 7.0 usin
10X MOPS Buffer Sodium Hydroxide
MOPS
formaldehyde 240> f  Craide 60> f XWOPS Buffer, 87f C2 NX | {>RS Ke
Loading Buffer Bromophenol blue25> f 3 f & &l Ethidium Bromide
Table 2-7 Buffers used in RNA gel electrophoresis.

2.21 EXTRACTION OF PROTEFROM ADHERENT EURANOTIC CELLS

To extract protein, cells were washed with sterile PB&nd trypsinised. The cells were
transferred to a 1.5 ml microfuge tube and pelleted by centrifuge at 2500 g at 4°C for 5
minutes. The cell pellet was washed in ice cold PBS and the cellsuspended in 50100 pl

of RIPA buffer Table 2-8) supplemented with 2x Complete Protease Inhibitor. To pellet the
nuclei and cell debris the lysates were centrifuged at 16,000 g at room temperature for 1
minute. The supernatant containing the cytoplasmic protein was collected and stored at
20°C.
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25mM TrisBasepH8, 150mM Sodium Chloride. 0.1% SDS Sodium
RIPA Buffer deoxycholate, 1% NP40,
Table 2-8 Composition of RIPA buffer.

2.22 BCA ASSAY

A Bicinchoninic Assay (BCA) was perfored using a kit from Pierce (Pierce) to determine to
concentration of protein within cell lysates. A 2 pl sample from each lysate was mixed with 8
ul of sterile PBS in one well of a 96 well plate, alongside known albumin standards ranging
from 5 pg/ml to 0.25 pg/ml. 100 pl of a 50:1 mixture of BCA Reagent A and BCA Reagent B
was added to each well, and the plate rocked for 30 seconds to mix. The plate was then
incubated at 37°C for 30 minutes, before being read at 570 nm using a BRAD iMark™
Microplate Reader. The absorption readings of the albumin samples were used to generate a
standard curve and the absorption of the protein samples compared to this to determine

concentration.

2.23 SDS PAGE

Protein was separated based on size by (Sodium dodecyl sulphate yarylamide gel
electrophoresis (SDSPAGE), using a 10%eparating gel and 3% stacking gel. The separating
layer was produced first (Table 2-9), poured, overlaid with 0.1% SDS, and allowed to
polymerize. Once the separating layer had polymerized, the 0.1% SDS was removed and the
stacking layer (Table 2-9) poured on top. Wells were produced by insdéing a 15 ul well comb
into the still liquid stacking layer and allowing it to polymerize. Once both gels had
polymerized the gel unit was inserted into an SD8AGE tank, and both the top and bottom
reservoirs filled with running buffer (Table 2-9). Equal amounts of protein, alongside 5 pl
PageRuler Prestained Protein Ladder (Fermentas), were boiled in X SDS Page Loading
Buffer (Table2-9) and loaded onto the gel. A potential difference of 180 V wapplied across

the gels until the bromophenol blue dye had reached the end of the gel.
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4 X Stacking Gel

Buffer 0.5M Tris Base, 0.48 Hydrogen Chloride, pbl8

4 X Separating

Gel Buffer 1.5M Tris Base, 0.28 Hydrogen Chloride, pBi8

1 X Stacking Gel 3.2ml dH20, 1.2%nl 4X Stacking Gel Buffer, 50f M /E: n{I %> n
(5ml) acrylamide, 25 f ! * f{ ¢ 9a 95

1 X Separating  2.03ml dH20, 1.2%nl 4X Separating Gel Buffer, 50t ™ x: MIBYIE
Gel (5ml) acrylamide, 25 f ! *f{ ¢ 9a 95

2X SDS Page 250> f R u>hfX Stagking G8uffer, 200> f %avBS, 206 f Df &
Loading Buffer 100> f-mércaptoethanol, 56 f n®mM: . NRY2LIKSy2f ¢

Running Buffer 3 g/l Tris Base, 144/l Glycine, 0.1% SDS
Table 2-9 Buffers used in SDS Page.

2.24 WESTERN BLOTING

For immunoblotting, protein was transferred from an SDSPAGE gel onto Polyvinylidene
Fluoride (PVDF) membranes, using a Thermo Scientific Owl HEPSemidry transfer unit. A
membrane of appropriate size was briefly wet in 100% Methanol, and then incubed for 2
minutes in Transfer buffer (Table 2-10). Meanwhile, the polyacrylamide gel was removed
from the SDSPAGE apparatus and the stacking layer removed, and incubated in Transfer
buffer for 2 minutes. 2 sheets of extra thick blotting paper (Biorad) were pravetted with
Transfer buffer. The mentrane was placed on one sheet of blotting paper, and the gel place
on top of this, with the second piece of blotting paper over this. Air bubbles were removed by
gently compressing using a 10 ml pipette. The transfer was then arranged into the transfer
unit with the membrane positioned toward the anode, with relation to the gel, and the anode
plate was secured. A potential difference of 15 V was then applied to the transfer unit for
between 4590 minutes.

Post transfer the PYDF membrane was incubated in BrBuffered Saline (TBS)Table 2-10)
supplemented with 0.1% (v/v) Tween 20 (TBST) for 2 minutes. To block norspecific
binding, the membrane was then incubated, rocking, for 1 hour, in TBSsupplemented with
10% (w/v) powdered milk. The membrane was then washed 4x 5 minutes in TBST, and
sealed within a plastic bag containing 2nl TBST + 5% (w/v) milk powder and appropriate
primary antibody (Table 2-11). This was inculated rocking at room temperature for 1 hour,
or at 4°C overnight. The membrane was once again washed for 4 x 5 minutes in IB%nd
then incubated in TBST + 5% milk powder and an appropriate secondary antibody
conjugated to horseradish peroxidase (HRP)T@ble 2-11), rocking for 1 hour at room
temperature. The membrane was washed 4 x 5 minutes in THS and exposed to a 50:50
solution of enhance chemiluminescence 1 and 2 (ECL1 and ECLZgl{le 2-10), for 1 minute.

Excess ECL was removed and the membrane sealed in plastic.
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To visualize the blot, film was exposed to the membrane in the dark. After an appropriate

exposure time the film was developed and fixed.

Transfer Buffer 3 g/l Tris Base, 144/l Glycine, 0.1% SDS, 1% Methanol
20X TBS 24.2¢9/l Tris Base, 87.4/l Sodium Chloride, pH 7.5
Blocking Buffer 1x TBS, 0.1% Tween 20, 10% Milk powder
17.7ml dHO, 200> f mM laminol in DMSO, 88t / 2 dzY |
ECL1 in DMSO, 2nl 1M Tris HCI (pi8.5)

ECL 2 18 ml dHO, 12> f %oHydrogen peroxide,ral 1M Tris HCI (pl8.5)

Table 2-10 Buffers used in western blotting.

D2+ G hDCt Serotec 1/2000
a2dzaS h D!t Chemicon International 1/2000
a2dza$S h1l ! Biolegend 1/2000
a2dzaS h ae& O NewEngland Biolabs 1/2000
a2dzS hb{ o Biofront 1/1000
az2dzaS h b{ p Giftfrom Dr. Tim Tellinghuissen 1/2000
wl 006Ad9 h! { Abcam 1/1000
wlk G hCfl 3 Biolegend 1/1000
wl { -proteip Gift from Prof. Rick Randall 1/1000
{ KSSLJ h b{ p Gift from Prof. Mark Harris 1/5000
Streptavadin HRP Thermo Fisher Scientific 1/2000
haz2dza$S | wt SigmaAldrich 1/2000
hwl 006AdG | w SigmaAldrich 1/2000
h { KSSLJ | wt Sigma Aldrich 1/5000

Table 2-11 Antibodies, manufacturers, and dilutions used in western blotting .

2.25CELL CULTURE

All HCV replicon work was conducted using Huh7.5 and Huh7 cell lines. Huh&lls are an

immortalised endothelial cell line derived from a cellular carcinoma tumour. These cells are

widely used for the ability to support HCV replicon infectioras first shown by Lohmannret al

(Lohmann et al.,1999). Huh7.5 cells are derived from Huh7 and demonstrate improved

ability to support HCV replicon infection(Blight et al., 2002) This cell line was generated by

curing a HCV replicortransfected Huh7 celsAU D OT 11T 1T CAA Agbi OO60A O1 ) &. 1 8
cell line was slown to be highly permissive to subsequent replicon transfections, supporting

higher levels of RNA replication without the need for additional selectionThis improvement

is thought to be due to a single point mutation within the Retinoic @d-inducible gene |,

which detects dsRNASumpter et al., 2005) Together with the low level of Toltlike receptor
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3 expression reported in Huh 7 cellgLi et al., 2005) it has been suggested thathis limits the

activation of innate antiviral processes thereby promoting replicon replication.

Human embryonic kidney293 T cells (HEK293T) are a human kidney cell line that has been
transformed to express the large Tantigen. These cells were used when large amounts of
protein was required, as they have been shown to support high levels of expression of

heterologous protein expression.

B3Z cells are a Tcell hybridoma cell line generated in the Edd James group. These cellg ar
able to detect a mouse albumin peptide SL8 when presented by a mouse Major
Histocompatability Complex (MHC) class 1 moleculeH@K). Detection of SL8 activates the
AGPOAOGOETT T &£ A 1AA: C A1 AdgaladtoBidageE Thig cad then & A
detected by the addition of chlorophenolredf3-D-galactopyranoside (CPRG), and monitoring

the colour change at 5951m.

All cells were grown at 37°C in 5% C@ Huh7.5 and Huh7 derived cell lines were grown in

$01 ARAAAT 60 -1 AEEZEAA %ACI A -AAEOI j%$-%-Qq j'E,
Serum (Gibco), Ix Non-essential Amino acids (Gibco), 50 units/ml penicillin and 50 pg/ml
streptoil UAET ' EAAT 8 (%+cwod AAIT T O xAOA |1 AET O/
additionally supplemented with 25 mM HEPES.

B3Z cells were maintained in Roswell Park Memorial Institute medium (RPMI) supplemented

with 10% Foetal Bovine Serum (Gibco), 1xNoessntial Amino acids (Gibco), 50 U/ml
DATEAEITET uvn ACTil OOOADOIT I UAEmercaptodthandll Qh ¢ v

2.26 TRANSFECTION OF PLM$D DNA INTO EUKARYDC CELLS

Polyethylenimine (PEI) was used to introduce plasmid DNA into both Huh7.5 and HEK293T
cells. At least 24 hours prior to transfection 4x 105 cells were seeded into 6 well plates. On
the day of transfection these were washed with sterile PBS and each well was given 2 mls of
media. To sterilize the DNA for transfection it was pasteurized bincubating at 65°C for 20
minutes. For each transfection, 2 ug of plasmid was mixed with an appropriate volume of PEl,
and made up to 200 pl in 15 OmM NaCl. In HEK293T cells 3 pl of PEI was used for each 1 pg of
DNA while in Huh7.5 cells 3.5 pl of PEI wassed for each 1 pg of DNA. The resulting mixture
was vortexed and incubated at room temperature for 20 minutes before being added to the
cells in the 6 well plates. To prevent toxicity from PEI, 48 hours post transfection the

transfected cells were given fesh media.
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2.27 ELECTROPORATION

RNA transcripts were introduced into Huh7.5 cells using a BiRad Gene Pulser set at 270 V
and 960 uF. Huh7.5 cells were detached from the flask using trypsin, washed twice in-add
Diethyl Pyrocarbonate (DEPG}reated Phosphate Buffered Saline (PBS), and yguspended in
DEPCGPBS at a concentration of X 107 cells per ml. 400 pl of this was then added to 2 ug of
appropriate  RNA, pipetted up and down to mix and transferred to a prehilled
electroporation cuvette. Cells wereelectroporated and resuspended in 6ml of appropriate

media.

2.28 REPLICON REPLICATIOASSAYS

Replication assays were carried out to determine the impact of modifications to NS5A on the
replication of HCV replicons. Replicon RNA was electroporated into Huh7.8lls as described
above and the resuspended into multi well plates; either 500 pl of resuspension into 6well
plates, or 150 pl of resuspension into 12well plates. The cells were then incubated under
standard conditions. After 4, 24, 48, or 72 hours #h cells were washed in PBS and lysed in
either Passive Lysis Buffer, or Glo Lysis Buffer (Promega). Cells in av@ll plate were lysed

in 150 ul of buffer, while cells in a éwell plate were lysed in 300 pl.

Replication was determined by luciferase assayo detect the activity of the Firefly luciferase
marker present in the replicon RNA. 40 pl of lysate was combined with 100 ul of Luciferase
Assay ReagentTable 2-12) and the activity read using a Luminometer. Badings were taken

twice and the mean calculated. These were then made relative to the 4 hour reading.

To provide a comparison each replication assay also included a positive replication control
(luc), in which no modification had been made, and a negativeplication control (lucGND),

in which the GDD motif of the viral polymerase, NS5B, is mutated to kneolat function.

p on > a ¢t > nTn >a -
Luciferase Assay Reagent Enzyme A
80mM Tris, 15 mM MgSD0.4 mM EDTA, 133.

(4 X) Luciferase Assay Buffer mM DTT. (#17.8)
Table 2-12 Composition of luciferase assay buffer.

2.29 COLONY FORMADN ASSAY

Colony forming assays were performed to allow both the observation of replicon replication,
and the selection of stable replicon containing cells for further work. Replicons carrying a

Neomycin Phosphotransferase gene (Neo), were electroporatechtdo Huh7.5 cells as

64



described above, and a viable cell count performed. 10104 or 1 viable cells were then
seeded into the wells of a 6 well plate, with each well supplemented with untransfected cells
to a final concentration of 2x 105 cells per well 48 hrs post transfection the media was
supplemented with 650 pg/ml G418 to begin selection. This was replaced every 3 days until

visible colonies had formed.

In the case of replication assays, colonies were washed in sterile PBS and fixed in 100 pl of
100% methanol incubated at-20°C for 20 minutes. Fixed colonies were then stained with

Coomassieblue prior to counting.

To generate stable cell lines colonies were trypsinised and +®uspended in fresh media, and
seeded at an appropriate cell density. Trariscted cells were selected by inclusion of 650
tcril "tpy OIOGEI AiTTiTEAO xAOA /& Oi AAh AEO
expanded. These cell lines were maintained under selective pressure by the inclusion of 250
pg/ml G418 in the growth media.

0.1%Coomassidlue, 30% Methanol, 10% Acel
Coomassiblue acid
Table 2-13 Composition of Coomassie Blue Stain

2.30 B3Z ASSAY

Antigen presentation was monitored by use of a B3Z assay, developedchouse by the James
group. SL8 is an 8 amino acid peptide which can be presented by a mouse MHC class |
molecule H2K). A T-cell hybridoma cell line called B3Z generated in housejs capable of
recognising presented SL8 bound td12K on the cell surfaceof co-cultured cells. Recognition

of SL8 by B3Z cells leads to the expression thie lacZzgenech OAOOI OET ¢ ET- OEA
galactosidase. This can be detected by the addition of chlorophenolrgdD-

galactopyranoside (CPRG) and measuring the colour change at 598.

Huh7.5 cells being testedvere plated into 96 wells plates forming a 1/2 dilution series from

105 cells per well to 7.8125x 102 AAT 1 6 PAO xAl1 AT A ET AGAAOA
appropriate media to allow attachment.Each dilution series wasproduced twice, and an
additional well seededat 105 as a comrol. Once the Huh7.5 cedl hadattached, 16 B3Z cells

were added to each well, apart from the control, and the plates incubated under standard
conditions for 12 hours. The platesvere then centrifuged at 500 x g and the media aspirated.
pmT t | wagalided to each well and theplates incubated at room temperaturefor 24

hours before beinganalysed using a plate readeto measure light absorptionat 595 nm.
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2.31 LENTIVIRAL TRANSDUGQODN

Stable expression of genes in Huh7.5 cells was achieved using Lentiviral transduction as
described U $EAEAO 4 QNaldihiéeOal., Cla@die)@mgure 2-1). Oligonucleotides
encoding USP19 targeting shRNAs were cloned into the lentiviral vector (Addgene), which
overexpresses the shRNA and GFP in an inducible manner. Expression is regulated by KRAB

repression system controlled by tetracycline/doxycyclire (Figure 2-2).

2 x 106 HEK293T cells were plated onto 10 ciplates and incubated overnight to allow

adherence. 5 pug of pLVTHM carrying the desired gene was then transfected into these

alongside 3.75 pg psPAX2 @klgene) and 1.5 pg pMD2.G (Addgene), using Superfect

OOAT OEZAAOCET T OAACAT O j1EAcCAT qh A TI1TxETC 1 AT OEAAOOD
were combined into a total 300 pl of OptMEM (Thermofisher), mixed by vortexing, and 60 pl

of Superfect trarsfection reagent added. DNA:Superfect complexes were mixed gently by

pipetting and incubated at room temperature for 20 minutes. The reaction was quenched

with 2 ml DMEM+10% (v/v)FBS which was pipetted onto freshly washed HEK293T cells. The

HEK293T cells vere incubated at 37°C and 5% GQdor 3 hours in the transfection media

before replacing this with 6ml fresh media. Cells were then incubated for 48 hours under

standard conditions.

24 hours after the transfection of the HEK293T cells, 2105 Huh7.5 cellswere seeded into 3

wells of a 6 well plate, in 3 ml, in preparation for transduction.

48 hours post transfection the media containing the lentiviral particles was removed from the
transfected HEK293T cells and replaced with 6 ml fresh media. The media waentrifuged at
2000 g for 15 minutes to pellet any cells or cell debris, and the supernatant containing the
lentiviral particles extracted. This was added to the media of the Huh7.5 cells, in a 1/2
dilution; 4.5 mls of lentiviral media was added to the 4.5ml of media remaining on the
Huh7.5 cells. Huh7.5 cells were then centrifuged at 220fpm, 37°C for 90 minutes, and

incubated under standard conditions. 24 hours later the transduction was repeated.
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Gene of

: VSV-G : : Interest : Gag / Pol / Rev / Tat :

Figure 2-1 Schematic of the lentiviral transduction protocol. (1) Transfection of
plasmids expressing the Vesicular stomatitis virus envelope protein (VSVG), gene of
interest, and the lentiviral packaging and integration genes (&, Pol, Rev/ Tat) into
HEK?293Tpackaging cells(2) Formation of lentiviral particles carrying a lentiviral
plasmid expressing the gene of interest(3) Transduction of the Huh7.5 cells with
lentiviral particles. (4) Transcription of lentiviral particle DNA, expressing the gene
of interest into RNA.(5) Reverse transcription of lentiviral sSRNA into dsDNA(6)
Integration of lentiviral DNA carrying the gene of interestinto chromosomal DNA.(7)
Expression of gene of interest.
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—— - Tet-KRAB

Constitutive expression of dsRED

- and tet-KRAB KRAB
- Repressor

KRAB
Repressor

Suppression of GFP and shRNA
expression by KRAB repression of
promoters

KRAB
Repressor

Sequestering of tetR-KRAB fusion

Doxycycline
protein by doxycycline

Expression of GFP and shRNAs
GFP . @DETOIDIDT

Figure 2-2 Schematic of the KRAB repression system. (A) The tet-KRABfusion

protein and the dsRed fluorochrome, introduced during a separate lentiviral

transduction, are constitutively expressed (B) In the absence ofdoxycycline the

tetR-KRAB fusion protein binds to thetetO gene upstream of the H1 promoter. This

causes epigenetic silencing of promoters within approximately 3kb, including both

the H1 promoter that regulates expression of the gene of interest (ShRNAgs well as

OEA %&py DOI i i OAO OACOGFEQD Ince Résdncdoh OEAO CAT A
tetracycline tetR is prevented from binding to thetetO gene. This sequesters the

KRAB repressor away from the DNA, allowing expression of both thgeene of interest

and the maker.
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2.32 FLOW CYTOMETRY ANLCECL SORTING

Sorting and analysis of cells expressing fluorescent proteins was achieved using a FACS Aria.
Cells were washed in PBS before being detached from the flask by trypsin. They were then
washed in ice cold PBS and fsuspended in PBS + 10% (v/v) FBS to be used for analysis.
Viable Huh7.5 cells were selected using Forward (FS&) and Side (SS®@) scatter, and from

this population 100,000 cells were acquired that expressed the desired fluorescent marker.
Sorted cels WOA AT 11 AAGAA ET $O01 AAAAT 8O0 -1 AEEEAA

10% Foetal Bovine Serum (Gibco).

2.33VIABLE CELL COUNT

A haemocytometer was used to determine the viable cell density of cells held in suspension;

o t1 T &£ AATT OOQPAT{OEITN £ xAOUBMAIAAARI @A AT A |
Al x18 4EA EAAITAUOIT I AGAO xAO 1T AAAA xEOE opr
under a microscope. Unstained cells were considered viable, and were counted. In each count
two 1 mmz grid were countedwith the total multiplied by 104 to calculate the cell density per

ml.

2.34 PULSE CHASE

Huh7.5 cells carrying JFH1 replicons were pulse chased to study the impact of domdin
truncation on the stability of NS5A. The cells were labelled with-Azidohomoalanine(L-AHA),
a nucleotide analogue that can be incorporated into protein in place of methionine:AHA

carries an azido moiety that can be detected by click chemistry, described below.

Prior to the pulse chase, Huh7.5 stably transfected with HCV replicons veeseeded into 6

well plates and incubated until they reached a confluence of approximately 80%. These were
briefly washed in a starvation medium termed DMEM ATable 2-14), lacking methionine, and

then incubated n fresh DMEM A. After 30 minutes DMEM A was removed and replaced with
DMEM B (able 2-14), a starvation media supplemented with LAHA for labelling purposes.

The cells were then incubated in DMEM B for 4 hours. taf labelling DMEM B was replaced

with complete DMEM and the cells were chased for 0, 1, 2, 3, 4, or 8 hours. To harvest the
pOoi OAET h OEA AAI1 O xAOA xAOEAA ET OOAOEI A o

The cells were then resuspendin850t 1 1T £ AT 1 b1 AOA 1 AAEAh AAA&EN O
g, for 3 minutes at 4°C. The cell pellet was washed in ice cold PBS and centrifuged again for at
cunmnm Ch A O o | ETOOAOG AO tJ#8 41 1UOA OEA A/
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buffer, (Table 2-14), and centrifuged at 16,000 g for 2 minutes at 4°C. The supernatant was

collected and stored at70°C.

DMEM A DMEM¢CysMet), 48mg/l Cysteine
DMEM({CysMet), 48mg/I Cysteie, 0.7mg/ml L-
DMEM B AHA
50 mM HEPES (pH4), 150mM NacCl, 1% (v/v)
Click Lysis Buffer Triton X100

Table 2-14 Buffers used in Click Chemistry

2.35CLICK CHEMISTRY

To visualised proteins which had been labelled for yse, the incorporated L-AHA was

biotinylated by click chemistry. Click chemistry reagents were added sequentially, with the

reaction vortexed briefly between. To each 1 ml of lysate was added freshly made stock

OT1 OGETTO T AN pn  WEGAE (GBI (jcrdd" M ADUIT AT AT £ Yo8w
EUAOT gUDPOI bUI OOEAUT T Ul T AGEUI QAT ETA j4(041' qh c¢m t1
ATA ¢m t1 T &£ w8w I Ccril 31T AEOI ! OAT OAAOGA . Al OAQS

rotator at 4°C overnight.

2.36 METHANOL PECIPITATION

OOET O O1 DBOI1T AT xT DOl OAET xAO DPDOOEAZEAA AU |1 AGEATTI
xAO AAAAA O1 AAAE pnmn (1 1T &£ POI OAET OAiI PI Ah O O0AQ®
C &£ 0 v OAATTAO8 4EAT p nnowab adeddvorfeling bnd® puhgdi AT A onm
in between. Afterwards samples were cenifuged at 9000 g for 1 minute tobring the

precipitated protein down on the interface between the two solutions that had formed. The

OPPAO PEAOA xAO ABOOAAOA Rhmethdnd added Sépestwe® omnmm (1 1
gently mixed, being careful to avoid breaking up the sheet of precipitated protein, and

centrifuged at 9000 g for 2 minutes. The supernatant was extracted and the protein pellet-re

suspendedi tm t1 T & vmn %wh)SDE Oncé tie(pele bad successfully bee

re-O00PAT A xom t1 T &£ 1UOEO AOAEAAO xAO AAAAA O1 AEI 0O

2.37 PULL DOWN

Pulldown was achieved by two methods, one using magnetic beads, SureBédd®8iorad),
and one using agarose beads, Streptadin Sepharose High Performance (GE Healthcare).
7EAT OOET ¢ 1 Aci A Osudpendcll AeAdd was msed in eadh glldowdn. Prior to
use the beads were washed three times in 1ml PBS supplemented with 0.1% (v/v)Tween 20
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(PBST), magnetising and disarding the supernatant between each wash. The beads were

then reeOOODAT AAA ET-4 ¢AInl {tAOERA3 p tCc 1T &£ Al OEAT .,
temperature for 30 minutes. The beads were washed three times in PESand re-suspended

ET cum t1 1 Abel® beddiBEcLbatédAdtabrig Atlloom temperature for 2 hours

or at 4°C overnight. The supernatant was extracted and the beads washed thrice in PBS o

elute the bound protein the beads were re OOD AT AA A xBDS PAGE Lpading®Buffer
(Table 2-9) and incubated at 70°C for 10 minutes. The beads were then magnetised and the

Loading Buffer collected. Results were visualised by western blot.

When pulling down protein using biotin Streptavadin Sepharose HighPerformance (GE
(AA1T OEAAOAQ AAAAO xAOA OOAA8 "AAAO xAOA 00OI1 C
of beads were required for each pulldown. Prior to pulldown the beads were washed twice in

v t1 T A& #1 wbld-14), WD OOOAERAB A} AO A uvnpkp 01 00
AAAAA O1T AAAE c¢mnm 1 1T &£ bOi OAET OAI PI A xEE/
temperature for 2 hours. To pellet the beadssamples were centrifuged at 16,000 g for 2
minutes, and the supernatant extracted. The beads were washed a further two times in click

lysis buffer and reOOOD AT A KISDSIPAGH Lbadipg BuffeTgble 2-9), before being

boiled for 10 minutes. The tubeswere then centrifuged at 16,000 g for 2 minutes and the

supernatant carrying the protein harvested. Results were visualised by Western blot.

2.38 STATISTICAL ANALYSIS

Luciferase assay datdrom individual experimental groups within a single experiment wa
normalised to the signal obtained4 hour post transfection. Subsequently, these data were
used to calculate mean +/ SEM values for graphical displayDifferent replicons were
compared by unpaired Ftest on the mean of the normalised 48 hour time poiniSignificance

was determined using a P value of 0.05
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3 RESULTS CHAPTER-IMMAPPING THE ACTIVITOF DOMAIN
1l RESPONSIBLE FORESCUING NS5A FROM
DESTABLISATION DOMAIINDUCED DEGRADATND

3.1 INTRODUCTION

The work detailed below will examine a novel role for domai Il in protecting NS5A from

targeted degradation.

3.1.1 DESTABILISING DOMABN

Experimentally controllable protein degradation has recently been made possible through
the development of destabilizing domain (DD) fusion partners. Destabilising domains,
generally consist of a protein that has been mutated to be unstable, and which can convey this
instability to a conjoined protein. This instability typically results in an unfolding event
within the DD triggering degradation of the DD and the conjoined protein bycellular
processes. Importantly however, thanstability can be reversed by the presence of a suitable

ligand, which will bind to and stabilise the DO0Banaszynski et al., 2006)

The earliest used DDs are those bad upon the human FK506 and rapamycinbinding
protein (FKBP12) (Banaszynski et al., 20086) Prior to the development of the DD system,
FKBP12 had been widely studie@nd a phenylalanine to valine mutation had beerdentified
that destabilised it through the formation of a destabilising cavityfClackson et al., 1998)This
mutation, however, could be stabilised by the presence of a ligand carrying complementary
OA QI b O dhich iApdréntlys was both specific to the mutant and nortoxic. A library of
FKBP mutants were cloned intoYellow Fluorescent Protein(YFP, and tested to identify
those which showed reduced YFP in the absence of a ligand. Further testing of these was the
used to identify those that displayed a dynamic response to the addition of the stabilising
ligand, Shield1(Banaszynski et al., 2006) This system was shown to be usable both vitro,

andin vivo.

The same esearchers went on to develop an alternative DD, one based upon a mutant form
of E. coliderived dihydrofolate reductase (DHFR)Iwamoto et al., 2010) DHFR was selected
for screening dueto the existence of a number of highly specific inhibitors. One of these,
trimethoprim was known to be biologically silent within human cells, as it had previously be
shown to preferentially target E. coliDHFR (Matthews et al., 1985) Similar to the FKBP
approach, error prone PCR was ugkto generate a library of DHFRmutants that were

expressedas YIP proteins. These were then analysed to identify variantshich exhibited low
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protein levels in the absence of TMP, large dynamic range, robust and predictable does
response béraviour, and rapid kinetics of degradationlwamoto et al., 2010). One key benefit
of DHFR over FKBP is ready availability of the TMP ligandaking the system cheaper to use.

Other reported destabilising domains include: one based on UnaG, that in the presence of
bilirubin is both stabilised and fluorescent (Navarro et al., 2016) and one basd on the

oestrogenreceptor (Miyazaki et al., 2012)
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3.2 PREVIOUS WORK

Previous work done within the group had attempted to visualiselte replication complex (RC)
formed by genotype 2a JFH1 replicons using a novel strategy. Replicon constructs were
modified such that a mutant, Dihydrofolate Reductase (DHFR) destabilising domain and a
green fluorescent (Clover) tag fusion protein were intoduced into domain Il of NS5A
(Figure 3-1). The expectation was that in the presence of a ligand, Trimethoprim (TMP), the
DHFR domain would fold into a tight, stable conformation, allowing its conjugated NS5A
partner to be available for incorporation into the replication complex. In the absgce of TMP,
however, the DHFR domain would sample a miwlded state, and become ubiquintinated,
resulting in the proteasomal degradation of itself as well as any other protein domain
attached to it. It waspredicted that the restricted access host proteis have to preexisting
replication complexes would prevent degradation of NS5®HFRClover within them upon

TMP withdrawal, thus allowing these compartments to be selectively visualised.

In initial experiments the DHFRClover cassette was introduced intdawo locations within
NS5A expressed from a standard bicistronic replicon. One position was internal to domain lI

of NS5A (pSGRJIFH1*lucN&B(DHFRClover@2394)) a location well documented to be
suitable for foreign insertions(Jones et al., 2007b, Moradpour et al., 2004, McCormick et al.,
2006). The second location was at the carboxyl terminus of NS5A (pSGRJFH1*lueNS3
5B(DHFRClover@2442)) Figure 3-1). The impact that the DHFRlover domain had on viral
OAPI EAAOETT xAO OEAT OAOOAA ET OEA DPOAOAT AA

DHFR | Clover

HCV IRES EMCV IRES 3'UTR

Figure 3-1 Schematic of subgenomic JFH1-based replicons expressing a NS5A-
DHFR-Clover fusion Protein . The HCV IRES within the 6 %dves translation of
the firefly luciferase reporter while an EMCVIRESdirects translation of the N3-5B
replicase.Positioning of the DHFRclover coding region is either within domainlil of
NS5 (pSGRJIFH1tcNS35B(DHFRQover@2394)) or at the carboxyl terminus
(pSGRJIFH1cNS35B(DHFRQover@2442)). For this latter construct the DHFR
clover cassette is flanked either side by the last 8 carboxyl terminal residues of
NS5AiIn such a way so as to erde cleavage away fronNS5Bbut prevent cleavage of
DHFRclover away from NS5A.
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When stabilised by the presence of TMP both DHFR carrying replicons resulted in identical
increases in luciferase activity over the first 48 hours, with levels of luciferas activity
decreasing slightly after this. In contrast, the luciferase activity in cells transfected with a
polymerase defective control construct (lucGND) diminished from 4 hours onwards. This is
consistent with both constructs being capable of robust refation, albeit at a slightly
reduced level compared to a comparable control replicon lacking the DHFRRover insert. In
the absence of TMP however, it was evident that the positioning of the DHiERover insert
dramatically influenced the results. Whilstboth replicons demonstrated impaired replication
when TMP was withdrawn, the 2442 replicon demonstrated a degree of recovery after 48
hours not seen for the 2394 replicon. This experiment was subsequently repeated as part of
the work done for this thesis EFigure 3-2), the results being identical to those described above.

The different replication profiles the two replicons exhibited upon the withdrawal of TMP
suggested that NS5A domain Il might harbour a novel tigity; one that conveyed stability to
the polyprotein under conditions where protein turnover was enhanced. It was hypothesized
that insertion at the 2394 site had disrupted this activity, hence the failure of the construct to
replicate upon TMP withdrawd. The purpose of the rest of the experiments in this chapter
was to confirm the existence of this activity and map key residues within domain IlI

responsible for this protective phenotype.
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Figure 3-2 Replication of p SGRJFH1luc replicons carrying a DHFR-clover
cassette either internally (@2394) or at the carboxyl -terminus (@2442).

Huh7.5 cells were transfected with the JFH1 replicons carrying the appropriate
insertion alongside a positive replication control (luc) or a replicatio deficient
control (luc GND). @lIs were then incubated in the presence (A) or absence (B) of
10 uM TMP, lysed 4, 24, 48, or 72 hours post transfection and replicon replication
monitored by luciferase assay. Results represent mean values from a siegassay,
but which are consistent with those observed in identical assays carried out before
the start of this project.
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3.3 LARGE SCALE DELETIGDF DOMAIN 11

To investigate further this potential role for domain 1l in counteracting the effect that TMP
withdrawal had on replication, pre-existing bicistronic luciferase replicons, previously
generated by Dr Chris McCormick, were used that contained deletions within domain 1lI,
centred on the initial 2394 insertion site (positions relative to the JFH1 genomeaccession
number AB047639Kato et al., 2001). These deletions were between residues 2328354,
2354-2404, and 24042435 (Figure 3-3), their positioning chosen because a prior study had
shown that these deletions were tolerated and the resulting NS5A proteins exhibited
differential binding to Ubiquitin Specific Protease 19 (USP19), an interaction that was of
potential relevance to the current observationgPichlmair et al., 2012, Appel et al., 20083ee
results chapter 2). Each deletion was introduced in the replicon carrying the DHFRover

insert at position 2442, to allowartificial regulation of NS5A stability using TMP.

To determine the effect that these deletions had on viral replication, these constructs were

transfected into Huh7.5 cells alongside a replicon carrying the DHFR cassette at the same

position but with no deletion. Additional controls included the polymerase functional (luc)

and dysfunctional (lucGND) replicons expressing luciferase but lacking the DHiRover

insertion in NS5A. Replication was monitored over 72 hours in the presence and absence of

10 uM TMP (Figure 3-4). In the presence of TMP all DHFRIover replicons, including those

with deletions in NS5A, exhibit enhanced luciferase activity compared to the polymerase

defective control at 24 hours post transfection and onward. This is consistent with them

beingAAl A OF OADPI EAAOCA8 )1 Oxi 1T £ -OehAt AAT AOBkKrt AT T OC
2435, there was a minor drop in activity relative to the DHFR@2442 construct, suggesting

that the deletions are having a negative impact on replication. This effect becamegore

AGEAAT O ET OEA AAOGATAA T &£ 4-0n xEEI A OEA 3¢gocy OA
similar of the full length construct, the other 2 deletion replicons showed aignificant drop

after 48 hours. The fact that the latter two deletions inhibited recovery from DHFR

destabilisation is consistent with a role for these regions of NS5A in protecting viral proteins

from degradation.

To characterize further the effect that these deletions have on the stability of the virus, the
above transcripts were transfected into Huh7.5 cells which were then exposed to
concentrations of TMP ranging from 1QuM to 0.001uM. After 48 hours the cells were lysed
and a luciferase assay performed to monitor replicationKigure 3-2C). As before, deletion of
the 2328-2353 region of domain Il appeared to have little impact on replication as the
3 ¢ 0-23p3 replicon was able to generate peak luciferase activity with only 1puM TMP,
OEi E1 AO O OEA xEI A OUBMNM-2484 rephoori sha@ved#iriclea®elOOAT U OEA
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sensitivity to TMP withdrawal, showing levels of replication lower than the control at all

times and not reaching peak levels below the maximum dosage of TMP. While the previous
data had suggested that deletion of aminocids 2404-2435 caused a negative impact on
OAPI EAAOCETTh EO AAIT71 OOOAOAA ET AOAAOA235 OAOH
OAPI EATT OAAAEETI ¢ DPAAE OADPI EAAOEIT AO OEA OA
replicon. Together these data suggeshat the key amino acids or structures of interest spans

these two deletions but that the 23542404 region is more influential.

A
DHFR |Clover
Domain Il
Domain Il NS5B
/LCS2 QPP DPD DQ
2442
B
DHFR | Clover
HCV IRES EMCV IRES 3'UTR

Figure 3-3 Schematic of the pSGRJFH1lucconstructs carrying the 3 large
deletions in NS5ADomain Ill . (A) The distribution of the 3 large scale deletions
within domain lll. (B) The pSGRJFH1*luc(DHFRClover@2442) Replicon construat. |
white are the 5 amino acid residues surrounding these deletions.
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Figure 3-4 Replication of pSGRJFH1*lucNS35B (DHFRClover@2442) replicons.
Huh7.5 cells transfected with JFH1 replicons containing deletion of between 25 to 50
amino acids within domain Il were grow in the presence (A) or absencéB) of 10

UM TMP and analysed for luciferase activity 4, 24, 48, and 72 hours post transfection.
(c) Huh7.5 cellstransfected with the JFH1 replicons were incubated for 48 hours in
media supplemented with between 10 and 0.00uM TMP before Replication was
monitored by luciferase assay. Data represents the mean <+standard error of 3
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experiments.s 2 ADOAOGAT OO A OECI EZEZEAAT O AEAZEAOAT A
unpaired T-test.

3.4 20AA DELETION REPLWTION ASSAYS

Having demonstrated that intact NS5A domain Il is capable of protecting viral replicons from
presumed DHFRdirected degradation of this protin, and identified 2 large regions of
domain Il that are seemingly involved, smaller deletions were introduced into domain 11l to
allow finer mapping of this activity. Seven overlapping 20 amino acid deletions were
introduced into NS5A, spanning residues2354 and2435 within the JFH1 polyprotein
(Figure 3-5). These deletions were introduced into a pSGRJFH1*lucNS3
5B(DHFRClover@2442) template, as described in the appendi8.{) Using the newly
generated, constructs replication assays were performed in the psence and absence of TMP

to determine the impact each of the 20 amino acid deletions had on replicatioRigure 3-6).

Based on the luciferase activities seen all 7 constructs replicated at a similar level to the
control DHFRclover construct lacking deletions, confirming their ability to replicate. In the
absence of TMP, however, six of the seven replicons, covering residues 2354 to 2415,
demonstrate a drop in replication compared to the WT control, although thigvas slight and
far more modestthan that seen using the larger NS5A domain Il deletion construct®f these,
one shows a significant difference to the control, whilst the other 5 trend towards
significance.Overall these results suggest that none of thexsregions deleted plays a greater
role than the others, and it is likely that the protection conveyed by NS5A is a product of a
larger region of the protein, such that the 20 amino acid deletions introduced are not severe
enough to impact replication whenthe DHFRNSS5A fusion protein is destabilised. The
deletion which had no impact on replication during TMP withdrawal lies towards the
terminus, spanning residues 24142435. This is consistent with the previous data, which
suggested that the 24042435 regon is less involved that the 25342404 (Figure 3-4).
Although it is not possible to determine key residues from these data, it was possible to

further narrow the region of interest to residues spanning position®2354-2415.
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Figure 3-5 Distribution of the 20 amino acid deletions introduced into NS5A
Domain Il (A) of the pSGRJFH1*luc(DHFRClover@2442) replicon (B) .
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3.5

INVESTIGATING WHETHETHE PROPOSEROLE FOR DOMAINI

EXTENDS TO GENOTYRE

All previous experiments had been performed in replicons derived from JFH a genotype 2a

strain of HCV, selected due to its high level of replication. However, HCV exists in 7 distinct

genotypes, demonstrating a tgh degree of diversity within NS5A domain Il Figure 3-7).

This raisedthe interesting question of whether or notthe protection afforded by domain llI

being observed in JFH1 may bgenotype specific Particularly due to the presence of an

approximately 20 amino acid insertion within domain Ill in genotype2 sequences. These

additional amino acids consist of residues 2402425 and thus partially overlap with the

sequence previously determined to be involved in countering DHFR induced degradation.

40

AT OxAO OEEO NOAOOETI

-2008 AleletdriN el Midodukdd nto I £ OEA

pFK5.1 a culture adapted replicon based on thgenotype 1b strain Conl (accession number

AJ238799 (Lohmann et al., 1999). Based on an alignment of 20 strains, representing

genotypes 16, the equivalent deletion was considered to represent residues 2352400 of

the Conl sequenceRigure 3-7), and this was therefore introduced into pFK5.Conlneq see

appendix8.2.
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RRERT-VVLSESTVSSALAELATKIF¢SSESSA---VDSGTATASPDQ-PSDDG-DAGSDVESY3ISMPPLEGEPGDPDL 1

DGSWSTVSEEA-SEDVVCC
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RRRRI-VGLSESTISEALQOLAIRTFGQPPSSGDAGSSTGAGAAESGGPTSPG-EPAPSETGSASSMPPLEGEPGDPD!
RRRRA-KVLTQDNVEGVLREMADKVL! Y 4

.P |RRRRA-RVLIQDNVEGVLREMADKVLSPLODINDSGHSTGADTGGDSVQQPSG-ETAASDAGSLSSMPPLEGEPGDPD!
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SDQVELQPPPQGGGVAPGS
FEPVGSAPPSEGECEVIDS
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PEQVEHPAPPQEGGAAPGS
PGPVEQEPSPPGGEAAPGS
SGSVEYHPSSQEGEAAPDLI

G3WSTCSEEDDS--VVCC
GSWSTCSEEDDI--TIVCC
KSWSTVSDQEDS--VICC
KSWSTVSDQEDS--VICC
GSWSTCSDVDD3--VVCC
GSWSTCSDEGDS--VICC
GIWSTCSEEGGS--EVCC

RRERT-IQLDGSNVSAALAALAFKSFPSSKPQEENSS33GVDTIQSSTTSKVPPSPGGESDSESCSSMPPLEGEPGDPDLS

CDSWSTVSDSEE-QSVVCC

RRRRI-IKLDGSNVSAALLALAERSFPSTRKPEGIGIS33GVGTESTAESGDSPETGEESDVESYSSMPPLEGEPGDPDLD

RRERT-IVLSESTVSKALASLAEKSFPQPTCSAEDESTSGVGTIQSGSLIGPVQLDDDDSDNESHSSMPPLEGEPGDPDLS
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RRERL-VHLDESTVSRALAQLADKVEVEGSSDPGPSSDSGLSITSPDPPAPTTPDDACSEAESYSSMPPLEGEPGDPDLS

RRERL-VHLDESTVSHALAQILADKVEVESSNDPGPSSDSGLSITSPVPPDPITPEDAGSEAESYSSMPPLEGEPGDPDLS

3-7 Sequence alignment of NS5A Domain IlIl. The green

DSWSTVSDSEE-QSVVCC
ADSWSTVSDSEE-QSVVCC
SGSWSTVSG-EE-QSVVCC
SD3WSTVSG---SEDVVCC
SGSWSTVSDE---DSVVCC
SGSWSTVSGE---DNVVCC
SGSWSTVIDQ---DDVVCC
SGSWSTVSDE---DDVVCC

box represents the
3 ¢ 0 {404 truncation in JFH1 whilst the Blue box represents the equivalent

3 ¢ 0 12400 truncation in conl.The red box indicates the 20 additional amino acids
present in genotype 2 isolates.
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3.6 CON1 NS4B/5A BOUNDARMUTANTREPLICATION ASSAYS

The inclusion of the Conl replicon in the study opened up the possibility of targeting NS5A
for degradation via two different means. The first was use of DHFR, as had been employed in
the JFH1 replicon, but the second derived from a study looking at how cleavage rate at the
NS4B/5A boundary impacted on genome replication Importantly for the purpose of this
investigation, it was found that artificial NS4B/5A boundaries could be engineered into the
Conl genome that maintained replication while changing the aminterminal end of NS5A to
including ones that would be expected to destabilize the protein due to the-&hd rule (Herod

et al., 2012) The N-end rule states that the stability of a protein is a product of its Nerminal
amino acidGonda et al., 1989) Therefore, as an alternative to the inclusion of a DHFR
domain, Conl based constructs were employed that made aisof NS4B/5A boundary
mutations to destabilise NS5A. These constructs carried either a wild type (PG/SGS) or
mutated boundary predicted to increase NS5A degradation (SV/QGG), in the context of either
A £011T 1 AT COE | 7 4-z2400) domaih D Fighrd BA. Ahe joaumdary mutant
constructs were generated by cloning the NS5A, frompFK5.1Conlneo and
pFK5.1Conlne® ¢ 62400 into a pFK5.1Conlluc and pFK5.1ConlLucSV/QGG vectors
(Herod et al., 2012JAppendix 8.3).

To determine the impact of domain IIl status on the replication of NS4B/5B boundary
mutants, RNA transcripts generated from the plasmid clones describedbove were
transfected into Huh7.5 cells alongside GND negative controBnd incubated for up to 72

hours (Figure 3-9). The pFK5.1ConlLuc construct served as the positive control.

In replicons expressing full length NS5Anutation of the 4B/5A boundary had no impact on
replication, with both the pFK5.1Conllucand pFK5.1Conlluc(SV/QGQ&)onstructs replicating

to a similar level as the control. This confirmed that the mutation in combination with an
intact domain 11l is tolerated, as had been reported previously. Conversely mutation of NS5A
domain Il proved to be lethal, resulting in a drop in luciferase activity irrespective of the
status of the NS4B/5A boundary and comparable to that seen for the polymerase defective
control construct included in the assay. It is not clear why truncation is tolerated by JFH1
replicons but not Conl. One possibility however, could be due to variations in replication
between the two isolates. Conl replicons replicated far less robustly than theildFH1

counterparts, which when coupled with the truncation, could cause a fatal drop in replication.
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pFK5.1Con1Luc(SV/QGG)
A2354-2400 SV QGG

2354 2400
A2354-2400 PG SGS
2354 2400

pFK5.1Con1Luc(SV/QGG) SV QGG

pFK5.1ConlLuc

HCV IRES EMCV IRES 3'UTR

Figure 3-8 Schematic of the pFK5.1ConlLuc constructs carrying either a wild
type or destabilising NS4B/5A boundary and either a full length of truncated
NS5A Domain Ill. . In white are the amino acid residues surrounding the NS4BA
boundary, with PG/SGS representing the wild type boundary and SV/QGG
representing the destabilising boundary.
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Figure 3-9 Replication of p FK5.1luc replicons carrying either a wild type or
mutant NS4B/5A boundary and either a full length or truncated NS5A  Domain
m.p&+v8p#i 1 pl OAh D& 2408, pEKE.LGoh1DEIV¢QEG)tand
D&+u8p#i 1 pl OAj 32800 transcflmscwere electroporated into Huh7.5
cells. After 4, 24, 48, or 72 hours theswere lysed in 1x Passive lysis buffer. A
luciferase assay was used tdetect replication of the replicons. Data represents the
mean of 2 experiments.
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3.7 CON1 DHFRCLOVEROLONY FORMING ASSaY

To allow artificial control of NS5A stability, pFK5.1 construts were also generated carrying
the DHFRClover insert, from pSGRJFH1*lucNSBB(DHFRClover@2442), introduced at the
equivalent position, @2419. To block cleavage of thBHFRClover insert from the mutant
NS5A, the final cysteine of NS5A was converted in® proline. As in the JFH1 replicons
cleavage of NS5B away from the NS5A fusion protein was facilitated by placing a duplicated

copy of the final 8 residues of NS5A after DHFRlover.

Initial plans had been to use luciferase based constructs similar to tli#-H1 assays described
previously, as cloning of the DHFRRontaining Conl replicons had been undertaken alongside
the generation of the NS4B/5A boundary mutant constructs. However, because preliminary
data from the NS4B/5A boundary mutant constructs indicagd that Conl replicons were
intolerant of domain Il mutations, such that no signal was visible during transient
transfection, it was decided to instead use a more sensitive colony forming assay the
DHFRClover experiments. As such the DH¥fefover insert was cloned into pFK5.1 constructs
expressing Neomycin phosphotransferase from the upstream ORF in place of the firefly

luciferase (Figure 3-10) (Appendix 8.4).

These pFK5.1Conlneo constructs containing the DHFR insert werghen used in a colony
forming assay to determine the impact of domain Il truncation on the replication of
pFK5.1Conl replcons. Transcripts of pFK5.1ConlnedDHFRclover@2419) and
pFK5.1Conlneq $ ( &2 Al T OA O 9 ©@40p weles tcaosteated into Huh7.5 cells and
seeded into 6 well plates. These transfected cells were then placed under selective pressure
using650f C¥ 1 1 ' tow ¢oloyformétion.

Although both replicons formed colonies in the presence of TMPFigure 3-11), the
DHFRclover@2419 construct showed an approximate ild increase in colony numbers
AT T PAOAA 012400 indicatmg;timbtire deletion is having an impact on replication.
When incubated in the absence of TMP, neither replicon yielded colonies at a higher rate than
the polymerase knockout control, suggesting a lack of replication. It is therefore possible
that the combined effect of inserting of the DHFRIlover cassette and destabilising it by

withdrawal of TMP was sufficient to fully inhibit replication.

This increased susceptibility to TMP withdrawal is most likely due to the decreased
replicative potential shown by Conl. As mentioned previously Conl is known to be less
permissible to growth in cell culture than JFH1 and this decreased fitness likely limits what

modifications can be supported. Whatever the reason, it was felt that the dramatic difference
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in colony formation between pFK5.LonlnedDHFRclover@2419) and
pFK5.1Conlneq $ ( &2 Al T OA 09 @400 im he wresanae of TMP would complicate
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to enhance rates of tageted protein degradation through decreasing TMP concentrations.

A
DHFR | Clover
Neo
HCV IRES EMCV IRES 3'UTR
B
DHFR | Clover
Neo
2354 2400
HCV IRES EMCV IRES 3'UTR

Figure 3-10 Schematic of the pFK5.1Con1l replicon ¢ onstructs carrying the
DHFR-clover insert @ the C-terminus . (A) pFKConlnedDHFRCbver@2419).
(B)pFK5.1Conlneg $ ( &2 #1 1 OAO9 ¢HMPOw 3 ¢ oL T
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pFK5.1Con1Neo(DHFRclover@2419)
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pFK5.1Con1Neo(DHFRclover@2419)

A2354-2400 +TMP | ~40 cfu/10*

transfected cells

pFK5.1Con1Neo(DHFRclover@2419) ol
-TMP |
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pFK5.1Con1NeoGAD
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Figure 3-11 Colony formation by pFK5.1Conl replicons carrying a DHFR -clover
cassette. pFK5.1ConlnedDHFRclover@2419) and

pFK5.1ConlnedDHFRclover@ 1 p w ( 3-246Wtmnscripts were electroporated
into Huh7.5 cells in the presence or absence of 1M TMP. Transfected cells were
then seeded at 16, 104, or 103, cells per well. 48hrs post transfection the cells were
put under selective pressure usingg50 pg/ml G418. After 3 weeks colonies were
stained with Coomasie blue and counted.Data represents a single assay
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3.8 SUMMARY

NS5A remains a focus of much research, and in recent years has become an attractive target
for HCV drug development. This is dowro the myriad of functions that NS5A serves during

an infection including being involved in genome replication, virion formation, and evading
the immune response. It makes sense therefore that HCV would invest in protecting this

protein.

Whilst it had been expected that destabilising the fused DHFR would lead to rapid
degradation of NS5A, and therefore a complete lack of replication, as in the case of the
pSGRJIFH1*lucNSBB(DHFRclover@2394) replicon , the ability of the pSGRJIFH1*lucNS3
5B(DHFRclover@2442) to recover provided an interesting avenue of research. The
differential response to TMP withdrawal that the two replicons show, suggests that domain
[l carries within it an activity that can counter the DHFR mediated destabilisation, one that
was interrupted by the 2394 insertion. Had the internal insertion been acting to destabilise

NS5A, one would expect this to impact replication even in the absence of TMP.

Having seen that domain Ill can counter the destabilising effect of a fused DHFR, further work
was undertaken to map which parts of domain Il are involved. As such 3 large mutations
were introduced into the domain, centred around the original 2394 insertion site. The idea
was to determine which deletions inhibited the recovery of NS5A from DHFR medial
destabilisation, and as such narrow down amino acids residues that might be involved. The
three deletions introduced were selected based on work from the Bartenschlager group
(Pichlmair et al., 2012) and so wee known to be tolerated under stable conditions. Under
destabilised conditions two of these deletions had a similar impact on replication as the 2394
insertion, in that they inhibited the recovery of the replicon upon TMP withdrawal. Using this
informati on it was possible to map the activity of interest to lying between residues 2354
2435.

Having identified this relatively large region, smaller 20 amino acid deletions were
introduced into domain 1ll, with the aim of mapping the activity better and ultimagly identify

key residues involved. As domain Ill most likely lacks enzymatic activity, because it is
unstructured, initial thoughts were that if key residues could be identified these would
probably represent contact points on domain Il involved in recre OET ¢ A OPOIT OA
protein. However, the fine mapping experiments met with little success. Although it was
possible to narrow down the region of interest to residues 2354415, any hope of

identifying key residues through this method was quickly losas each 20 amino acid deletion
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made into this region had only a slight detrimental impact on replication. Several scenarios

exist that could explain this finding.

Firstly, it remains possible that the protection conveyed by domain Il is due to the
recruitment of another protein, but that this is mediated by multiple contact sites spread
throughout the domain, rather than one major contact site. Those six 20 amino acid deletions
that did cause an impact may partially disrupt one of these contact sites,@aining the minor
drop in replication, but that this can be compensated for elsewhere. Secondlymay be that
the insertion and subsequent deletions were causing domain Il to be perceived by thellas
partially misfolded, an activity that alone is @ little consequence, but when combined with
DHFRdestabilisation impacts on replication. The smaller deletions would cause less
disruption to the domain, explaining why those constructs carrying the 20 amino acid
deletions caused only a minor drop in reptation. Alternatively there is a possibility that
domain Ill is protective but functions without the need for host protein recruitment and that
the activity observed is due to an intrinsic property of the sequence. The large deletions may
disrupt this essential sequence, explaining the correlation between the size of the deletion
and the drop in replication. In those replicons carrying the 20 amino acid deletions however,
sufficient sequencehomology remains to allow recovery, although with a small drop in

replication across the board.
These proposed models will be discussed in greater detail later.

Although finer mapping proved unsuccessful, the continued impact that modification of
domain Il had on replication during destabilisation is clear. In an effit to determine
whether or not the protective ability seen in JFH1 extends to other isolates and genotypes,
the equivalent of the 23542404 deletion was introduced into a Conl replicon. This was then
destabilised by mutation of the NS4B/5A boundary, to avid the use of DHFR. Presence of the
deletion proved lethal however, irrespective of the status of the NS4B/5A boundary.
Although previous data from the JFH1 replicons had shown evidence that deletions in NS5A
domain Il had a negative impact on replicatio, even under stabilising conditions this was
relatively mild. In the Conl replicons this was not the case, suggesting that domain Ill may be
more involved in replication than previously thought. It is perhaps worth noting that
published work looking at the role of domain 1l in genotype 1b replication has only ever
employed relatively small deletions(Tellinghuisen et al., 2008)or targeted relatively few
residues for alanine scanning mutagenesis in any one constru@himakami et al., 2004) This
situation is notably different for genotype 2 studies in which the whole of domain Il can be

deleted with only a minor impact on replication.
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Having observed that Conl was more sensi to truncation than JFH1, it was decided to
revert to use of DHFR to destabilize NS5And employ colony formation assays tagauge
OAPI EAAOGET 18 )1 OEA DOAOGAT AA -2L0E redicols yidlded E
colonies during the colony formation. Disappointingly however, neither Conl replicon
yielded colonies when TMP was withdrawn, showing that neither was able to ovesme the
impact of DHFR destabilisation. This is most likely due to the reduced rate at which Conl

replicons replicate.

Interestingly, despite domain Il being widely considered to be dispensable for genome
replicon in both JFH1 and Conl, the equivalent ¢he 2354-2404 truncation resulted in a
drop in replication, even under stable conditions. Whilst this does not indicate that domain Il
is directly involved in genome replication, it may indicate that domain Il is more important
for genome replication than previously thought, perhaps by maintaining NS5A stability even

under steady state conditions.

An important caveat to note is that all of these observations are based on luciferase assays,
measuring the activity of firefly luciferase expressed from a sepate openreading frame of
the replicons. As such this does not detediS5A stability or turnover directly, but rather
luciferase values serve as an indirect marker for both viral protein expression and viral

genome replication.

One alternative method thatcould have been implemented would be the use of Quantitative
Reverse Transcription Polymerase Chain Reaction (Q RT PCR). This would allow direct
monitoring and quantification of replicon RNA replication. However the setip to allow this

made it unfeasible requiring the purchase of a Q PCR machine and reagents.

A more direct method of detection would be tadetect NS5A by Western blotsimilar to that
described in Results Chapter 3. This would provide a semi quantitative itieod to monitor
NS5A stability. Uriortunately early attempts to detect various NS5A from the various
replicons were unsuccessful. Difficultiesaarose with the detection of both NS5A itself and the
inserted Clover peptideby antibodies. Two antibodies weretested,a mouse monoclonal, and
a sheep anttNS5A antisera Unfortunately both appeared to recognise an immunodominant
epitope in domain Il of NS5A, and as such were incapable of recognising NS5A carrying
various truncations. While this could had been overcome by blottiig for the Clover fision
partner, it would be insufficient to detect NS5A lacking this insertion. Furthermore there
remained a slight possibility that due to internal proteolytic cleave, the fusion partner could
be degraded during DHFRmediated destabilisation while sufficiert NS5A remained to fulfil a

replicative function.
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Another alternative would be to detect clover fluorescence by flow cytometry. GFP, of which
clover is a modified variant, has been shown to be a quantitativeeporter of gene
expressionSoboleski et al., 2005) and, & with western blotting, would therefore allow the
direct monitoring of NS5A turnover. However, several barriers prevented this.As with
western blotting, monitoring of clover could be hindered by the possible cleavage of the
DHFRlover domain. In addition, dthough flow cytometry apparatus was available during the
course of this work,the use of this includes a not inconsiderable cost, making extensive use
prohibitively expensive. Finally there are issues with practicality. Cells and fluorochromes
can suffer from deterioration post fixing. The replication assays covered a 72 hour period,
and it is possible therefore thatfluorescence of early time point samples could have

deteriorated somewhat before anajsis.
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4 RESULTS CHAPTERZINVESTIGATING POSSIEB
MECHANISMS BEHIND THRESCUE OF NS5A FR@HFR
MEDIATED DEGRADATION

4.1 INTRODUCTION

Previously discussed work has identified residues 2352415 of the JFH1strain as being
capable of rescuing replication wien NS5A is targeted for destabilisation. This chapter will
look at potential mechanisms that might contribute to this activity, as well as whether or not

this protection can extend outside of NS5A.

4.1.1 USP19

Work by Pichlmair et al has previously demonstrated that NS5A domain Ill forms an
interaction with human Ubiquitin Specific Protease 19 (USP19fPichimair et al., 2012)
Within NS5A this interaction was mapped to residues 2352404, and as such represents a

considerable portion of the region identified in this work as being capable of rescuing NS5A.

USP19 is a 14%Da deubiquitinase. As a deubiquitinase USP19 is a cysteine protease that
specifically cleaves ubiquitin from ubiquitin-conjugated protein substrates. Twomajor
isoforms of USP19 are known to exist, differing solely in the-@rminus. One isoform has a
transmembrane domain that has been reported to allowiit to be anchored to the ER
membrane, facing into the cytoplasnfHassink et al., 2009) The other isoform instead carries
an EEVD extension allowing it to interaction with tetratricopeptide repeats. Upstream of the
Cterminus is the deubiquitinase domain, which constitutes the majority of USP19. The
precise structure of this domain is not yet fully understood but it is known to also carry
myeloid translocation proteins 8, Nervy and Deafl motif(Hassink et al., 2009) that are
believed to mediate proteinprotein interactions (Gross and McGinnis, 1996)The Nterminal
region of USP19 carries two CHORD and SGT1 domafhassink et al., 2009) which are
thought to mimic p23, a cechaperone that gerates in conjunction of Heatshock protein 90.
The presence of these domains has led to the suggestion that USP19 might have some

chaperone ability itself, either alone or in complex with HSP9(Hassink et al., 2009)

Known roles for USP19 include the regulation of apoptosi§Mei et al., 2011) promoting cell
proliferation (Lu et al., 2009) recovery from hypoxia(Altun et al., 2012)and the regulation of
muscle myogenesis and atrophy(Wing, 2013). USP19 has also been shown to play a
regulatory role in type | interferon signalling (Gu et al., 2017) Of particular interest to this

work however is the ability of USP19 to rescue proteins from proteasomal degradation and
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Endoplasmic Reticulum Associate@ecay (ERAD) first investigated by Hassinkt al (Hassink

et al., 2009) In this work USP19 was observed to be capable of resegiboth cytosolic and ER
bound proteins, leading to increased abundance of proteins that would otherwise be rapidly
degraded. Furthermore USP19 expression was shown to be greatly enhanced during ER
stress, a state that HCV infection is known to caug&oyce et al., 2009)The previous findings
that USP19, a deubiquitinase, can interact with NS5A domain Ill, a protein known to be
natively unstructured, and that it is capable of rescuing proteins from proteasomal
degradation provided an attractive model for the role of domain Ill in rescuing NS5AISP19
may be recruited to domain Ill to promote deubiquitination of NS5A as a whole. In the
context of the DHFR constructs, the presence of USP19 is capable of counteracthmg
degradation induced by thedestabilising domain. In the absence of artificial destabilisation
the recruitment of USP19 by domain Il may serve to promote stability in response to other
factors, for example in response to increagkprotein turnover duri ng the IFN response. Some

of these potential benefits will be explored in a later chapter.
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4.2 USP19 SHRNA KNOCKDOW

To investigate this potential role for USP19 in NS5A rescushort hairpin RNAs(shRNA3Q
were generated thattargeted at USP19%nd the impact on both full length and truncated
replicons observed.ShRNAsare anartificial form of RNA interference similar to microRNAs.
Once expressed by either RNA polymerase Il or 1ll, sShRNA molecules $sfbridise forming a
hairpin structure. This is proces&d by Droscha and Dicer enzymes forming a small dsRNA
molecule. The antisense portion of this can then associate with an Argonaut protein, as part
of the RISC complex, allowing it to interact with complementary mRNA sequences and
suppressing translation inone of two ways In the case of perfect complementarity between
the shRNA and mRNA, #1 RISC complex cleaves the mRNA, or the case of imperfect
complementarity, the RISC complex represses translah of the mRNA. Both result inthe
knockdown of gene epression and are examples of post transcriptional gene regulation.
ShRNAs are capable of targjag both endogenous and exogenous genés this way, and as

such represent a versatile tool for transient gene silencing.

USP19 targeting shRNAswere designed usng Invitrogen Block-iT (Table 8-4), and
introduced into pSuper, a mammalian expression vectorlnitial attempts to confirm the
activity of these vectors to knockdown USP19 expression were hampered, however, by
difficulties detecting native USP19 by Western blot due to a low transfection efficiency; any
knockdown was masked by those cells not successfully transfected with an shRNA. To
circumvent this issue aplasmid was generated expressing aN-terminal V5 taggedUSP19 by
cloning V5-USP19 from an irhouse pCRBIlunt construct (itself generated by others in the lab
from a U219 expression vector (Addgene)into pCDN3.1(Appendix 8.5).

To test knockdown he pSuper plasmids carrying all 5 shRNAs, were transfected into
Hek293T cells alongside pCDNA3:¥5-USP19. A flagagged pFBMTEV construct was also
included to detect any difference in transfection efficiency that might occur leeen
experimental groups. After 48 hours the levels or VARSP19 and Flagagged TEV were
detected by Western blot (Figure 4-1). All cells transfected with a functional shRNA
demonstrated a drop in V5 expression glative to the pSuper control, indicating successful
knock down of USP19. No noticeable difference was seen in TEV expression, confirming that
what was being observed was indeed knockown rather than a reduction in transfection
efficiency. Reduced expressn of V5USP19 was most evident in those cells expressing
shRNAs 1, 2, and 3, and therefore it was these shRNA constructs that were selected for

further experimentation.
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Figure 4-1 Knockdown of USP19 by shRNAs. 4.5x 105 HEK293T cells were
transfected with 660 ng each of an shRNA expressing pSuper, pPCDNAY.$USP19,
and a FlagTEV expression plasmid. An empty pSuper was included as a knockdowr
control, and pCDNA3.1V5-USP19 and the FLAGEV were also transfected alone. 48
hours later the cells were lysed in 10Qul RIPA buffer with 1x Complete Protease
Inhibitor. Expression of USP19vas detected byWestern blotOOET ¢ AT | 6
to detect the N-terminal V5 tag and the Flag TEV control was detected using an
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Whilst transient transfection of the USP19 shRNAs using pSuper expression constructs had
proved effective it was not a viable vehicle for subsequent assays involvingeplicon
transcripts; sequential transfection of cells with both the shRNA vector and replicon RNA
would result in only a low percentage of double positive cells. As such lentiviral transduction
was used to generate Huh7.5 cell lines which would express tlemost functional ShRNAs in

an inducible manner, which could subsequently be transfected with HCV replicons. USP19
shRNAs 1, 2, and 3, were first cloned into pLVTHM using Bglll and Mlul, alongside a control
shRNA (shC) kindly donated by Dr Tilman Sanchdzsner. This control is regulated in the
same manner as the USP19 shRNAs but does not cause knockdown of any cellular proteins,

thus acting as a control for the impact of Lentiviral transduction.

Cells were transduced sequentially with two different lentivral constructs. The first
introduced a plasmid carrying the gene for a tetKrab repressor, to sypress the
subsequently introduced shRNAs alongside ds-Red fluorochrome to monitor transduction
efficiency. Fluorescence Activated Cell Sang (FACS) was usd to confirm transduction
success and select those cells expressing the highest levelgl®iRed and therefore the Krab
Repressor Figure 4-2). These cells were propagated and used in the second transduction.
This secondtransduction introduced the USP19 targeting shRNAs, or the control shC, and a
GFP reporter gene;expression of GFP indicates successful integration of the lentiviral
plasmid, and therefore of the shRNA/shCAfter the second transduction the cellsvere
incubated in media supplemented with 25t C¥ i 1 AT gUAUAT ET Ah O ET
both the shRNA genes and the GFP reporter. These were thensoeted to select out a
population of cells expressing both fluorescent markers, and therefore transduced with both
the TetKRAB repressor and shRN&enes Figure 4-2). The cells (Huh7.5 Krab shUSP19 C, 1,

2 and 3) were then maintained under standard conditions.

To confirm the ability of the shUSP19 cell lines to knock down endogenous USP19, the cell
lines were induced for between 1 and 5 days in the presence of 2ug/ml doxycycline, and
the impact on USP19 observed by western bloF{gure 4-3). To provide a control for direct
detection of USP19, Huh7.5 cells were s transfected with pCDNA3.4v5-USP19, and
incubated alongside the shRNA cell lines.

Over the course of the induction both the naive Huh7.5 and shC cells showed a slight increase
in the expression of USP19. This could indicate that doxycycline was induciagpression of
USP19, possibly due to a stress response. Irrespective of this all three cell lines expressing a
USP19 targeted shRNA demonstrated some level of knock down, although this varied in

intensity between cell lines. The most effective shRNA prodeonce again to be USP19
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shRNA3 which demonstrated the most dramatic and rapid drop in detectable USP19. Sh2
demonstrated a more gradual effect, while shl caused only a slight knockdown after the full 5

days. For this reason only the sh2 and sh3 cell lin@gere maintained.

Also during the induction the cells were visually monitored to look for signs of cytotoxicity.
None of the cell lines demonstrated dramatic change in morphology or cell death suggesting a

tolerance to both the shRNAs and doxycycline.

Note that the predicted band size of USP19 is approximately 14Da, however, all of the
blots show several bands with there being no clear major band of the expected size. Whether
these are posttranslationally modified USP19 or degradation products is unelar. However,
discussion with the manufacturer of the USP19 specific monoclonal antibody used in the
blots( [EPR14816]) (Abcam) confirmed that they knew it detected multiple species by
Western blot, but considered most of these to be USP19 specific based analysis using a
parental and USP19 knoclout cell line. Consistent with this viewpoint many of these bands

showed a visible reduction in their abundance upon antUSP19 shRNA induction.
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Figure 4-2 Expression of the fluorescent reporter genes introduced during

lentiviral transduction
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Figure 4-3 Detection of USP19
knockdown in SHRNA
expressing cell lines using
western blot . Huh7.5, shC,
Shi, SH2, and sh3 cells were
incubated for between 1 and 5
days in the presence of 2.5
pg/ml doxycycline and lysed in
RIPA buffer + 2x Complete
Protease Inhibitor. Expression
of USP19 and GRDH was
detected by western blot.



4.3 USP19 KNOCKDOWN RERIATION ASSAYS

To investigate the possible role of USP19 in the activity of NS5A domain lll, a replication
assay was performed in induced shC, shUSP29 and shUSP19 3 cells. pSGRIFH1*lucNS3
5B(DHFRClover@2442) and PSGRJIFH1*UcNG3 | $( &2 #1 1T OA 032408 1 ¢ Q3
replicons were transfected into shC, sh2, or sh3 cells which had previously been treated for 5
days with 2.5 ug/ml doxycycline. The resulting cels were then incubated in the presence or
absence of 10uM TMP, and replication of each replicon monitored over a 72 hour period
(Figure 4-4)(Figure 4-5). If USP19 was ideed playing a role it was expected that its
knockdown by the shRNAs would lead to sensitization of the full length NS5A to TMP
withdrawal, and that replication of full length replicons would be inhibited similarly to the

truncated mutant.

In the absenceof doxycycline, under conditions where USP19 should be expressed, both
replicons behaved in the manner observed previously. Irrespective of cell type the full length
replicon showed robust replication in both the presence and absence of trimethoprim

demondrating the same resistance to DHFR mediated destabilisation described previously.
3EI El AOI U-240%réplicanuce again proved to be sensitive to TMP widrawal,

failing to replicate in the absence of TMP

In both the shC and sh2 expressing cellshe wild type replicon displayed a very similar
replication profile in the presence of doxycycline as they do & absence, suggesting that

ET AOGAOGETT 1T &£ OEA OE2.! 0 EO EAOEIT ¢ 1Higur&d-4pAAOD
However, there is some evidence in the sh3 expressing cells that knockdown of USP19 is
having an effect. In particular USP19 knockdown did appear to cause a slight drop in the
replication of the pSGRJFH1*lucNS35B(DHFRclover@2442) replicon after f@urs. This is

most evident during TMP withdrawal, although there is also a very slight drop when
OOAAEI EOAA8 ' O EIT OEA OE# A24¢4 trdreated rBpicon O E
demonstrates a similar replication profile as observed previously. Any imga that USP19

knockdown may be having is masked by the low overall replication of this replicon.

The ability of the full length replicon to recover from DHFR induced destabilisation even
when USP19 is knocked down suggests that USP19 is not the key mealiaif resistance;

however, the slight drop seen may indicate that it does play a more minor role.

103



shC + TMP
1000
2
S 100
B . 4hr
i 10 mm 24hr
g 1 == 48hr
& = 72hr
S o4
- )
@ 001
ﬁ 0.001
0.0001
x,,{\ ;,é o,\:— é’xb
[¥) s
& & »° °
& S & &
(p‘*p & &
Q§§ +§ N
sh2 + TMP
1000
:‘; . Ahr
g 100 = 24hr
g 10 mm 48hr
8 4 = 7hr
8
T 04
3
o 001
=
= 0.001
£0.0001
;g{\ xg{\ &,b &,b
I'b
& & d;,* daz?
&\}@b 8\596 ¢6‘> ¢6°
- N
S N S
sh3+ TMP
1000
2
T 100
< m dhr
< 0 24
& 1 mm 45nT
& = 7o
S 04
|
® 001
B
g 0001
0.0001
;"(\ ;s{‘ rb,v ‘b,b
) SN b
R
& R &
Qﬁs {p Qﬁ

104

1000

shC - TMP

2
S 100
B . 4hr
< 10 == dhr
g 1 mm 48hr
& = 72hr
S 04
- )
¢ 001
=
Eo.om
0.0001
;,{\ ;,6 o", &,v
O
S
& &
F & & ¢
Q@s £ Qp
sh2 - TMP
1000
g . 4hr
g 100 = 24hr
@ 10 == 48hr
o 1 = 7ohr
o
S 0.4
3
2 001
=
= 0,001
¥ 0.0001
;g{\ ;&(\ &,v &,b
l’b
& & &p” dp*
\}@6 S}‘Pé QG‘} Qb"
oy N
Qﬁ§g & Q$
sh3 - TMP
1000
2
S 100
5 . 4hr
D = 24hr
g 4 = 48hr
& = 7o
S 04
|
2 001
g
Eo.om
0.0001
;a‘\ ;‘(\ rb,v rb,t:-
) X SN
A A
& & «
\)&(‘ \(p 0(‘



Figure 4-4 Replicative ability of pSGRJFH1*lucNS35B (DHFR-Clover@2442)

replicons in cells expressing USP19 targeted shRNAs . pPSGRJFH1*lucNS3
5B(DHFRClover@2442) and pSGRJFH1*IlucN83' j $ ( &2 #1 1T OA092-2404 ¢ Q3 ¢
replicons were transfected into shC, sh2, or sh3 cells which had previously been

treated for 5 days with 2.5ug/ml doxycycline. The resulting cells were then

incubated in the presence or absence of 1AM TMP, and replication of each replicon
monitored over a 72 hour period.Data for shC and sh3epresents the mean +/

standard error of 3 experiments Data for sh2 represents the mean +/standard

error of 2 experiments. No significant difference was found in the replication of
pSGRJIFH1*luc replicons induced and uninduced shi$P19 expressing cells.
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Figure 4-5 Replicative ability of pSGRJFH1*lucNS35B (DHFR-Clover@2442)
replicons in USP19 knockdown Huh7.5 cell lines .. Rearrangement of the data

from Figure 3-4 showing each replicon inUninduced of Induced shC, shUSP19 2, and
shUSP19 3 expressing Huh7.5 cellData for shC and sh3 represents the mean +/
standard error of 3 experiments. Data for sh2 represents the mean +ktandard

error of 2 experiments.No significant difference was fand in the replication of
pSGRJFH1*luc replicons in shC, sh2 , and sh3 cells.
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4.4 DOMAIN Il DUPLICATON REPLICATION ASSAY

Assuming tha the difference in NS5A degradation rates are the underlying reason behind the
differential response to TMP between the wiaous DHFRClover containing replicors, the
results can be explained in two ways. Either, the modifications made into domain Il are
blocking an intrinsic activity capable of rescuing viral proteins from DHFR induced instability,
or they act as cryptic degadation signals, promoting the turnover of the tagged proteins, but
to the extent that this only manifests itself as a reduction in replication when NS5A is already
destabilised by misfolded DHFR. To determine which of these mechanisms was likely, JFH1
derived replicons were generated that expressed two fused copies of domain Il as part of the
OEOAI DPi1 UPOI OAET h AEOEAO E804 deldiich(Fy@&4-6). O Al
Should domain Ill play an actre role in protecting viral proteins from degradation it was
hypothesised that a single functional copy should be sufficient to allow recovery from
destabilisation. Alternatively, if the modifications introduced into domain Il acted as degrons
then a sinde mutant copy should be sufficient to promote protein turnover and prevent

recovery during TMP withdrawal.

To limit the possibility of recombination the sequence encoding the second copy of domain Ill

was derived from a synthetic, divergent replicase (DVR which has 100% amino acid
similarity to JFH1, but only 66% nucleotide similarity(Accession Number KR14001850mes

et al., 2016). Domain Ill fromthis DVRAT T OOOOAOh AEOEAO &£O11- 1 A1
2404 deletion, was cloned into either pSGRJFH1*lucNSB(DHFRClover@2442) or
PSGRJIFH1*UcNSB " j $ ( &2 #1 T OA 032404 1 @gpendixc B6). The resulting
constructs are referred to as pSGRJIFH1*lucWT/WT(DHFRClover@a42),
P3'2*&(pel OA74F3j $(&2#1 1 OAOactt1¢Qh P3' 2*&(p
P3'2*&(pel OAaT3j $(&2#11 OAOacttc¢cqh AAPAT AET C
full length (WT) or carries the 2354¢ T mt AAT AOET 1T | 3Q8
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Figure 4-6 Schematic of the pSGRJFH1*luc(DHFRClover@2442)replicons
carrying two fused copies of NS5A Domain IlI.
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Transcripts of these constructs were transfected into Huh7.5 cells, and replication
assays performed in the presence or absee of TMP Figure 4-7). Cells were also
transfected with a positive replication control (pSGRJFH1lluc), and a negative

replication control (pSGRJFH1lucGND), alongside DHFRClover based replicons

carrying only a single copy of domain 1 (PSGRJIFH1*lucNS3
5B(DHFRClover@2442) and PSGRJFH1*lucNS3" j $ ( &2 #1 1 OAO3 ¢ 1 1 ¢
2404).

In the presence of TMP, all replicon constructs carrying duplicated domain Il showed robust
levels of replication that were comparable to the replicon carrying only a single copy of intact
domain lll, cansistent with the notion that duplicated domain 11l in NS5A was well tolerated.
However, in the absence of TMP replication between these constructs varied. Both the WT
WT as well as the W A T-VIXT replicons demonstrated levels of replication at least agl

to that of the control construct with a single intact domain lll. In fact the WAWT construct
appeared to replicate significantly more robustly that its single domain Ill counterpart,
consistent with the idea that two copies of domain Il might countesct the effect of
destabilised DHFR more effectively than a single copy. In contrast, the replicon carrying two
AEOOOPOAA AT PEAOs hi AA gekihAlsaNHy Algwer) risistasice to TMP
withdrawal, although some evidence of recovery was observeafter 72 hours. Nonethe-less
the principle finding that replicons carrying a single full length and single disrupted copy of
domain 1l (WT-3 A T-WT) both showed recovery of replication in the absence of TMP,
provides clear evidence that a single fulength copy of domain Il is protective rather than it
AAET ¢ OEA AAOGA OEAO A AAI AGAA OAOOEI TATI A OKIG

exhibited partial recovery of replication in the absence of TMP renforces this conclusion.
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Figure 4-7 Replication assay of pSGRJFH1*lucNS35B (DHFRClover@2442)
replicons carrying two fused copies of Domain Il I. Huh7.5 cells were transfected
with JFH1 replicons containing two fused copies of domain llland grown in the
presence (A) or absence (B) of 1M Trimethoprim. Replication was monitored by
luciferase assay 4, 24, 48, and 72 hours post transfection. data represents the mean

+/ - standard error of 3 experiments.* Represents a significant differed A | DPSn8nuv q
as determined by unpaired TFtest.
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4.5 SCRAMBLED DOMAIN 111

Attempts to map the region of domain Ill responsible for the proposed protection showed
that a relatively large region contributes to rescue, however replication assays with smaller
deletions did not suggest that any specific residues within the sequence were vital. This
raised the possibility that a characteristic of the region may be responsible for rescue, rather
than a specific amino acid sequence. This hypothesis is supported by thariability of this
region between isolates; this region carries both highly conserved sequences and a hyper

variable domain.

To investigate this possibility a JFH1 replicon was generated in which the 232404 region
was randomised {Table 4-1). To ensure that no new motifs or secondary structure was
introduced into the protein the randomised sequence was analysed using five prediction
programmes, Interpro (Finn et al., 20T), ScanProsite(de Castro et al., 2006) MotifScan
(Pagni et al., 2007) NCBI CD@Marchler-Bauer et al., 2013) and JPRED @rozdetskiy et al.,
2015). None of these identified any motifs of note or suggested that the region would be
anything but unstructured (i.e. similar in secondary structure to the sequence being replaced).
Scrambling was achieved at th amino acid level and the DNA sequence generated using
Invitrogen GeneArt portal. The scrambled amino acid sequence was reverse transcribed for
optimal human expression, and flanked by 50ps of border sequence.The scrambled
sequence was purchased as ayrthetic DNA String (Thermo ScientificjTable 8-6), and
introduced into a pSGRJFH1*lucNS3B(DHFRClover@2442) plasmid by twestep PCR
(Appendix 8.7). The resulting corstruct is referred to as
pSGRJFH1*luc(DHFRClover@2442)Scr.

WT Sequence QPPSSGDAGSSTGAGAAESGGPTSPGEPAPSETGSASSMPP

Scrambled Sequence MSESSATSGGPGEEPADAPPGPASGPTEGPGSGDQSGETAP

Table 4-1 Amino acid sequence of wild type JFH1 NS5A residues 2354-2404 and
the scrambled sequence introduced into pSGRJFH1*lucNS3 -
5B(DHFRClover@2442).
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As in previous experiments a replicon carrying a scrambled domain Il and DHFR imgevas

introduced into Huh7.5 cells by electroporation which were then incubated in the presence

IO AAOGATAA T &£ pmnt - 4-08 41 bOoi OEAA A Al i PAOEOI]
(pPSGRJIFH1*lucNS8B(DHFRClover@2442) and (pSGRJFH1*lucNSB(DHFRClover@2394))

and a truncated replicons (pSGRJFH1*lucNSB8 " j $( &2 #1 1T OA O32408)Twe@3 C oL T

included, alongside a positive (pSGRJFH1*luc) and negative control (pSGRJFH1IucGND).

In the presence of TMP the scrambled replicon demonstrated similar levels of replication as
the wild type, confirming that, as with the previous mutations, the modification is well
tolerated by the replicon. A similar pattern was observel in the absence of TMPwith the
scrambled replicon replicating robustly, albeit with a minor drop relative to he wild type.
This indicates that the scrambled domain Il retains the ability to protect NS5A from DHFR
mediated degradation, possibly suggesting that the protection observed in previous
experiments may not be a result of a specific sequence, but rathar mtrinsic property of the

domain. These will be explored more in SectioA.7.
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Figure 4-8 Replication assay of pSGRJFH1*lucNS35B (DHFRClover@2442)

replicons carrying a Scrambled NS5A domain Ill . Huh7.5 cells were transfected

with JFH1 replicons containing a scrambled domain IlI, and grown in the presence

(A) or absence (B) of 10uM Trimethoprim. Replication was monitored by luciferase

assay 4,24, 48, and 72 hours post transfectionDatarepresents the mean +f

OOAT AAOA AOOT O 1T £ ¢ APPAOEI AT OO ¢ 2ADPOAOAI
determined by unpaired T-test.
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4.6 NS3 MUTATION

Up until now all of the work described has been focused odNS5A however thisis but one
component of the replication machinery;as discussed above it comes together with the other
non-structural proteins to form the replication complex. Due to this close, intertwined
relationship that the NS proteins share, it is possible that the activity of domain Il may allow
NS5A to compensatavhen other NS proteins are destabilised, preserving the RC as a whole.
To investigate this possibility, NS3 was mutated by modification of the-Mrminus such that

it would be destabilised by the Nend rule; the N-end rule stating that the stability andhalf-
life of a protein are products of its Nterminal amino acid (Gonda et al., 1989)For this work
pSGRJFH1*lucconstructs were generated carryingan additional amino acid at the N
terminus, connecteddownstream of a 76 amino acid ubiquitin coding region Figure 4-9); the
principle being that the ubiquitin would be cleaved away from the Nerminus by a cellular
hydrolase leaving only the additional amino acid residu¢Gonda et al., 1989)This approach
was chosen due to the absence of appropriate insertion sites within the other componanof
the HCV replication complex. Outside of NS5A domain Ill, no other site within the RC would
tolerate the insertion of the DHFRclover cassette, or similar destabilising domain, without
drastically impacting replication. In addition only NS3 was suitald for modification of the N
terminus in such a way as introducing ubiquitin within the polyprotein would affect the

cleavage of the individual NS proteins, and therefore impacting replication.

The amino acids added included, a stabilising Alanine residua destabilising Glutamine, or

an intermediate Tyrosine residue. Two constructs were generated with each residue, one

xEEAE EAA A &£O011 1 AT COE . 22404 truncAtiord Thé ¢odstruBtA OOUET ¢ OE.
generated carrying these mutations were referred to as pSGRJIFH1*lucUbiAla,
P3'2*&(pel OA5S5AE4UON P3'2*&(pel OA5AE 2408 N P3' 2* &

Pp3' 2*&(pel OAScAEUILhO Asicho uEx3 ' 2 * & (-p404l Bacdh DfAHESewds 3¢ ou T
generated by multistep PCR (Appendi®8.8).

Replication of these was examined by luciferase assay alongside equivalent control

constructs where NS35B was expressed without an NS3 extensidifrigure 4-10).

Interestingly, replication of the catrol constructs expressing a truncated NS5A domain |l
was noticeably reduced compared to the one expressing intact NS5A, a difference that
appeared more marked than had been seen when NS5A was expressed as a DEIBRer
fusion protein, particularly after 24 hours. More perplexing however, were the results
obtained from the constructs expressing the NS8B replicase as a ubiquitirfusion product.

Firstly, the presence of ubiquitin appeared to suppress replicatioacross al 3 constructions,
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something thathad not been expected and which frustrated the sidby-side analysis that had
been planned. Secondly, it was the constructs which expressed NS3 with the most
destabilizing of amino acids that replicated the most effectively, the replicative fithess of the
different constructs being GIn>Tyr>Ala. As had been observed with the control constructs,
the absence of a full length domain Il in NS5A further suppressed replication on top of that

already seen from introduction of ubiquitin upstream of NS3.

HCV IRES EMCV IRES 3'UTR

AAPITA

Figure 4-9 Schematic of the pSGRJFH1*lucUbiAla replicon construct. In white are
the amino acid residues surrounding the Ubiquitin/NS3 boundary, including the
additional alanine.
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Figure 4-10 Replication assay of pSGRJFH1*lucUBI NS3replicons. Huh7.5 cells
were transfected with JFH1 replicons containing a mutant NS3, and/or ttuncated
NS5A domain Il and eplication was monitored by luciferase assay 4, 24, 48nd 72
hours post transfection. [ata represents the mean +f standard error of 3
experiments. Due to issues with this assay (discussed in the text) no statistical
analysis was performed.
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4.7 SUMMARY

AEEO AEADPOAOBO x1 OE A AOOAA Iltdat dén@i® Alipey@dh OT

rescuing NS5A from DHFRnediated destabilisation, and to investigate how this may occur.

An early hypothesis was that domain Ill may recruit another protein that is responsible for
this activity. This scenario would fit with the known activity of both domains Il and IIl, which
have been shown to form a multitude of proteirprotein interactions. In support of this
theory was the finding byPichlmair et al.that part of the same region that has been identified
in this work is able toform a protein-protein interaction with USP19 (Pichlmair et al., 2012)

a protein with deubiquitinase activity. The data here fails to support this relationship
however; knockdown of USP19 failed to sensitize fullength NS5A to DHFRnediated
degradation. Although this would suggest that USP19 is not involved, there does remain the
possibility that another protein may be, or that NS5A can recruit a selection of proteins to
achieve the same function. If this were thease then down regulation of USP19 alone might

not be sufficient to inhibit recovery.

All of the work described in the previous chapter relied on the assumption that domain Il
contributes to recovery; however the finding that USP19 was not involved meathat there
was no obvious mechanism for this to be the case. This raised the possibility that this early
assumption was incorrect. There remained the possibility that the internal insertion (@2394),
and the subsequent deletions in domain Ill, were merehacting as degrons rather than
interrupting a novel activity. In certain respects some of the findings imesults chapter 1
supported this idea, such as the fact that the 20 amino acids deletions failed to identify key
binding sites for an alternative bindng partner. To address this possibility JFH1 replicons
were generated that carried two fused copies of domain Ill, either full length or carryinthe

3 ¢ 042404 truncation. Had the deletion been acting as a degron it was expected that a
single copy of domain Il carrying the truncation should block replication. Replication data
from these replicons supports the initial hypothesis, with a single fuctional domain 11l being
sufficient to allow replication under destabilising conditions. Additionally even the replicon
AAOOUET ¢ -#a84itruneatiomsyproved able to replicate upon TMP withdrawal, albeit
to a far lesser degree, suggesting that enougif the activity was being retained within the

2405-2415 region for partial recovery.

Although the activity of domain Ill had been confirmed, the lack of a binding partner, or even
a binding site, meant that the mechanism by which domain Ill functions renr@ed elusive.

This was further compounded by the earlier finding that domain Ill may play a role in
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preserving NS5A in other genotypes. Whilst the proposed active region of domain Ill, 2354
2415 in JFH1, carries some highly conserved motifs, the majorigonsists of highly variable
sequence, including both the hypervariable V3 domain and half of the 20 amino acid
sequence present in only genotype 2 isolates. One similarity shared by the two genotypes
however is lack of structure and complexity. Could theskactors contribute to the activity of
domain IlI? To further explore this, the 23542404 region of JFH1 was scrambled,
randomising the sequence, but maintaining the same amino acid composition. Remarkably,
scrambled replicons retained the ability to survie DHFRmediated destabilisation, showing
that scrambling had hadlittle impact on the protective activity of domain Ill. This suggests
that it is not the primary structure of the protein that is important and that rather than
functioning through a protein-protein interaction or enzymatic activity, both of which would

be ablated by scrambling, domain Il may function through an intrinsic property.

One property that may impact domain Ill is the amino acid composition. When compared to
the surrounding sequene the 23542415 region of domain Il shows considerably lower
complexity, with 7 amino acids (A, D, E, G, P, S, T) representing 87% of the residues present in
JFH1, and 85% in Conl. This low complexity is made further apparent by the lack of both
aromatic and positively chargael amino acids within JFH1. Several other isolates do carry
positively charged or aromatic residues, however these are rare, and fall outside of the highly
conserved sequence. In contrast both noepolar and negatively charged residues ra
relatively common, with both hydrophilic and hydrophobic residues spread throughout the

sequence of interest.

Furthermore when run through a SEG analysjgo analyse the complexityof the amino acid
sequencethe consensus sequence of the 2352415 sequence comes back as low complexity
(Wootton, 1994), and the same is true bboth JFH1 and Conl sequencdsow complexity is
known to inhibit proteasomal degradation, by hindering the entry of peptides into the 20S
catalytic core (Aufderheide et al., 2015) Could this explain the activity observed? It is
possible. Within this work the destabilisation has been achieved by destabilising the
conjugated DHFR which is likely to result in proteasomal degradation. It is possible that the
lack of complexity within domain Ill acts to delay progression of NS5A into the proteasome.
Proteasomal degradéon is widely reported to start at unstructured proteins, and so domain
Il may function as a shield, inhibiting the progression of the proteasome and protecting the
functions of the upstream domains. A number of possible outcomes exist as to how this may
ultimately allow rescue. The simplest is that by delaying progress into the proteasome,

domain Il extends the halflife, and therefore functionality of NS5A. An alternative is that the
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delay provides NS5A sufficient time to form complexes with either clllar or viral proteins,

sufficient to allow it to escape degradation.

Unfortunately it has not been possible to determine whether or not NS5A domain Ill can
rescue replication when other NS proteins are being destabilised. Whilst addition of
additional amino acids at the Nterminus of NS3 successfully resulted in variations in
replication, the impacts that the mutations had was opposite to that which was expected. Due
to this it was not possible to distinguish the impact of the NS3 mutation and the impacf the
NS5A truncation.

Why the replicons expressing NS3 as a ubiquitin fusion product behaved in the manner they
did is unclear as the fusion of ubiquitin upstream of proteins to generate an altered-N
terminal residue is common practise. For example inial studies into the impact of N
terminal amino acid on protein stability by Gondaet al made use of this method to generate

[ -galactosidase samples carrying each of the 20 amino acids, and only reported problems
with Ubi-Pro (Gonda et al., 1989) Furthermore ubiquitin has previously been successfully
fused to NS3, albeit in the context of a hygromycinbiquitin fusion peptide. More recent
studies have shown however that in some cases the presence of ubiquitin at thetddminus
can be recognised by an E3 ligase, leading to polyubitjnation and proteasomal degradation
rather than hydrolysis of the ubiquitin tag (Kravtsova-lvantsiv and Ciechanover, 2012) This
may explain the unexpected results achieved using the ubiquiiNS3 mutants; it is possible
that Ubiquitin in the context of NS3 is recogised as a degron, with the Ala and Tyr sequences

being recognised more readily that Gin.

As to why the impact of NS3 mutation varies between those replicons carrying a WT NS5A
and those carrying the 23542404 truncation, no definitive answer is clear. Thanost likely
explanation is that while each of the two types of mutations alone impair replication, in
combination these changes to NS3 and NS5A cause a catastrophic loss of function that the RC

cannot overcome.
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5 RESULTS CHAPTERZINVESTIGATING THE MEHANISM
BEHIND DOMAIN Il RECUE OF NS5A FROM BR
MEDIATED DEGRADATION

5.1 INTRODUCTION

This chapter will focus on my attempts to understand the potential benefits that domain Il
may convey to NS5A, and HCV as a whole. Potential benefits that were considerstLided
interferon resistance and a possible reduction in antigen presentation. In addition, work
described in this chapter sought to establish any role domain Il might play in enhancing
NS5A stability.

5.1.1 INTERFERON

Interferons are a group of signalling preeins so hamed for their ability to interfere with viral
infections.) &. 4 xAO OEA EEOOO OEAOADPU EIT OO1T AOAAA
although it has since been replaced as the principal component of treatment by the more
effective DAAs(1.7), it remains an important part of the immune response to HCV infection

andin the treatment of many of those most at risk.

The release oflFNs mainly occurs as a resulbf pathogen degction through recognition of
Pathogen Associated Molecular Pattern (PAMP) or Damage Associated Molecular Pattern
(DAMP) molecules by Pattern Recognition Receptors (PRRs)A large number of PRRs exist
which recognise many different PAMPs and DAMPs, making the induction of IFNs Hygh
complex (reviewed (Haller et al., 2006). Regardless ofthe PRR that is activated, a signal
pathway is triggered leading to the activation ofa transcription factor such asinterferon
Regulatory Factos 3 and 7, or Nuclear factor kappalight-chain-enhancer of activated B cells
Once activatedthese are transported to the nucleus where they bind upstream of the IFN
genes, triggering their expression. Analagous systems exist to control the expression of the
different IFNs, however slight varidion does exist in the molecules involved and their
feedback (Levy et al., 2011) When released by host cellgnterferons induce an antiviral

response in neighbouring cells, with the ultimate aim to contain the infection.

yT OEA AAOGA T &£ OUPA ) ET OAOEAOI T Oreepickanthe O ) &
AR T OOOEAAAR A EAOAOI A Hriggeridg d sina) cascage (2vieiekiD O
(Ivashkiv and Donlin, 2014)8 " ET AET ¢ 1 &£ ) &. ;1 O OEA OAAAE
associated Janus Kinases (JAKs), JAK1 and TYK2, leading to the phosphorylation of the

cytoplasmic domains of the receptor complexes. This phosphorylation generates a binding
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site for the Signal Transducer and Activator of Transcription (STAT) 1 and 2 proteins, which
are then recruited and themselves phosphorylated by the activity of the JAKqtein. The
phosphorylated STAT proteins form a heterodimer which then associates with the Interferon
Regulatory Factor 9 (IRFO), forming the Interferon-stimulated gene factor 3 (ISGF3)
transcription factor. This enters the nucleus of the cell and bindtthe Interferon Stimulated
Response Element (ISRE), driving the expression of a host of IFN stimulated genes (ISG). ISGs
have a vast array of functions, and many have been shown to directly interact with HCV

(reviewed(Metz et al., 2013). A few examples will be discussed below.

Proteins Kinase R (PKR) is aytosolic detector of dSRNA, a product only present during viral

infections. Binding of PKR to dsRNA causes it to homodimerize activating the kinase domain.

ThisDET OPET OUl AOAO AOEAOUT OEA ET EOEAOEIT EAAAOI O ¢ 4
translation within the cell. In vitro studies have shown that during HCV infection PKR is
AAPAAT A T &£ AETAET ¢ O 2.1t Al Al (BAinDike exak, Q1T OEA uvd 5

The precise role that PKR plays in inhibiting HCV replication is controversialsalthough
some studies have shown activated PKR to have an inhibitory effe@tvang et al., 2003,
Pflugheber et al., 2002, Tokumoto et al., 2007pthers have suggested that PKR actually
promotes HCV replication(Garaigorta and Chisari, 2009, Arnaud et al., 2010potertially by
ET EEAEOQOET ¢ OEA OOAT O1I AGETT 1T &£ 1TOEAO )3' 0 xEOEIT 00 ¢
HCVproteins.

The Interferon Induced Transmembrane Proteins (IFITM) 1, 2, and 3 have also been
demonstrated to have inhibitory effects on both viral enty and replication (Narayana et al.,
2015). IFITM1 has shown been to bind to two HCV @eceptors, CD81 and Occludin, and it
has therefore been proposed that IFITM1 may block the interaction of the two, inhibiting a
crucial step in HCV entry(Wilkins et al., 2013). In contrast IFITM2 and 3 both localise to late
endosomes, suggesting that these inhibit late stage viral entry, possibly by targeg the
virion for degradation (Narayana et al., 2015) There is also some evidence to suggest that

IFITM1 and 3 are capable of inhibiting HCV translation and replicatiofYao et al., 2011,
Raychoudhuri etal., 2011) however the precise mechanisms behind this is unclear.

Another ISG shown to impact HCV infection is the RNase L pathw@#ian and Barton, 2002)
RNase L is an endonucleaséadt cleaves singlestranded RNA, both viral and cellular. Initially
inactive, RNase L is activated by 5™-oligoadenylate generated by the IFN inducible 25
oligoadenylate synthetases. RNase L cleavage mainly occurs after UU or UA dinucleotides.

These @cur with a higher frequency within the genomes of IFN sensitive genotypes and IFN
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resistant genotypes(Han and Barton, 2002) supporting a role for RNase L in controlling HCV
infection (Metz et al., 2013)

As well as having direct antiviral effects, IFN signalling also modulates the expression of PRRs.
These are normally present in cells at low levels, however, IFN signalling greatly enhances
their expression, thereby priming the cell to detect invading pathogens. One example is the
RIGI protein, which detects double stranded RNA within the cytoplasm. A number of studies
have shown that RIG is an effective detector of HCV infection bot vitro and in vivo (Saito

et al., 2008, Schnell et al., 2012, Zhang et al., 200@)erestingly it has been reported that at
least one product of RNase L cleavage of the HCV genome is a potent activator ofIRIG

(Malathi et al., 2010) demonstrating the synergism between ISGs.

A number of ISGs have also been linked to degradation of NS5A, possibly explaining its need
to develop a protective activity. One example that has beenuiad to target NS5A is TRIM22.
This has been found to cause ubiquitination of NS5A, leading to its degradation by the
proteasome(Yang et al., 2016)Another is the Sphase Kinase Associated Protein 2 (SKP2). As
with TRIM22, SKP2 is an E3 ubiquitin ligase, that has been linked to polyubiquitination of
NS5A(Xue et al., 2016) Importantly for this work, it was found that mutation in domain Il

was capable of inhibiting this activity.

These examples are just some of the ISGs that have bebown to have an impact on HCV
infection, and this interaction between IFN and HCV remains ammportant avenue for
OAOAAOAES8 ) &. 1 EO OOEI | -HAV theEapypphrtx@akly f@r thdsk forD T T A
whom the Direct Acting Antivirals are too expensive. Furthermore one of the key
determinates of successful therapy or spontaneous clearande associated with thelL28

locus (Abe et al.,, 2010, Ge et al.,, 2009, Suppiah et al., 2009, Tanaka et al., 2008B8ich

AT AT ARG Y&. 1 h A OUPA )Y)) EI OAOAZAAOI T 8

As mentioned previously NS5A has been widely studiedud to its role in IFN resistance.

Work later in this chapter details attempts to expand upon this by studying the impact of

domain Il truncation on the sensitivity of JFH1 replicons to IFNs.

5.1.2 ANTIGEN PRESENTATION

In contrast to the IFNs, vinich can be stimuated by the detection of basic signals such as the
presence of double stranded RNA, the adaptive immune response requires a more specific
activation. In the case of cells, these require the detection of antigenic peptide on the
surface of infected cells Ths depends on theMajor Histocompatibility Complexes (MHCs),

which are essential to the presentation of antigenic peptide in the correct contexto be
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recognised by TFcells (reviewed (Vyas et al., 2008, van de Wijer et al., 2015). MHC class Il is
mostly restricted to the professional antigen presenting cell such as the dendritic cell3hese
cells take up extracellular material and present it to stimulate naive -Cells. More important

to this work, however,is MHC class I.

MHC class | is expressed by all nucleated cells within the human body and is responsible for
presenting peptide on the cell surface, such that it can be detected by CD8+ cytotoxic T cells.
This allows the immune system to monitor events witim the cells, and therefore to respond
accordingly. As viruses capt the cells own machinery, their proteins are also presented by

MHC, and as such this represents an important method by which viral infections are detected.

MHC Class | complexes are heferAET AOOh &£ Of AA  £OT | -covdlentlyto OO A C
A 4 EEAOiICciTAOIET8 4EA 4 OOAOI EO AiIT1OEOOO T & O
domains 1 and 2 folding to form the peptide binding groove. A transmembrane domain

I TAAOAA x E OE bihds theeAtirejcompléxAolhie Eedsurface.

The MHC subunits are caranslationally translocated into the ER, where chaperone proteins

including calnexin, calreticulin, tapasin and Erp57(Sadasivan et al., 1996)stabilize the

complex, and aid it in folding into the correct conformation. Within the ER caln@x binds to

OEA | OOAOT EOh OOAAEI EUET ¢ -miEdgloiuinOdf Whicle @dintE O A AT A
calnexin dissociates. Unloaded MHC is inherently unstable and is therefore stabilised within

the ER by binding of Erp57 and calreticulin chaperone pteins. Once stabilised the complex

is ready for peptide loading.

The bulk of peptides presented by MHC Class | are generated by proteasomal degradation of
cytoplasmic proteins (Rock and Goldberg, 1999) These are cleaved into small peptide
fragments, approximately 816 amino acids in length, which are then released back into the
cytoplasm. Tobring these fragments into contact with MHC they must first be transported
into the ER lumen. This is achieved by the Transported Associated with Antigen Processing
(TAP), which interacts with MHC class | via tapasin, a chaperone essential for efficieradong

of the MHC complex. Once cytosolic peptide has bound to a peptide binding pocket TAP
undergoes a conformation change, driven by ATP hydrolysis, leading to the translocation of

peptide fragments into the ER lumen.

Once an appropriate peptide fragmenhas bound to MHC, the chaperone proteins dissociate,
and the complex is released from the ER. It is transported from the ER to the cell surface,

where the presented peptide is exposed to CD+ T cells.
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Should the scanning T cells detect an abnormality theyebome activated, almost always
leading to the induction of apoptosis within the presenting cell. Alongside the CD8+ cells the
peptide profile of cells is also monitored by Natural Killer (NK) cells, however rather than
being activated by MHC, NK cells aeactivated. In this way NK cells are able to detect cells
in which MHC is being suppressed, and therefore preserve the ability to mount an immune

response.

Many viruses have been found to interfere with this process to delay their detection, and
therefore inhibit the immune response. Appoaches used by viruses includeinhibiting the
activity of TAP thereby limiting the availability of peptide for presentation, inhibiting the
transport of MHC to the cell surface, and even inducing the return of loaded MHGm the
cell surface back to the ER. There have only been a limited number of studies into the ability
of HCV to inhibit antigen presentation, and there is little consensus within them. Work by
Tardif and Siddiqui has shown that expression of MHC is dowegulated in replicon infected
cells lines(Tardif and Siddiqui, 2003), whilst Herzer et al has demonstrated upregulation of
the MHC class | expression by core protefHerzer et al., 2003) In addition, work by
Moradpour et al showed that antigen processing and presentation was not impacted by
overexpression of HCV proteingMoradpour et al., 2001) More recently however Kanget al
have shown that MHC expression is inhibited in HCV infected cells using the HCV cell culture
system (Kang et al., 2014) The conflicting nature of these data means that the precise
interaction between HCV and antigen presentation remains enigmatic, however it does
appear that one exists. One aspect of the work in this chapter examined a potential role for

NS5A domain Il in limiting antigen presentation.
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5.2 PRODUCTION OF STABMRANSFECED CELL LINES

All previously described work has focused on the impact of NS5A on replication, the

implication being that domain Il is involved in promoting the stability of the protein. It was

therefore important to verify this. As direct observation ofprotein stability ideally required

cell lines where NS5A expression was at a steady sta@418 resistant replicons wee made.

To achieve this the neomycin resistance gene NPTtbom pSGRJFH1Ne@Nakita et al., 2005

was cloned into the pSGRJFH1*, pSGRJIFH1YSB®HFRclover@2394), pSGRJIFH1*NS3
5B(DHFRclover@2442), PSGRIFHI*NS3' | $ ( &2 Al 1T OAO®288,1 ¢ qacoc Y
PSGRIFHI*NSB " | $ ( &2 A1 T OAO®404,1 ¢ 03 @udu T PSGRJIFH1*NS3

5B(DHFRci OA O3 ¢ 1 1 €2@35 gonstructs (Appendix 8.9).

Transcripts of these were electroporated into Huh7.5 cells and 48hr post transfection the
cells were placed under G418 selection at 650 pg/min the presence of 16nM TMP,to allow
the emergence of resitnt colonies. Three weeks post transfection the cells were harvested
to yield stably transfected cell lines and Western blotting was used to confirm the expression
of Neomycin phosphotransferase (NPT), NS3, and NS5Adure 5-1). Initial attempts to blot
for NS5A directly using a polyclonal antNS5A antibody failed to detect NS5A carrying the
3 ¢ 042404 truncation, a result later concluded to be due to the antibody preferentially
recognising the region of domain IlldeleteA ET1 OEQAT m1¢ cAlt A243% replicons.
Instead indirect detection of NS5A was achieved using a polyclonal a@FP that can
recognise the Clover antigen present in the DHF&over cassette and which is in turn fused
to NS5A. Generation of these csllines proved problematic with the cell lines demonstrating
minor variance in the expression of detectable NS5A, NPT, and NS3. Subsequent repetitions
of the selection yielded similar results, indicating that this variance is a factor of the replicons
themselves; it appears that the fusion proteins carrying the various deletions and insertions

may differ inherently in stability.

124



Neo(DHFRClover@2442)A2328-2353
Neo(DHFRClover@2442)A2354-2404
Neo(DHFRClover@2442)42404-2435
Neo(DHFRClover@2442)42328-2353
Neo(DHFRClover@2442)A2354-2404
Neo(DHFRClover@2442)A2404-2435

Neo(DHFRClover@2394)
Neo(DHFRclover@2442)
Neo(DHFRClover@2394)
Neo(DHFRclover@2442)

L0 n
~ ~
iy <
=1 3
T T

aNS5A
103 kDa
aNS3
70 kDa
aGFP
103 kDa
oGAPDH
37 kDa
oaNPT
30kDa

Figure 5-1 Expression of NS5A, NPT and NS3, by Huh7.5 cells stably transfected
with JFH1 replicons . Stably transfected cells were lysed in RIPA buffer +2
complete protease inhibitor. Expression of NS5A, NPT, NS3, and GAPDH was
determined by westernblot. The NS3 antibody displayed some croseeactivity to a
host protein of a similar molecular size.
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5.3 DETERMINING THE PATWAY OF NS5A BREAKDQOW

Within cells, protein can be degraded by the activity of either the proteasome or the lysome,

with both activities being partially enhanced by polyubiquitination of protein substrates.
Assessment of which route of degradation is occurring can be achieved by treatment of cells

with either CarbobenzoxylLeu-Leu-Leucinal (MG132) and Chloroquine(CQ) which block
proteasome and lysosome activity repedively. MG132 is a peptidealdehyde which

AT OAT AT 01 U AET AO Olsubnishf the RESEHOBasamE hekebyl bieckilgE A |
its proteolytic activity. CQ is a lysosomotropic agent that accummates in lysosome and
endosomes. It raises the pH within the lysosome inhibiting the activity of lysosomal enzyme

that function at lower pH, and also inhibits the fusion of lysosomes with autophagosomes.

A preliminary experiment was first performed to determine the ideal concentrations of
MG132 and CQ to use to maximise inhibition of these degradation pathways while minimising
cytotoxic effects. In the case of chloroquine inhibition of the lysosome was determined by
monitoring the ratio of the LC3I| and LG-Il forms of the microtubule-associated protein
1A/1B-light chain 3 (LC3) protein. During autophagy LGB becomes conjugated to
phosphatidylethanolamine to form LC3ll, which is recruited to the membrane of
autophagosomes, where it is eventually internasied and recycled. Inhibition of the lysosome
prevents the recycling of LC3, resulting in a buildip of LC3IlI on the cytoplasmic face of
autophagosome. The shift in LGBinto LC31l can therefore be used as a method to detect the
activity of lysosomes. Taascertain the ideal concentration of chloroquine to use, Huh7.5 cells
were transfected with a phsmid expressing GFonjugated to LC3 (a gift from Prof. Mark
(AOOEOQh AT A OOAAOAA xEOE AAOxAAT opmnm A- AT A
was determined by observing morphological changes, whilst inhibition of lysosomal activity
was detected ly western blotting for GFRLC3.

Treatment with chloroquine proved toxic across all concentration, resulting in a visible

change in morphology, and inhibition of growth within 12 hours Figure 5-2), although this

xAO 1100 OEOEAI A ET OET OA A Aved 0 sebatefinitidsiinkial x E O E
experiment that the planned 24 hour incubation was cut short and reduced to 20 hours.

| CAET OO0 OEA ET AOAAOAA O oEAEOUh OCGRAHOMAL O 1 £
dramatic of LC3I to LC31I, which suggested that an even higher concentration may be more
effective. Despite this possibility it was essential to balance effette inhibitory effect with

toxicity and the decision was made to use a concentrath of 100 pM during subsequent work,

with the cells being left for a maximum of 12 hours.
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Optimisation of MG132 was achieved using a similar method as that described for
Chloroquine. Huh7.5 cells were transfected with pCDNA3.1 expressing a-t#yged Ubiqutin,
and treated with MG132 at concentrations ranging from 5 uM to 20 uM, over a 24 hour period.
After 24 hours the cells were lysed and a Western blot was performed to observe the build
up of HAUDbiquitin tagged products. Concurrently the treated cells ere observed for

morphological changes to determine toxicity.

As with Chloroquine, MG132 treatment led to cytotoxicity such that at 24 hours cells were
rounding up and developing large numbers of inclusion bodiesHgure 5-3). Unsurprisingly

this proved concentration dependent, with higher levels of cytotoxic effects observed at
higher concentrations of MG132. This toxicity correlates to the inhibition of the proteasome,

with a build-up of larger tagged products evidentt all 3 concentrations. Whilst treatment
xEOE pm t- OAOOI OAA ET AT 1 OEAAOCAAT A AAI 1 AA
OEA DOl OAAOGT T A Ai il PAOGAA O v t-h AT A 11 0A E
cytotoxic effect until quite close to the 24 hour time point. It was therefore decided that for

future experiments, as with CQ, cells would be treated with MG132 for 12 hours, thus
achieving an acceptable balance between toxicity and length of time that protein stability

could be monitored.

As the stability experiments planned benefitted from being able to block new protein
synthesis to better monitor pre-existing protein degradation, Huh7.5 cells were also

ET AOGAAOGAA ET |1 AAEA OODBPDI Al AT OAA xEOE #sesAl | E
whether blocking protein synthesis would be possible. Huh7.5 cells appeared to be tolerant

to cycloheximide; showing little if any morphological change Kigure 5-4). It was therefore

decided to include cycltieximide in future experiments

With optimal conditions determined, it was possible to use cycloheximide, chloroquine and
MG132, to observe the stability of mutant NS5A. Stably transfected cells were treated with
cycloheximide and either chloroquine or MG18 h ET AEOEAO OEA DPOAOAT .
TMP and incubated for 12 hours. Lysates from these cells were then used to observe the

change in detectable NS5A over the 12 hour incubation.

Preliminary observations provided evidence that modification of NS5Amight have a
AAOOEI AT OAT EI PAAO 11 DPOI-OAEl AN cEdines " 1
showed a drop in detectable N®A upon TMP withdrawal (comparelanes 2 and 5), not
DOAOGAT O ET AEOEAO OER353dell lideh.Anterestindy, halthdugh the ¢ o ¢
Clover@2394 cell line did show evidence of a drop in protein stability, this was far less

apparent than in the two deletion carrying replicons, indicatig that insertions into domain
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Il were much better tolerated than deletions. Howeverfurther interpretation of the data

was hindered by some of the unexpected results from when cells were a&d with either

MG132 orCQ. IOEA AAOA 1-24D4 éoBskuctshptt drags appeared to increase the

amount of NS5A present when the protein hadd AAT OAAOOAAEI EOAAE AU 4-0
(compare lane 5 to lanes 6 and 7), although MG12 had the more prominent effect. In contrast,

#1 OAAI AA O AOOOEAO OAAOAA OEA -2A35celisl wnilel £ . 3uv! DO
MG132 caused a heightened level of NA5to appear. Taken at face value, this data is

consistent with the hypothesis that NS5A domain llldoes counteract an endogenous

degradation pathway in the cell, and given the use of DHFR to drive degradation, poly

ubiquitination is almost certainly involved. Furthermore, whilethe data does not exclude a

role for both degradation pathways in the disappearance of NSSBHFRClover, the evidence

favours the proteasome playing a more prominent role.

Unfortunately, numerous repeats of this experiment generatedariable results; for example
in one such repeat the major band was all but invisible, replaced with multiple degradation
bands. As such it was decided that an alternative approach was required to better elucidate

the interaction between NS5A and protein dgradation.
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A

Untransfected control

B Figure 5-2 Determinin g the optimal
concentration of ¢ hloroquine to use
with Huh7.5 cells. Huh7.5 cells were
transfected with pEGFPLC3, expressing
a GFP tagged LC3 peptide. These were
incubated in the presence of 12.5, 25,
50, or 100 uM chloroquine for 24 hours,

Lc3. Or mock treated with DMSO.

Les- (A) Toxicity was monitored by light
microscopy to observe morphological
changes. (Images captured at 12 hours)
(B) Inhibition of the lysosome was
determined by the shift of LC3l to LC3
[l. This was detected by western blot.
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Figure 5-3 Determining the optimal
concentration of MG132 to use
with Huh7.5 cells. Huh7.5 cells
were transfected with pCDNA3.1-ha-
ubi, expressng ha ubiquitin. These
were incubated in the presence of
5,10, or 20 uM chloroquine for 24
hours, or mock treated with DMSO,
wunqunP€fOre being lysed in RIPA buffer + 2
poteins X Complete Protease Inhibitor.
(A) Toxicity was monitored by light
microscopy to observe
morphological changes.(Images
captured at 12 hours)
(B) Inhibition of the proteasomewas
determined by the build-up of High
a0 molecular weight waste proteins
tagged with HA-Ubiquitin. This was
detected by western blot.
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#UAI T EAQEI E

Figure 5-4 Determining the sensitivity of Huh7.5 cells to cycloheximide
concentrations sufficient to inhibit translation . Huh7.5 cells were incubated for
24 hours in the presence of 0 or 0 pg/ml cycloheximide for 24 hours. Toxicity was
monitored by light microscope. (mages captured at 12 hours)
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Figure 5-5 Stability of the NS5Aprotein in stab ly transfected cell lines in which
either the proteasome or lysosome is inhibited . Huh7.5 cells stably transfected
with G418 resistant JFH replicons were incubated in the presence or absence of 10
UM TMP and treated with 100 pug/ml Cycloheximide (CHX).d inhibit the
proteasomeor lysosomethe cells were also treated with either 10 uM MG132 or 100
KM Chloroquine (CQ). After 12 hours the cells were lysed in Ripa buffer +x2
Complete protease inhibitor. NS5A stability was determined by western blot using a
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5.4 INTRODUCTION OF A MYTAG INTO NS5A DONIA 111

Treatment of stably transfected cell lines with cycloheximide, M@&R, and chloroquine
provided the first direct evidence that modification of domain llimay havea negative impact
on the stability of NS5A. However, during the performance of these experiments several
limitations became evident. One of these was the toxi@mture of cycloheximide, which made

it unsuitable for carrying out prolonged time course experiments and increagkthe risk of
off-target effects. Another was the lack of a giable anti-NS5A antibody, withboth the 9E10
mouse monoclonal and sheep aniNSHA antisera appearing to recognise an
immunodominant epitope in domain Il of NS5A. While this had been overcome by blotting
for the Clover fusion partner in various replicon constructs there remained a slight possibility
that due to internal proteolytic cleavage the fusion partner could be degraded during DHFR
mediated destabilisation while sufficient NS5A remained to fulfil a replicative function. To get
around needing to use cycloheximide, it was decided pulse chase would be performed.
However, © avad the problem of using anttGFP to detect NS5A and instead have a reliable
i AATO 1T £# AAROAAOCET ¢ O&OT AGEITTAI S .3uv!'h EO xAQ
between residues 2279 and 2280, a site known to tolerate such insertio@emenyi et al.,
2014), but which lies between two regions of NS5A essential for replicatiomhus loss of ati-

myc reactivity should equate to loss of functional NS5A.

To retain the ability to artificially control stability, the Myc tag was introduced into
pSGRJIFH1*ndeS35B(DHFRClover@2442) andpSGRJIFH1*neeS35B(DHFRChver@2442)

3 ¢ 042404 plasmids, and the resulting plasmids calledSGRJFH1*ne(DHFRClover@2442)

Myc and pSGRJFH1*neg $ ( &2 # 1 I OA O a2 Q404Myd(AppendixB.10). Transcripts

of these were introducal into Huh7.5 cells by electroporation, and stably transfected cells
xAOA OAI AAOGAA &£ O AU cOl xOE ET 1 AAEA OODPDI A
Interestingly, those cells transfected with the truncated replicon produced approximately 10

times more colonies than those carrying the full length. Three weeks post transfection cells
xAOA EAOOAOGOAA AT A OEA AAI1T TETAO 1 Ai-2kM ( OE
Expression of NS3, and the Myc tagged NS5A was confirmed by Western blot, showing that
both cell lines were supporting the replicongFigure 5-6).
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Figure 5-6 Expression of MycNS5A and NS3 by Huh7.5 NeoMyc and Huh7.5

. AT 1 UA 3 Q409 aell lines . (A) Schematic of the pPSGRIFH1NeoMyc replicon. (B)

Expression of MycNS5A and NSB.OEx 8v . AT - UA AT A ( &Bog8uv . AT 1T UAsc
cells were lysed in Ripa buffer 2x complete protease inhibitor and the expression

of MycNS5A and NS3 was determined by Western blot.
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5.5 PRELIMINARY CLICK BEMISTRY

Traditional pulse chase experiments are performed using raditabelling, for example 35S
methionine labelling, in which the plse incorporates a radioisotope of methionine into
cellular proteins. Labelled proteins can therefore be monitored by virtue of the radioactive
decay of this isotype. This approach could have been used to monitor the turnover of NS5A,
however radiolabelling by its very nature requires the use of open sources of radiation, which
carries certain health and safety risks and controls. To avoid thesa pulse chase was

developed that made use of click chemistry instead.

Click chemistry refers to a class of biamjugation reactions, in which a substrate is bound to

a specific biomolecule. First described by Sharpless in 200Click chemistry reactions are
high yielding, wide in scope, create only byproducts that can be removed without
chromatography, are stereospcific, simple to perform, and can be conducted in easily
removable or benign solvent¢Kolb et al, 2001). The earliest examples of such reactions were
reported by Arthur Michael in 1893, and these were later further explored by, and took the
name of, Rolf Huisgen. These early reactions however were slow, required high temperatures,

and yielded multiple isomers.

Copper(l)-catalyzed azidealkyne cycloaddition is the classical example of click chemistry.
The addition of copper catalysis, discovered concurrently by the Sharpless and Meldal groups
(Kolb et al., 20, Tornoe et al., 2002) greatly enhances azidalkyne cycloaddition reactions
and reducing the activation barrier. In addition the copper(l) catalysed reaction only forms
the 1,4isomer, fulfilling the requirement for a click chemistry reactionto be speific. It is
important to note that Copper(l) in the concentrations needed to facilitate azidalkyne
cycloaddition is cytotoxic and so it is commonly replaced by the use of copper(ll) salts

alongside a reducing agent such as sodium ascorbate.

The Sharpless group also developed a ruthenium catalysed reaction, analogous to copper(l)
catalyzed azidealkyne cycloaddition. The reaction proceeds in a similar manner, however

yields a 1,5isomer instead.

Further work has also been conducted to develop a systemitivout the need for a metal
catalyst. One that has had success is the use of strained cycloactane, such as Siramoted

azide-alkyne cycloaddition developed by the Bertozzi grougAgard et al., 2006) Instead of
using a potentially toxic catalyst the alkyne is introduced into a strained difluorooctyne,
forming an inherently unstable ringstructure. This instability acts as the driving force behind

the interaction of the alkyne and the azide. Thesd&owever, are considerably slower than
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copper catalysed reactios, but have been used successfully to detect azide groups in living
systems(Agard et al., 2006, Codelli et al., 2008, Gordon et al., 2012)

In this work copper(l)-catalyzed azidealkyne cycloaddition was used as a form of isotypic
labelling to allow a pulse chase experiment to be performeduring the pulse azidehomo-
alanine (L-AHA) is incorporated into protein in place of methionine. This carries an azide
group that is open to cycloaddition. After the chase this allows a copper catalysed
cycloaddition reaction to be performed, forming a &ble linkage between the azide group and
the alkyne. The alkyne in this instance, AcetyleRREG4Biotin (AP4B), can be identified
subsequently due to thepresenceof a biotin group, that can detected by Westerblot using
Streptavadin HRP Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) serves to bind free
Copper(l), limiting its bioavailability and preventing denaturing of proteins.

Prior to the pulse chase being performed, preliminary experiments were undertaken to
establish the most effective way toproceed. To test the click chemistry procedure naive
Huh7.5 cells and Huh7.5 cells transfected witppSGRJIFH1*nddyc(DHFRClover@2442)
replicons were labelled with L-azidohomoalanine (-AHA) and immediately lysed in click
lysis buffer. To act as a negativeoantrol lysate from unlabelled Huh7.5 cells were also
included. Labelling was detecting by western blot using streptavidiHRP to detect
biotinylation ( Figure 5-7). Biotinylated protein was evident in both labelledsamples, but

absent in unlabelled cells, confirming thespecificity and functionality of the click chemistry

reaction.

In addition to testing the click chemistry protocol it was important to test the pull down

protocol. Initial attempts at pull down were made using commercially available magnetic

beads that could be loaded with a primary antibody of choice. Lysates from labelled Huh7.5

and Huh7.5 NeoMyc(DHFRclover@2442) cells were used in a pull down using beads loaded

with a monoclonal mouse antimyc antibody, and success monitored by blotting for Myc.

yTEOEAT AOOAI POO OOGEIT ¢ OEA OAATI T AT AAA AiT 0610 =
inefficient; although pulldown was evident, the majority of the protein remaired unbound

(Figure 5-8).

In an attempt toimprove the pulldown,p mmt 1 T &£ 1 AAAT T AA 1 UOAOA xAO Agb
t¢c T &£ AT OEAT AU &£ O ¢ ET OOOh AO 1bDPI OAA O OEA p ET
and pull down success was once again demined by western blot (Figure 5-9). Pull down

was evident in both samples, and although pulldown efficiency improved with an increased

amount of antibody on the beads the majority of NS5A remained in the unbourfichction.
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As an alternative Streptavadiragarose beads were tested. A complication of using this
approach was however,that to prevent free AcetylenePEG-Biotin interfering with binding,
labelled lysates first had to be subjected to an additional methah precipitation step before
being re-suspended in a SDS free buffer. To optimise the streptavidiagarose bead pulldown
pnm t1 1T /&£ DOOEAEAA |1 UOAZBR celONas expoded to hetvBen &0V
AT A p8cu t 1 -dgaidsehEadshirbalbAv® slubrEfbr 30 minutes, and the pull dow
performed. The products from the pulldown were then run on a 10% acrylamide gel and a
Western blot performed to detect both biotinylated protein and myc Figure 5-10). The

results from the streptavidin-HRP blotOET x AA OEAO v t1 1T &£ AAAA Ol
down essentially all biotinylated protein in the samples. Binding appeared to be specific, as
Al OET OCE v t1 T &£ AARAAOG Al O1 Aabgded NSBAAO 08 Bulledi A D

down, a large propoton of NS5A remained unbound, as would be expected given that much of

this protein would be expected to be unlabelled after a 4 hour pulse ofAHA.
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Figure 5-7 Labelling of Huh7.5 and Huh7.5 JFH1*Neo(DHFRclover@2442) Myc
cells with L -AHA. Naive Huh7.5 cells and Huh7.5 neoMyc were incubated in media
lacking methionine but supplemented with LAHA for 4 hours. These were then
lysed in click lysis buffer and biotinylated by click chemistry. Biotinylationof L-AHA
was detected by western blot usingStreptavidin-HRP.
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Figure 5-8 Pull down a ssay using Myc Antibody at the recommended
concentration . Naive Huh7.5 cells and Huh7.5 NeoMyc were lysed in click lysis

ACEEAO8 pnm t1 11k AADEADPOI OABT ODALB-t1 1 A& 300A"A
loadedwiOE p tC T &£ -1TO0OA ;-UA AT OEAT Auh AT A ET AOAAOA
ATETAA ET tmnm t1 1T &£ p@3%$3 0!" % 11T AAET C AOEEAO Ol

total fraction (Tot.) collected prior to pulldown, an unbound fraction (UB) collected

from protein samples exposed to the beads but had not bound, and a pulled down

fraction (PD) collection from the elution. Pulldownefficiency was detected by

xAOOAOT Al 1T OOET ¢ OOCET ¢ OEA i1 00A ;-UA Al OEAT Aus
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Figure5-9Pul 1 AT xT O OENa@e Huh7kA@ls and Huh7.5 NeoMyc cells

were incubated in media lacking methionine but supplemented with tAHA for 4

hours. These were then lysed in click lysis buffer and biotinylated by click chemistry

and Biotinylation of L-AHA was detected by western blot using StreptavadiHRP

j'qgs pmm t1 T &£ AAAE DPOT OAET OAi™®drélloaded O A @D
with05t C I &£ -1 O0A | -UA AT OEAT AU AT A ET AOAAOA
AT ETAA ET tmn 1 ingAuffer@lefit® the protedh. Sainpleh included a

total fraction (Tot.) collected prior to pulldown, an unbound fraction (UB) collected

from protein samples exposed to the beads but had not bound, and a pulled down
fraction (PD) collection from the elution. Pulldown efficiency was detected by

xAOOAOT AITO0 OOET ¢ i1 OOA 4-UA j"Qs
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Figure 5-10 Optimising pull down of biotinylated protein using s treptav idin
agarose beads. Huh7.5 NeoMyc Cells werenicubated in media lacking methionine
but supplemented with L-AHA for 4 hours. These were then lysed in click lysis buffer

AT A AEIT OET Ul AGAA AU Ail EAE AEAI EOOOU8 pnm (1 1T &£ D
AARAOx AAT pmn AédtrAptapidirgagarqsé beddghra 50% slurry for 1 hour. The
AAAAOG xAOA AT EITAA ET tm t1 1T /&£ p@3%$3 0! % 11T AAETC

Samples included a total fraction (Tot.) collected prior to pulldown, an unbound

fraction (UB) collected from protein samples exposed to the beads bitad not

bound, and a pulled down fraction (PD) collection from the elution. Pulldown

efficiency was detected by western blot usingstreptavidin ( 20 ! Q@ AT A |- UA j "8
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5.6 PULSE CHASE

To visualise the impact of domain Il truncation on protein stability in loth a stable and
unstable state a pulse chase was performed using Huh7.5 NeoMyc and Huh7.5
. AT - UA 32403 getls. A uniform number of cells were labelled with {AHA and incubated

in the presence of TMP for 0/2/4/8 hours or in the absence of TMP for 0/1/2/3 hours.
Samples were lysed in a buffer lacking SDS, and click chemistry performed to biotinylate the
labelled protein. The difference in time was due to the expected rapid turnover of NS5A in the
absence of TMPThe protein lysate was then purified by mettanol precipitation before a pull
down was performed using Streptavadiragarose beads. The results were visualised by
western blot using the mouse antimyc monoclonal antibody Eigure 5-11). Blotting for
GAPDH was included as a contras GAPDH has &alf-life greater than 35 hours(Franch et al.,
2001) and was therefore expected to be broadly invariant across all time points.

In contrast to the previous experiment truncated NS5A did not show increased sensitivity to
TMP withdrawal. Indeed NS5A did not show any evidence of degradation over the course of
the chase, both under conditions when it was stabilised by the presence of TMP, or when it
was destabilised by TMP withdrawal. The results from the GAPDH blot indicated that
variation between experimental groups due to biotinylation efficiency and processing was

minimal

Of note, however, was the reduced level of NS5A produced by the Huh7.5 NeBMy¢ 6 v T
2404 cells compared to the Huh7.5 NeoMyc cells. A similar pattern had been observed in
previous Western blots with NS5A, and this data corroborates that observation, that

truncation of domain Il results in decreased NS5A abundance.
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Figure 5-11 Pulse chase of pSGRJFH1*nedDHFRClover@2442)Myc and

PSGRJFH1*neg $ ( &2 #1 1T OA Oa ¢ v240d ®gcc lduh 7.5 NeoMyc and

( OEx 8uv. Al - -D4%cels were incubated in media lacking methionine but

supplemented with L-AHA and TMP for 4 hours, and then incubated in complete

media +/-10t I 4 - 0 /&l O -8AMAudsif AMRA supplemented or 84 hours if

TMP starved. Cells were lysed in click lysis buffer and the protein biotinylated by

click chemistry. The praein was then purified by methanol precipitation and a

PDOI 1T AT xT AOOGAU DPAOAI Oi AA T 1 pnmnstedtavilitE DPOOEAZEAA O
agarose beads in a 506 slurry for 1 hour. To elute the protein the beads were boiled

ET tm t1 | A& p@ 3ffer3Abondanes ofiNiSFA/ateladd tide(point was o
AAOAAOAA Au xAOOAOT AITO OOEicCc 11T O00A i UA8 %NOAI
andreDOT AET C A O "1 03%$( OOCEITC 1T OO0A 4 103$(8
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5.7 INVESTIGATING THE ROLEBF DOMAIN IIION INTERFERON
SENSITIVITY USING TANSIENT TRANSFECTION

IFNs are an important component of both the innate and adaptive immune responses.
Released by virus infected cells, type | interferons stimulate an antiviral response in both
infected and neighbouring cells. The end result of this is to inducbe expression of antiviral

proteins and limit viral replication and spread. Due to the previous lack afpecific anti-HCV
therapies available, pegylatee) &. | xAO O1 OEI OAAAT 601 U AHCVAOOA
treatments. Unfortunately the response rate to pe¢FN varies considerably between patients.

It has recently been reported that TRIM22, a TripartiteMotif protein is upregulated in HCV
DAOEAT 00 OAAAEOFAnG et )al& .2016) This AésAdedn seen to result in
polyubiquitination, and degradation of NS5A, suggesting a link between IFN therapy and
NS5A sability. Investigations have also suggestd that regions in NS5A domain Ilimight be

linked to IFN-based treatment outcomes, although it should be noted that there is a degree of
controversy as to whether NS5A polymorphisms do indeed influence IFN treatmeoutcome.

To look into the possibility that NS5A domain Illpromotes stability in the face of the IFN
response, JFH1 replicons carrying either a full length domain I, or carrying the2354-2404

AAT ACETT xAOA ET OOI ACGAAA ET OI (OEx8uv AT A EI

concentration from 0.3 U/ml to 100 U/ml.

This was performed using replicon constructslacking DHFRclover. Although the DHFR
Clover cassette had proved invaluable during previous investigations, the artificial
destabilisation resulting from DHFR unfolding has no equivalent during the real HCV life
cycle (lwamoto et al., 2010) As such further experimentation was needed that focused on the
impact of NS5A domain 11l during biologically relevant destabilisation eventsTo eliminate
the possibility of the DHFRclover fusion partner confounding or masking these any such
biologically relevant events, JFH1 replicons were generated that possessed either a full
length or mutant domain Ill, but lacking the DHFRclover cassette To achieve this, the 2354
2404 deletion was introduced into pSGJFH1*luc (Append®d1).

To perform the assay Huh7.5 cells were transfected with either pSGRJFH1*luc or
pSGRJFHZE* ¢ 02404 and incubated in thepresence of between 0.3 U/ml and 100 U/mi
y&. 1t h AT A A 1 OAE £Ane hdfdasdadsayddta shdwedmhabbtid raplicons
were indeed sensitive to IFN treatment, with both constructs exhibiting a steady decrease in
replication with increasing concentration of IFN Figure 5-12). However neither proved more
sensitive than the other, suggding that the status of domain Il has no impact on the

resistance to IFN, at least under transient replication assayonditions.
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Figure 5-12 Sensitivity of p SGRIJFH*luc and p SGRJFIg ¢ I O A 3-2464 1

replicons to IFN j . pSGRJF#*luc and pSGRJFp ¢ | O A 324@# uranscripts were
electroporated into Huh7.5 cells. 4 hours pst transfection cells were treated with

) & . jbetivé®2n 0.3 and 100 units/ml. The cells were then incubated for 48 hours
before being lysed in 1x Passive lysis buffer. These lysates were used in a luciferase
assay to determine viral replication. Data repesents the mean +f Standard error of
two assays.
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5.8 GENERATION OF STABINRANSFECTED CELL LB$ EXPRESSING
PSGRJFH1I*NEAND PSGRJFH1I*NE®(¢ o +2404

To extend theanalysis to see whether domain Iimight be involved in interferon sensitivity, it
was decidedto look at the impact of IFN on cells stably carrying replicons expressing full
1 ATCOE . 3u! 1T 0O . 32404 deletiv® Eo génErdte apSGRIFk 1*neplasmid
AAOOUET C -¢cOE#t 3GQ@QItAAOCETT AT .04 CAT A x-8404 AT T
(Appendix 8.12).

Due to previous issues with the selection of stably transfected cell lines, transcripts of
pPSGRJIFH1*ngopSGRJIFH1*newd ¢ 042404, and pSGRJFH1*negBND were electroporated
into Huh7 cells, rather than Huh7.5.During earlier attempts to generate similar cell lines in
Huh7.5 cells those transfected with full length replicons produced considerably fewer
colonies than those transfected with the truncated replicon, and did not recover well post
selection. Anecdotal evidence from work carried out by other lab personnel suggested that
Huh7 cells produce a higher yield of colonies during selection than Huh7.5, laast for JFH1
based constructs. Huh7.5 cells were generated by curing Huh7 cells of HCV repligarsd are
highly permissive to its replication (Blight et al., 2002) One hypothesis to explain the
differences in colony production is that the Huh7.5 allow so much replicain as to be

overwhelmed, whereas the Huh7 cells support a more controlled replidéon.

After 48 hrs the transfected Huh7 cells were placed under G418 selection at 650g/ml to
allow the emergence of resistant colonies. Colony formatiom Huh7 cellstransfected with
pSGRJFH1*newas markedly improved compared to cells transfected witlsimilar replicons,
although those cells transfected witpSGRJFH1*nem ¢ 0 2404 still generated 3 times more

colonies.

To confirm the presence of the replicons a Western blot was performed to detect NS3
(Figure 5-13).
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5.9 INVESTIGATING THE ROLEBF DOMAIN 111 ON INTERFERON
SENSITIVITY USING &BLY TRANSFECTED CELINES.

To investigate the impact of domain Ill on interferon sensitivity 4x 105 Huh7 cells stably
transfected with either pSGRJFH1*neor pSGRJFH1*ned ¢ 042404 were incubated in the
preserAA T £ pnnh xuvh vuvmh ¢uvh TO0 mn OT EOQOFIT ) &
selected to provide a dynamic range, based upon work in the Wakita gro(igato et al., 2005)
A colony forming assay was then performé using 1%, 10 or 1, transfected cells
(Figure 5-14, Figure 5-15).

Both transformants demonstrated the ability to form colonies irrespective of interferon
treatment. Neither demonstrated a dose dependent response to IFN, suggesting that the
maximum doses of IFN used, othe duration of time for which it was applied, was insufficient

to eliminate either of the replicons from the polyclonal cell population. Howeverthose cells
carrying the pSGRJFH1*ne»d ¢ 042404 replicons yielded a great number of colonies
compared to those cells carrying the full length replicon. The most likely explanation for this
OAOOI 6 EO OEAOD O A B I-BMI tiur@atioA AxbiditU sEipefor dlEnf 3 ¢
formation, particularly as earlier experimental results support such a conclusion, such as the
during the generation of the Huh7.5NeoMyc cell lines. However, it also remains possible that
this result is due to thepSGRJFH1*nepolyclonal cell line carrying a higher proportion of

untransfected cells.
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Figure 5-14 Colony forming assay of Huh7 pSGRJFHINeo A1 1 06 OOAAOAA xEOE ) &.
4 x 105 cells were incubated in media supplemented with between® nmt OF71 1 ) &. | 8

After 5 days the cells weae trypsinised and seeded at 18, 104, or 103 transfected
cells per well, Each well was addibnally seeded with naive Huh7 cells to a total cell
density of 2x 105. These were incubated in media supplemented with 650 C ¥ | |
G418 for 2 weeks. Calnies were stained with coomasie blue.
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104, or 13 transfected cells per well, Each well was adtionally seeded with naive
Huh7 cells to a total cell densitiy of 2x 105. These were incubated in media
supplemented with 650t Cnfl G418 for 2 weeks. Colonies were stained with

coomassie blue.
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5.10 INVESTIGATING THE IMACT OF DOMAIN 11l @ ANTIGEN
PRESENTATION

The proposed role of domain Ill in protein stability, although enigmatic, lent itself to several
functions. One potential celllar function was protection of NS5A and possibly other viral
proteins from antigen presentation. Detection of virus infected cells occurs through the Major
Histocompatibility Complex (MHC), which presents both native and foreign peptide on the
cell surface and their subsequent detection by cells of the immune system. This process relies
on processing of proteins by the proteasome to yield peptide fragments that can bind into the
MHC class | groove. Given the findings of the thesis so far it was possiblattdomain Ill
might reduce proteasomal processing of NS5A, and thereby delay detection of NS5A

containing peptides by the immune system.

In order to test this, an antigen presentation system was adapted from collaborators in the Ed

James lab. This systeneties on a mouse albumin epitope SL8 (SIINFEKL) which is presented

on the cell surface by MHC class | complexes. Presentation is detected bycwlturing cells

with a T-cell hybridoma called B3Z, which becomes activated upon detection of SL8.

Activation triggers expression of thdacZCAT Ah 1 AAAET ¢ Ol-galéctoddash,01 AOAOET 1
which can be detected by the addition of chlorophenolreg -D-galactopyranoside (CPRG).

The idea was to introduce SL8 into NS5A of an HCV replicon, and monitor presentatiam, t

determine whether or not domain Ill impacts on NS5A processing.

Preliminary work was focussed on whether or not SL8 could be presented if fused to NS5A.

Previous work within the group had generated a serieof JFH1 based bicistronic replicons,

expressinga renilla luciferase Foot and Mouth disease virus (FMD\2A fusion product linked

to other genes of interest in ORF1 and NS&B from JFH1 in ORF2Rjgure 5-16). The FMDV2A

induces a cetranslational ribosome skipping event, effectively cleaving itself from

downstream proteins(Ryan and Drew, 1994) Additional coding regions contained within

these replicons included a mouse MHC class | geng2kQ h -cA IfEAOT ¢c1 1T AOI ET CAT A jr
and an SL8 coding regions in variousombinations. One replicon expressed SL82K and

r¢c- AO A OETCI A EOOCEIT 1T bHOFMDUZACORALIand s€re@®dsfai AOT 1T 2 A
positive antigen presentation control for the B3Z assay. Another only expressdd2K and

rc- Al xT OOOAAI-FMBQA, iservihd ds & Indgdtive control. The finaonstruct

expressedH2KAT A r¢- £EOI i 1 2&p AOO Al O AgbOAFROAA 3,y £O
encoded by ORF2. In addition a pSGRJFH1*luc plasmid has been prepared also carrying the

DHFRSLS cassette.
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While these constructs had been generated, the abifitof SL8 expressed from ORF2 to be
presented by H2K-t ¢ - A@GDPOAOOAA &EOI I J/2&p EAA 110 A
transcripts of these replicon constructs, alongside pSGRJFH1*luc and pSGRJFH1*lucGND,
were transfected into Huh7.5 cells by electroporatiorand incubated for 24 hours and an SL8

presentation assay performed Figure 5-17).

Data from this experiment showed that only those B3Z cells emultures with cells carrying

the control replicon, expressingH2K-r ¢ -SL.8 fusion product from ORF 1, were activated. In
contrast, the replicon expressingH2K-r ¢ - A&AOT 1 [/ 2&p AT -BHFB failed t&EOT |
generate a signal. Initially it was thoght that the lack of signal might le due to insufficient
levels of H2K-t ¢ - ®Dnén§OEA 3, ¢y PAPOEAAR AO OEA - (# Al
only present this peptide, unlike the situation with the positive control. However, on further
discussion with the James group a further possibility was envisaged, that where the flexabl

linker fusing theH2KA T A  together prevent loading ofdownstream SL8 into the peptide
binding groove by chaperones.
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Figure 5-16 Replicon constructs expressing H2kh [ ¢ - A T(A) pRRA-p2K-
B2M-SL8NS35B. (B) pR2a-H2K-r ¢ izZNS35B (C) pR2AH2k-1 ¢ Iz
NS358DHFRSL8@2442)(D) pSGRJIJFH1*lucNS3B(DHFRsI8@2442).
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Figure 5-17 B3Z assay of pR2A replicons. Huh7.5cells were transfected with pR2A
replicons carrying SL8 in either ORF1, alongsidd2KAT A r¢-h 1T 0 ET [/ 2&
NS35B derived from JFH1.Post transfection a B3Z assay was performed using the
transfected cells. B3Z cell activation was detected by additmof CPRG and

measurement of the absorbance at% nm. Data represents the average of 2 assays.
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To overcome the issue that the linker between thel2KAT A 1 ¢- [T ECEO AA DPOAOGAT OET ¢
loading, it was decided to expres$i2K alone, relying on endogenou& O1 AT [ ¢- O1T &£0I1 AEIT
Ol 1T A OEAO OEA 1100A r¢- AZEOOCETT DAOOTAO EAA AAAT E
decided to express H2K independently of the replicon to avoid difference in replicon

replication introducing possible confounding issues with @te interpretation. A pCDNA

plasmid was therefore generated that expressed botH2K and a hygromycin resistancegene

(Appendix 8.13).

Prior to the generation of stably transfected cell lines, the pCDNHBygro-H2K plasmid was
OAOOAA AU OOAT OEAT O OOAT OEZAAOEIT OI AT OOOA
substitute for the mouse homolog and was present in sufficient levels. Huh7.5 cells were co
transfected with pCDNAHygro-H2K and pCDNASLS8 (kindly donated by D Edd James), or
pPCDNAHygro-H2K and empty pCDNA, and a B3Z assay performed. In additjarells were

O
v
>
O

mock treated with PEI to ensure that transfection had no impact on B3Z cell activation
(Figure 5-18). Those Huh75s transfected with both pCDNAHygro-H2K and pCDNASLS
caused slight activation of the B3Z cells suggesting that these were presenting SL8 and
therefore that the pCDNAHygro-H2K plasmid was capable of expressingd2K. The level of
activation was markedly bwer than in typically observed when running a B3Z assay with SL8

antigen, however this was attributed to poor transfection efficiency.

Subsequently pCDNAdygro-H2K was transfected into Huh7.5 cells to generate a stablé2K

expressing cell line, selectioM AET ¢ PAO&I Of AA OOET C pmm tCx¥il (UcoOli
Four Huh7.5pCDNAHygro-H2K cell lines were obtained of which three were monoclonal

(Huh7.5 pCDNAHygro-H2K 1, 2, and 3) and one of which was polyclonal (Huh7.5 pCDNA

Hygro-H2K P). To determine he ability of the stably transfected cell lines to present SL8,

each of the 4 cell lines was transfected with either empty pCDNA or pCDI$A8, and a B3Z

assay performed Figure 5-19).

All three of the monaoclonal ells lines failed to present SL8, suggesting that they were not
expressing H2K. On the other hand the Huh7 5% CDNAHygro-H2K Poly cell line did show
evidence of B3Z activation, and thereforeH2K expression. Attempts to enrich theH2K
positive population by FACS met with little success. During the initial flow cytometry analysis,
using an | H2K antibody directly conjugated to FITC (kindly donated by Dr Edd James), no
difference was observed between the Huh7-pCDNAHygro-H2K Poly cell line, and the naive

Huh7.5 control cells (data not shown). As such these cells were abandoned.
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Figure 5-18 B3Z assay using cell s transient ly transfected with pCDNA-Hygro -

H2K. Huh7.5 cells were transfected with pCDNAdygro-H2K alongside either
pCDNASLS, or empty pCDNA. 48 hourBost transfection a B3Z assay was performed
using the transfected cells. B3Z cell activation was detected by addition of CPRG and
measurement of the absorbance at% nm. Data Represents the average of 2 assays.
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Figure 5-19 B3Z assay with Huh7.5 cells stably transfected with pCDNA -Hygro -
H2K. Huh7.5 pCDNAHygro-H2K cells 1, 2, 3, and P, were transfected with either
pCDNASLS8 or empty pCDNA. 48 hours Post transfection a B3Z assay was perfed
using the transfected cells. B3Z cell activation was detected by addition of CPRG and
measurement of the absorbance at %5 nm. Data represents the average of 2 assays.
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5.11 GENERATION OF A2K EXPRESSING CELL LINE

As atempts to stably transfect in a plasnid expressing bothH2K and a selectable marker had
failed to produce cells expressing sufficienti2K, it was decided to use lentivirus transduction
to generate anH2K expressing Huh7.5 cell lineH2K from pCDNAHygro-H2K was therefore
cloned into the GFPRexpressing pLVTHM plasmid, generating pLVTH@FRH2K
(Appendix 8.14). The resulting plasmid was then transduced into naive Huh7.5 cells by

lentiviral transduction.

To determine the transduction efficiency thetransduced cells were analysed by flow
cytometry to determine the expression of GFP, and thereforel2K within this population
(Figure 5-20). After gating the Huh7.5H2K cell line appeared to form two distinct

populations, with approximately 65% of the Huh7.5H2K cells positive for GFP expression.

To confirm the ability of the Huh7.5H2K cells to present SL8 the cells were transfected with
either pPCNDAHygro-H2K or pCDNASLS8. To provide a positive control some callwere also
transfected with equal amounts of both plasmids, while some were transfected with pCDNA
expressing neither. The cells were incubated for 48 hours to allow expression, and a B3Z
assay performed Figure 5-21). Transfection with pCDNASLS led to activation of the B3Z
cells both alone and when cdransfected with H2K, confirming the presentation of SL8, and
therefore the expression ofH2K. Interestingly those cells transfected with pCDN/LS8 alone
demonstrated increased B3Z activation compared to the cetransfected cells, but more
importantly showed enhanced activation of the B3Z cellsatnpared to the polyclonal cell line

expressingH2K derived by plasmid transfection.
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Figure 5-20 Flow cytometry analysis of Huh7.5 H2K cells. (A) Gating of Huh7.5
cells excluding debris and outliers using forward scatter and side scatter. (B) Gating
of Huh7.5 cells based upon side scatter and GFP expression. (@wLtytometry of
Huh7.7H2K cells. (D) Shift in GFP expression between Huh7.5 cells and HuhAZK

cells.
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Figure 5-21 B3Z assay using Huh7.5-H2K cells. Huh7.5H2K cells were transfected
with either pCDNA-Hygro-H2K, or pCDNASLS, or both. 48 hourgost transfection a
B3Z assay was performed using the transfected cells. B3Z cell activation was
detected by addition of CPRG and measurement of the absorbance at 5#0.

159



5.12 GENERATION OPSGRJFH1*LUC REPLIN® EXPRESSING DHFRSL

Alongside the generation of a Huh7.5 cell line expressind2K, JFH1 replicons were generated

that carried the DHFR3 , ¢ AAOOAOOA ET AT OE2404 baged hector.IABT COE AT A
PSGRJIFH1*lucNSB " | $ ( &2 01l wactt1c¢qQ xAO Al Qf0AdelstioAfGAE]T AAT A OEA
PSGRJIFH1*ucNSB " j $ ( &2 Al T OA O #2404 twag] Manedv into it, generating
pSGRJFH1*lucNSB " | $ ( &2 3, Y2 ¢ 2404 (@ppendiv8i15). However, even under

stabilising conditions there is some variance in replication between full length

there was concern that this could have an impact on SL8 processing and detection beyond

any direct impact that changes to NS5A might cause. As such the GND mutation was

introduced into the NS5B of both pSGRJFH1*lucNSSB(DHFRSL8@2442) and
PSGRJFH1*lucNSG8 "  $ ( &2 3, Y9 ¢ R2404. Geplicans from these constructs should

not replicate, and so only that protein expressed from the translated RNA should be detected.

To achieve this NS5A from bdt replicating plasmids, including the truncation and DHFRSL8

cassettes, was cloned into pSGRJFH1*lucGNpPpendix 8.15).

Prior to the presentation assay, transcripts of the four plasmids were electroporated into
naive Huh7.5 cells, and a replication assay performed in the presence or absence of 10 mM
TMP (Figure 5-22). Each of the 4 replicons behaved as expected, with both GND carrying
replicons dropping off rapidly, andthe functional replicons showing a differential response to
TMP. The replicon from pSGRJFH1*lucNSB(DHFRSL8@2442) demonstrated robust
replication in the presence of TMP, and showed evidence of recovery in its absence, whilst the
replicon from pSGRJFH18cNS3v " § $ ( &2 3, Y3 ¢ 12404 @ahby showed evidence of
replication in the presence of TMP. The replication assay also showed there to be a slight
difference in growth between the full length and truncated replicons even in the presence of
TMP, consistentx EOE  AAOI EAO 1 AOA GZadM@des$ imgact AnHepl@atidnBhA 3 ¢ ou T
the presence of TMP.
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Figure 5-22 pSGRJFH1 SL&lasmid replication assay. Huh7.5 cells were
transfected with transcripts of pPSGRJFH1*luc(DHFRSL8@2442),

P3' 2*&(pel OA} $( &2 324049 pSGRIEHIHUC(BHWFRSL8@2442)GND,
AT A P3'2*&(psl OAj $( &2UB4GNDand incgbdtedcirotvetpresence
j'rgqh T0 AAOAT AA i"q T &£ pnt- 4-08 lysedhoO
1x Passive lysis buffer, and a luciferase assay performeldata from a single assay.
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5.13SL8 PRESENTATION A&%

Having confirmed the functionality of all four SL8 replicons, they were electroporated into

Huh7.5-H2K cells to assess presentation of th&L8 epitope embedded within the different

NS5ADHFR clover coding regions. Post electroporation the cells were immediately separated,

half re-suspended in DMEM alone, and half rsuspdd AAA ET  $- %- OO0ODPDI Al AT OAA
TMP, and a B3Z assay performedFigure 5-23). Although replication may impact

presentation, the replicase functional pSGRJFH1*lucNSB(DHFRSL8@2442) and
pSGRJFH1*lucNSB " | $ ( &2 3, Y23 ¢ 404 Wesecireluded to offset the possibility

that the GND constructs did not yield sufficient protein for presentation. To ensure that the

B3Z cells remained sensitive a positive control replicon was also included that expressthe

H2K-SL8 fusion peptide.

Disappointingly SL8 presentation was only detectablén those transfected with the positive
control. None of the cells electroporatedreplicon constructs containing SL8 in the NS5A

coding regionappeared capable of activating the B3Z cells.

A number of possibilities exist that could explain the failure ofttis experiment, however time
constraints meant it was not possible to determine what the problem was, and therefore take
this work further. The first possibility is that the Huh7.5H2K cells may have stopped
expressingH2K. No selectable marker was includ# in the lentiviral plasmid transduced into
these cells, meaning there is nothing to ensure continued expression. This was a deliberate
choice, to remove any factors that may negatively impact replication and antigen processing,
however it leaves possibilty for metabolic pressure to drive the cells to stop expressingi2K.

To address this, the experiment was repeated in fresh Huh732K cells that had been stored

in liquid nitrogen since the preliminary experiments that had confirmed expression oH2K.

This produced identical results.

As mentioned previously the Huh7.8H2K cells exist in a mixed population in which only
approximately 65% actually expressedH2K. Although this was deemed acceptable previously,

the lack of B3Z activation may be due to insuffient H2K expression.

Alternatively the issue may be due to the replicons themselves. Although the preliminary
replication assay had shown that the replicons were functioning as expected, there is the
possibility that the replicons are not generating suffioént protein to be detected by the B3Z

assay.
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Finally it may be a mixture of any of the three. Electroporation results in considerable die off,
and it is possible that, in combination with the relatively low level oH2K expression, this led

to only a smal population expressing bothH2K and SL8.
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Figure 5-23 B3Z assay of pSGRJFH1*luc(DHFRSL8@?2442) replicons. Huh7.5H2K
cells were transfected with pSGRJFH1*luc(DHFRSL8@2442),
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5.14 SUMMARY

Previous work has shown that an intact NS5A domain Il was capable of rescuing replication
when NS5A is targeted for degradation, however the benefit this has to the virus life cycle
remains enigmatic. The work described in this chapter was therefore focused on determining
this benefit.

The original observation that sparked this work, along with mub of the subsequent work,
involved destabilising the NS5A protein, either through the Mend rule or through the use of a
destabilising domain. However, the impact of domain Ill on protein stability remained
anecdotal; despite the clear ability of domain Ilto rescue replication during destabilisation
there was no direct evidence linking domain Ill to protein stability. To determine the impact
of domain Il on NS5A stability, replicon carrying cells were treated with cycloheximide,
chloroquine, and MG132, ad the abundance of NS5A from the various mutant constructs
monitored over time. The NS5A from both full length replicons, NeoDHFRClover@2394 and
NeoDHFRClover@2442, appeared to be highly stable, showing little change over the 12 hour
period. In contrast i OE OE A tsnco vAtl A2435 runcated replicons demonstrated
reduced stability, with each showing a clear drop in NS5A after 12 hours in the presence of
AUAT T EAQEI EAA8 )1 OAOAOOET ¢ I24n4 @tidhn dollddErescudd O O A
by the addition of either chloroquine or MG132, inhibiting the activity of the lysosomes and
proteasome respectively, supporting a role for domain Ill in counteracting a cellular protein
degradation pathway. Furthermore as both lysosomal and proteasomal deaptation are in
part regulated by ubiquitination, and that DHFR destabilisation is mediated by ubiquitin, it is

likely that an interaction between domain Il and ubiquitin is involved.

Although this work provided the first direct evidence that domain Il fas an impact on
stability, and had highlighted two possible routes, attempts to repeat the work met with little
success. The toxicity of the chemicals involved led to cell death and difficulties visualising the
protein. As such an alternative was soughthtough which NS5A stability could assessed in a
more biologically relevant environment. This led to the generation of stably transfected cells
lines carrying JFH1 replicons marked with a myc tag, which allowed pulse chase experiments
to be performed. Disapointingly this work failed to show any difference in susceptibility to
DHFR mediated degradatb AAOxAAT &£O0i1 1 AT COE .3uv! -ATA
2404 truncation, with neither showing a drop off over the course of the experiment. It should
be noted that this experiment was conducted over an 8 hour period, based upon the
predicted half-life of NS5A of between 4 hours, however previous work with DHFR
replicons had been conducted over a 72 hour period, with the impact of DHFR becoming

apparent within 24 hours. This leaves the possibility that cells were given insufficient time
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for DHFR to havea visible impact on NS5A. Alternatively, as there was only the opportunity
to perform the pulse chase experiment once, due to time constraints, it is possible that
residual levels of TMP in thegTMP group confounded the experiment. Further experiments
are need where the time course used in the chase is extended and the cells are washed more
extensively after the L-AHA pulse, perhaps with 5 minute intervals between waslsgto allow

leeching of TMP from the celleind ensure its complete removal.

Despite not seeing a DHFRnediated drop off in NS5A by pulse chasehere was a clear
AEZEAOAT AA ET OEA AGPOAOOEIT 1 -2404Ereplicdru yieldiigT  OT OAT h
considerably less protein than the full length. One possible explanation for this is that domain
Il may function earlier than previously thought, possbly immediately post translation.
Typically unfolded proteins, similar to domains Il and Il will be identified by the cell and
rapidly degraded by Endoplasmic reticulum associated degradation (ERADt may be that
domain Il allows NS5A to avoid beingdrgeted by ERAD, thuincreasing the level of NS5A in
infected cells.Alternatively domain Il may serve toprotect NS5A duringER stress, a cellular
condition triggered by a build-up of un-folded protein, in the ER lumen. During ER stress cells
undergo meabolic changes to cope with the excess of unfolded proteins, including inhibition
of translation, enhanced expression of chaperone proteins, and increased turnover of

unfolded proteins by ERAD. Domain Il may have therefore evolved to counter thissponse.

Although the role of domain Il in promoting NS5A stability remains inconclusive, the impact

of domain Ill on several virus host interactions was investigated. NS5A has long been

associated with resistance to the IFN response, although the precise natuof this remains

controversial. The potential involvement of domain Il in interferon sensitivity was therefore

tested by transfection of Huh7.5 cells with either a full length JFH1 replicon, or one carrying

OEA s2@4uruncation, and treating he cels x EOE  OAOQUET ¢ AT 1T AAT OOAOQET 1O
transiently transfected cells both replicons demonstrated sensitivity to IFN, although there

was no difference in sensitivity between the two. This was further confirmed using stably

transfected cells, which weretreated with different concentrations of IFN. As beforeneither

truncated nor full length replicons demonstrated enhanced sensitivity to IFN than the either.

Together these data suggest that the 2352415 region of domain Ill has little impact on IFN

sengtivity, although given the artificial nature of using Huh7 cells to assess IFN sensitivity,

there remains a possibility that domain Il may yet be involved. Previous studies have shown

that it is possible to get repliconcontaining Huh7 cells tobehavein A 1 1T OA OHAEEA®BI AUOA
state(Bauhofer et al., 2012) Under such conditions the replicon becomes far more resistant

Ol )&. OOAAOGI AT Oh AT A EO x1 O1 A AA-2404 del&iorA OOET ¢ Ol

under such circumstances.
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In addition to IFN sensitivity domain Ill was tested for impact on antigen presentation. The
potential role of domain Il on protein stability and degradation may benefit the virus by
limiting the generation of peptide fragments that @an be presented on the cell surface by MHC,
thus delaying detection of virally infected cell by the immune system. Testing of this involved
the introduction of SL8 into NS5A, and transfection of these replicons into a cell line capable
of presenting it. Urfortunately, athough preliminary experiments had shown that the
Huh7.5-H2K cells were capable of processing and presenting SL8 from a pCDNA plasmid, they
did not appear capable of presentingL8 when expressed fronthe context ofan NS5Afusion

protein.
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6 DISCUSSION

This work stemmed from the initial observation that JFH1 replicons carrying a DHFR
destabilising domain at differert locations within NS5A domain Ilishowed different levels of
replication in the absence of TMP, but comparable leveis its presence. Given that the DHFR
destabilisation domain has been reported to target conjoined proteins for proteasomal
degradation via polyubiquitination (lwamoto et al., 2010) the initial hypothesiswas that an
activity of domain Il that protects NS5A against polyubiquitinmediated degradation was
being disrupted. As NS5A does not possess any known enzymatic activity and domain 11l is
unstructured, a further implication of this hypothesis is that domainlll is likely to mediate
the effect through recruitment of a host cell protein or proteins. The aim ahis study was
therefore to test this hypothesis and establish whether the protective feature of domain IlI

reflected an activity that might have an important role in other physiological settings.

USP19 was quickly identified as gotential candidate for domain 116 O AET AET C
responsible for this effect. Work in the Bartenshlager group has shown that USP19 is
capable of assoating with NS5A within domain 11l (Pichlmair et al., 2012) Furthermore this
interaction would provide a clear mechanism for the process as USP19 is autéquitinase,
capable of rescuing a variety of proteins from polyubiguinitation and subsequent
degradation, particularly in the context of ER associated degradatiafHassink et al., 2009)
Initial deletion work was consistent with involvement of USP19, as delain of a region of
NS5A domain lllimplicated in USP19 binding proved also to be the same deletion that made
replicon replication most susceptible to TMP withdrawal. However, further investigation
failed to support a role for USP19. Indeed knock down of the proteins by shRNAs was found
to have no impact onthe ability of HCV replicons carrying domain 1l deletions to recover
under conditions where the NS5ADHFR Clover fusion product was destabilised through TMP
withdrawal. At present it is not possible to rule out the possibility that residual levels of
USH9 during these experiments were sufficient to provide complete protection to NS5A.

However a more probable scenario is that other mechanisms are in play.

One early finding that perhaps indicated this best was the surprising observation that small
20 amino acid deletions across this same region of NS5A had little or no impact on the
DOl OAET 6 0 AAEI| En@diated destabilis@tiorOFhése dbgedvations argue against
there being a single defined contact point between domain Il and a host protein tha
counteracted DHFRmediated destabilisation, but left open a number of alternative

explanations.
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The first was that the original hypothesis was incorrect, and that rathr than modification of

domain Il inhibiting an activity that allows rescue from DHFRmediated degradation, the

differential response to TMP withdrawal demonstrated by the constructs was instead due to

the scale of disruption to domainlll. In this model the larger deletions and internal insertion

of DHFRClover into domain Il would have aed as cryptic degrons enhancing targeting of

NS5A to the proteasome. This model makes the further assumption that proteasomal

degradation only becomes the rate limiting step in replication once it reaches a certain

threshold, and the impact of the modifiations to domainlll when TMP was still present was

not sufficient for this to happen. In the case of the tge scale deletion assay results this would

i AEA OAT OAh xEOE OEA -2404 @esukiqyOn tAeAdreAtésE drdphin 3 ¢ ou T

OAPI EAAOET T h AT A OE A2353ihdvihg nA nPactA&tfall. AtdsEcbuld falsos ¢ 0 ¢ v

explain why the smaller deletions vere tolerated, with these not being severe enough to

xAOOAT O .3v!160 AACOAAAOGEIT T8 (1 xAOAOh EOOOEAO Ak
possibility, as replicons expressing an NS5RHFRClover fusion protein with a duplicated

domain I, one of which was inAAO AT A 11T A 1T £ xEEA® ddeho® OEAA OEA 3

showed resistance to TMP withdrawal.

Whilst the data continues to point to domain Illlbeing actively involved in the protection of
NS5A from DHFRmediated degradation, a failure to identify responsiblenost cell proteins
counteracting DHFR means that other possibilities have to be considered. A second possible
explanation could relate to endogenous host cell protease activity. NS5A is well known to be
the target of host cell proteasegHidajat et al., 2004, Kalamvoki and Mavromara, 2004with
many target sites within domain Il (Kalamvoki etal., 2006), and the differential response to
TMP withdrawal demonstrated by the DHFR@2394 and DHFR@2442 constructs could in
theory have been due to differential cleavage of the DHFR group away from those sections of
NS5A (domains | and Il) essential foreplication. This explanation could then extend to the
results from the large scale deletion replication assays if the same cleavage site was to fall
between residues 2354 and 2394. However, arguing against such a model is the finding that
none of the overhpping 20 amino acid deletions across the same area enhanced susceptibility
to TMP withdrawal. Thus if the protease modkis correct, multiple cleavage sites would have
to exist in the region between residues 2354 and 2394. This seems unlikely given the
relatively small region in question. Moreover analysis of the sequence between residues
2354-2394, using PROSPERSoNg et al., 2012)dentifies only a single calpain cleavage site

after residue 2387 of limited cleavae potential.

A third possibility is that the differences in susceptibility to TMP are due to the nascent viral
DI 1 UPOI OAET 80 AAEI1 E O Uorddded preminOcomplé®sOthad &d\ dfeD A8 EECE
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resistant to degradation prior to the destabilising effet of DHFR becoming apparent.
Certainly the stability of individual proteins in other settings is known to be influenced by
whether they exist in isolation or in a complex(McShane et al.,, 2016) Furthermore, the
minimum components of the replicase capable of supporting RNA replication through genetic
complementation, and thus be able to engage in NS complex formation is N&8 but the
polyprotein can probably only start to fulfil this function once domain Il (thelast RNA
replication essential domain of NS5A) has exited the ribosome. Thus the presence of an
internal DHFR, or large deletion in domainll, shortens the time between when nascent NS3
5A is available to engage in RC activities and when the DHFR domdigacs the ribosome.
Some of the data collected in this study would support this mechanism; for example there is
clear correlation between the size of dletion introduced into domain 1ll, and the impact on
replication. However, the data obtained with thoseonstructs carrying two copies of domain
NAOCOAO ACAET 6O OOAE A 11 AAI 8 )1 -2608 BobskuctA @b A
had a larger separation between domainl and the DHFR domain compai to the single

intact domain Il construct, yet the later replicated more effectively.

The lack of complexity in domain lll, including both the V5 hypervariable and the highly
conserved sequence, could also suggest a fourth alternative mechanism, in which NS5A
functions independently to protect itself. Low canplexity is known to inhibit proteasomal
degradation of proteins (Sharipo et al., 1998, Fishbain et al., 2015)by inhibiting the
progression of the protein into the catalytically active 20S subunit. It is possibltherefore
that domain Il inhibits degradation simply by stalling the proteasome. In this model the
introduction of the DHFRclover fusion peptide internally within domain Il would therefore
decrease the extent to which low complexity sequence separateeplication essential regions
of NS5A from its degronrlinked partner complexity. Introduction of deletions would have the
same effect, explaining the differential susceptibility to TMP withdrawal seen in these
experiments. The resistance of the 2352404 scrambled replicon to destabilisation further

supports this, as no additional amino acid complexity was introduced.

This model would however cast some doubt on whether the mapping experiments were
identifying exactly the right region involved in protection against DHFRmediated
degradation. Use of the small scale deletions mapped the region of interest to between
residues 23542415 in JFH1. However, analysis of domain Ill using the SEG algorithm
(Wootton, 1994) predicts low complexity to residue 2428, which includes the majority of the
OANOGAT AA AAIT A G435 cdbdtructOIEidthesefpre possible that these additional
13 residues contribute to stability, but that their loss is tolerable, due to reducedize of

deletion relative to the region of interest. In support of this argument is the early observation
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that both the 2354-2404 and 24042435 deletions had an impact on replication, whilst the

smaller 20 amino acid deletions within this same region werenuch better tolerated.

A fifth and final model to explain the results would be that the deletiosthat have been
introduced into domain Il were not specific contact points for one or more host cell proteins
that afforded protection against DHFRmediated degradation, but instead were involved in
providing the appropriate spacing between two separate contact sites within NS5A. The

possibility that two separate functional sites might be needed for NS5A0st protein binding

to be correct, it would require one of the contact points to be contained within the final 6
residues of NS5A representing the Niside of the NS5A/5B cleavage boundary. This region
has been implicated in binding to host cell protims, e.g. NAP1LI{Cevik et al., 2017) and it

would be interesting to see what impact knocking these down would have on replication

using the DHFR constructs.

As yet it has not been possible to extend this work to include genotypes other than the
genotype 2 (JFH1) strain. The N8\ domain Il of genotype 2 strans of HCV contains an
additional stretch of 20 amino acids not found in any other strain. This stretch represents
residues 24062425, and as such is included in the region that has been mapped as being
active in protecting NS5A during DHFRnediated destalilisation. Additional there is
condderable variation with domain Il sequence between genotypes. This variation in size
and sequence of domain Il could suggest, therefore, that the protective ability is restricted to
this one strain. However, there areseveral indicators that this may not be the case. Firstly,
attempts made to generate equivalent genotype 1b (conl) replicons carrying DHFRover
with or without deletions in domain Il revealed that large scale disruption of domain Il had
such a detrimertal effect on replication that often it was difficult to detect replication of these
constructs. Secondly, though there is considerable variation within domain Ill, analysis of
conl shows it to have low complexity, similar to JFH1. Indeed similar analysis the
consensus sequence of domain Il suggests that this low complexity is a common trait of

domain Ill.

Clearly, more work needs to be done to resolve the various possible models that could
account for the protective phenomenon observed here. What isbgious, however, is that
while domain 1l might not be essential for RNA replication, its presence is required for

efficient replication.
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Disappointingly any role that domain Il might play in stabilising NS5A could not be
visualised directly. Cycloheximiet based experiments generated variable results, and the
single pulse chase experiment failed to see any difference between full length NS5A and NS5A
AAOOUET ¢ -oBAA trureatianu Despite this, the differential response that the
DHFRClover replicons Bowed to TMP withdrawal still suggests that domain Il plays a role in
NS5A stability. The key question remains though, what is this role? Several experiments were
O1 AAOOAEAT Oi OAA xEAOEAO EO AT OI A ET Al OAA
host cell.

ITA 1T &£ OEAOA xAO EiI x OEA OEOOO OAODPITAO Of
domain, previously shown to impact IFN sensitivity(Murphy et al., 2002, Duverlie et al.,
1998), and the fact that I$5A is targeted for polyubiquitination by TRIM2Yang et al., 2016)

and ISG12a(Xue et al., 2016) both of which are interferon stimulated genes, prompted
examinationintox EAOEAO T O 11 0 OEA AT 1 AET )shspeptibikyi AOE
to IFN. However, both transient and stable replicon experiments failed to identify any
difference in IFN sensitivity between JFH1 replicons with a full length or truncated domain

[ll. 1t should be noted however that the IFN work was limitedto JFH1 replicons, and IFN
sensitivity is the product of a variety of viral factors that include almost all HCV proteins
(Kumthip and Maneekarn, 2015, Blindenbacher et al., 2003, Lin et al., 2006b, Taylor et al.,
1999, Xu et al.,, 2009) It also remains possible that domain Ill could be involved in
antagonising the block to virus particle production imposed on HCV by IFN. Therefore, it
could be worthwhile undertaking future investigations using full length viral consruct,
particularly as the region of domain Il involved in protecting against DHFRnediated
destabilisation is distinct from those believed to be involved in particle production(Ross
Thriepland and Harris, 2015, Apel et al., 2008, Hughes et al., 2009)

A second area explored that might be influenced by altered NS5A stability was antigen
presentation. Previous investigators have found that the NS4B/5A precursor can inhibit the
transport of MHC class | complexesotthe cell membrane(Konan et al., 2003) Furthermore
HCV is well documented to induce ER stress within infected cel$ardif et al., 2002), which
itself has a detrimental impact on antigen processing and presentatio(Granados et al.,
2009). It was therefore hypothesised that NS5A domain Il might play a role ireducing
presentation of its own, and maybe other NS protein epitopes on MHC class | molecules.
However, it was not possible to either confirm or deny this due to the continued failure of the
Huh7.5 derived cell lines to present the SL8 epitope when expresd from the HCV replicon. It
seems unlikely however, that the failure to see SL8 presentation is due to the virus

completely blocking presentation as it is well documented that CD8+ cells have a protective
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role against HCVin vivo (Cooper et al., 1999) Moreover the protective nature of the HLA
B*27 allele, documented to promote HCV clearance, is believed to be mediated by efficient
processing and presentation of HCV epitopeSchmidt et al., 2012) In addition it has been
reported that expression of HCV proteins does not interfere with MHC class | processing and
presentation (Moradpour et al., 2001)so it would be expected that som@resentation should
still occur. More likely was that the Huh7.5 cells line expressing2K were simply incapable of

processing and presenting the SL8 from the replicons at sufficient levels to be detectable.

A third possibility that was not investigated was whether the protective role offered by
domain Il somehow related to the viruses ability to replicate in the face of ER stress. One of
the more remarkable observations made in this study was that while deletions in domain llI
consistently reduced the eplicative capacity of genotype 1 and 2a replicons in transient
replication assays, this was not the case in stable colony formation assays. While deletion in
domain Ill reduced colony formation in conl replicons it enhanced colony formation in the
JFH1 reolicons. Replication of genotype 2 replicons is much more robust that genotype 1
replicons, and often cytopathic effects can be seen 42 hours after cells are transfected
with these. One possibility therefore maybe that genotype 2a replicons expressifigl length
.3u! O1 OAOCAT T A8 AT U OOPPOAOOEOA AEEAAOO OEAO %2
the high levels of replication ultimately lead to cell death. In contrast replication of the
equivalent constructs expressing NS5A with the domain lldleletion is tempered in such a
way to allow long term survival of both the cell and replicon. It would be interesting to see
the effect of preimposed ER stress on replication of these various constructs under transient

conditions.

6.1 FINAL THOUGHTS

This work has examined a novel activity within the HCV NS5A protein, specifically domain I,
which | propose protects or stabilises the protein. Despite my best attempts however it was
not possible to determine the molecular mechanism behind this activity, or wdt benefits it
might provide the virus. It could be that by having two intrinsically disordered domains,
features that normally destabilize proteins, selective pressure has resulted in domain Il
being able to counteract this. Perhaps a collateral consequee of a necessary interaction that
NS5A undertakes with host cell signalling molecules exposes it to degradative processes, and
that domain Il has evolved in such a way to limit calegradation. Alternatively as a virus
capable of establishing a chronicnfection, an ability to avoid immunity is likely to be
important for HCV. Finally domain Il may simply play a role in passively boosting protein

stability to promote viral replication. Data presenting within this thesis would certainly
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support this idea & both JFH1 and Conl replicons demonstrate impaired replication upon
truncation of this domain. HCV infection is known to trigger ER stress in infected cells,
leading to reduced translation, enhanced expression of chaperon proteins and increased
turnover of unfolded proteins. It is therefore possible that NS5A domain Il has evolved in

such a way as to protect itself during this response.
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8 APPENDIX

8.1 PRODUCTION OF 20AAHDETION REPLICONS

Seven overlapping 20 amino acid deletions were introduced into NS5A, spanning residues
2354 and 2435 within the J-H1 polyprotein. These deletions were introduced into a
pSGRJFH1*lucNS3B(DHFRClover@2442) template, by twstep PCR, using primer pairs
described in Table 8-1, (Figure 8-1). Deletion carrying fragments were then cloned into the
pSGRJIFH1*lucNSBB(DHFRClover@2442) vector using either Cpd and

BamHi 3¢ o ypu h3¢owuhs MumodBag 1) g 8@ clv® h 3 ¢ oFigurdd1y. o X L C
Post ligation, plasmids were screened for the presence of the desired insert by restriction
digestion with the same enzymes used for cloning, and the insert region further verified by

sequencing.

A2354-2375F Clover R

|

NS3-NS5A E A

JFH1 (5955-5972)F A2354-2375R \

Cpol

l

15t Round PCR

|

l

JFH1 (5955-5972)F Clover R

2" Round PCR

NS3-NS5A E

Figure 8-1 Strategy to Generate pSGRJFH1*lucNS35B(DHFRClover@2442)
replicons containing 20 Amino Acid deletions . A two step PCR reaction was used
to generate templates for cloning into the parental vector vidamHI + Mlul or Cpd +
Mlul restriction sites (The Cpol sie waschosen to minimise the size of fragment
introduced and thereby limit the chance of mutation, however this site was removed
ET OEAcmgaobt-agggoeb ATl-A39%constguots, necessitating the use
of Mlul).3 DPOEI AOO AT T AAIT 1 TetidhbcurdAries, and daky a1 OE A
nucleotide tail complementary to the other side of the deletion boundary. Together
with the flanking primers these generate 2 overlapping PCR products lacking the
deleted fragment. A second PCR reaction, using these prodscs a template, yields
the final PCR product for cloning.

Cpol
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S S S oSS S DS oSS S DS oSS

n

JFH1 5955972 F

I I T T T I I T I T T T T

H

0-p3i4 F
0-p3id4 R
0-23B4 F
0-23B4 R
0-23p4 F
0-23p4 R
0-94p4 F
0-24p4 R
o-gap4 F
o-g4p4 R
n-24p4 F
n-24p4 R
n-24p5 F
n-24p5 R

Clover R
Table 8-1 Primers used to introduce 20 amino acid deletions into
pSGRJFH1*lucNS35B(DHFRClover@2442)

GACCTTTGGCCCGACGTCCCCTGGTGAGCC
GGGACGTCGGGCCAAAGGTCTTGATGGCCAG
CAGGCTCGTCCGAGACAGGTTCCGCCTCCTC
GAACCTGTCTCGGACGAGCCTGCATCACCGC
GAATCCGGCGGTCTCGAGGGGGAGCCTGGAGATC
CCCCCTCGATGIGCCGGATTCGGCGGCGC
GGCCCCCTCAGAGTCTGATCAGGTAGAGC
GATCAGACTCTGAGGGGGCCGGCTCACCAG
CTATGCCCCCACCCCAGGGCGGTGGAGTAGC
CGCCCTGGGGTGGGGGCATAGAGGAGGCGG
GATCCGGACCTGGGCTCGGGGTCTTGGTCTAC
GACCCCGAGCCCAGGTCCGGATCTCCAGGCTC
CTTCAACCTCCCGACGATACCACCGTGTCCTG
GTGGTATCGTCGGGAGGTTGAAGCTCTACCTG
TCATGTCTGGCGAGAAGC
TCCAGCTCGACCAGGATG
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Figure 8-2 Production of pSGRJFH1*lucNS35B(DHFR-clover@2442) replicons
containing 20 amino acid deletions . (A) Representative ¥t round PCR products.

3ET x1T AOA OEA bDOI Aéi{\@ﬁ) ‘B Eg OB A AR-EA®BUpiTgam
(~1500 bp) and downstream (~800 bp) reactions. (B) All 2d round 2300 bp PCR
products containing the appropriate 60 bp deletion prior to restriction digestion

and cloning into pSGRJFH1(DHFRover@2442). (C, D) Confirmation of insertion by
restriction digestion on ligated plasmid with either BamHI and

Miu) j 3¢ouvthsc¢oeuhCpdangMIf] jjs# @ Ylud 3 ¢cowuv ha¢gtmuh
Clones were considered positive if they yielded a ~2300 bp or ~800 bp fragment
respectively.
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8.2 INTRODUCING THE 2352400 DELETION INTO PK5.1 CON1

The eOEOAT AT O

(accession number AJ23879@.ohmann et al., 1999). Based on an alignment of 20 strains,

| -2804 @éledion svas antroduced into genotype 1b strain, Conl

representing genotypes 16, the equivalent déetion was considered to represent residues
2354-2400 of the Conl sequenceHigure 8-3). This was introduced into pFK5.1 by 2 step PCR
using OEA #1 1 {2406 anad R primers, in conjunction with the flanking Gn1 Mfel R
and Conl Xhol F primers respectivelyTable 8-2) (Figure 8-4). The 2d round PCR product
was then cloned into a pFK5.1 Neo Conl base using an upstredhd site and a downstream
Mfel site to give pFK5.Conlne® ¢ 0+2400. The presence of the insert was confirmed by
digestion with Xhd and Mfel, whilst the fidelity of the PCR was confirmed by sequencing.

-EmT W+
X consensus
20 Sequences

RRERT-VVIXESTVSEALAELAXKSFG3SPPSGD3G3SSGVDITSSDS-GPSD-EDADSDAESYSSMPPLEGEPGDPDLS:

LB & BN R
SGSWSTVSDEEDS-XVVCC

T
2350 23€0 2370 2380 2380 2400 2410 2420

T
2430

T
2440

T T
2450 2460

H77 (1a) .pxo REKRT-VVLTESTLSTALAELATKSFGSSSTSG---ITGDNITITISSEP-APSGC-PPDSDVESYSSMPPLEGEPGDPDLS DGSWSTVSSGADTEDVVCC
H(l1a) .pxo RERRT-VVLIESTLPTALAELATKSFGSSSTSG---ITGDNITISSEP-APSGC-PPDSDVESYSSMPPLEGEPGDPDLS DGSWSTVSSGADTEDVVCC
BK(1b) .pxo DGSWSTVSEEA-SEDVVCC

conl (1b) .pxeo
HC-J€(2a) .pxo
JFH1 (2a) .pxo
HC-J8 (2b) .pxo
JPUTS71017 (2b) .p
BEBE1 (2¢) .pxo
DS4(21) .pxo
VATSE(2k) .pxo
NZL1(3a).pxe

RRERT-VVLIESSVSSALAELATKIFGSSESSA---VDSGTATALPDQ-ASDDG-DRGSDVESYSSMPPLEGEPGDPDLS
RRERT-VVLSESTVSSALAELATKT i

XGSWSTVSEEA-SEDVVCC

RRRRT-VGLSES3IADALQQOLAIKSEC
RRRRI-VGLSESTISEALQQLAIKIF
RRRRA-KVLTQDNVEGVLREMADKVL! =
RRRRA-RVLTQDNVEGVLREMADKVLS PLODINDSGHSTGADTGGDSVQQPSG-ETAASDAGS LS SMPPLEGEPGDPD!
RRRRA-VVLDQSNVGEALKELAIRSFGCPPPSGDPGHSTGGGITGETSKSPPD-EPDDSEAGSVISMPPLEGEPGDPD!
RRRRT-VALDQSTVGEALRELAIRAFGQPPPSGDIGHSTGVDIINSANQITSN-ESADSETGSMS SMPPLEGEPGDPD!
RRRRA-LVLIQSNVGEALQALAIRSFGQLPPSCDSGRSTGMDITDATDQPALK-ESTDSEAGSDS SMPPLEGEPGDPD!

HSGSVEYHPSSQEGEAAPD!

GSWSTCSEEDDS--VVCC
GSWSTCSEEDDI--TIVCC
KSWSTVSDQEDS--VICC
KSWSTVSDQEDS--VICC
GSWSTCSDVDD3--VVCC
GSWSTCSDEGDS--VICC
GIWSTCSEEGGS--EVCC

RRERIT-IQLDGSNVSAALAAIAFKSFPSSKPQEENSS33GVDIQSSTTSKVPPSPGGESDSESCSSMPPLEGEPGDPDLS DSWSTVSDSEE-QSVVCC
HCV-K3a€50(3a) .p |RREKRT-IQLDGSNVSAALAALAFKSFPSSKPQEENSSSSGVDIQSSTASKVLPSPGEESDSESCSSMPPLEGEPGDPDLS: CDSWSTVSDSEE-QSVVCC
RRERIT-IKLDGSNVSAALLALAERSFPSTRKPEGIGIS33GVGTESTAESGDSPETGEESDVESYSSMPPLEGEPGDPDLD ADSWSTVSDSEE-QSVVCC

TzKj (3b) .pxo
JK049 (3k) .pxo
ED43 (4a) .pxo
8A13(Sa) .pxo
EUH1480(Sa) .pxo
€a33(€a) .pxo
EUHKZ (€a) .pxo

RRERT-IVLSESTVSKALASLAERSFPQPTCSAEDESTSGVGTQSGSLIGPVQLDDDDSDNESHS SMPPLEGEPGDPDLS
RRERT-VQLTESVVSTALAELAARTFGQSEPSSDRDIDLITPTETTDS-GPIVV-DDASDDGSYSSMPPLEGEPGDPDLT

RRERKPVVLSDINVIQVLADLAHARFRADTQSIEGQDSAVGT SSQPDS~-GPEEKRDDDSDAASYSSMPPLEGEPGDPDLS

RREKRKFPMELSDSTVSQVMADLADARFKVDI PSIEGQDSALGT 3SQHDS-GPEEKRDDNSDAASYSSMPPLEGEPGDPDLS

RRERL-VHLDESTVSRALAQLADKVEVEGSSDPGPSSD3GLSITSPDPPAPTTPDDACSEAESYSSMPPLEGEPGDPDLS

RRERL-VHLDESTVSHALAQLADKVEVESSNDPGPSSDSGLSITSPVPPDPITPEDAGSEAESYSSMPPLEGEPGDPDLS

SGSWSTVSG-EE-QSVVCC
SDSWSTVSG---SEDVVCC
SGSWSTVSDE---DSVVCC
SGSWSTVSGE-—--DNVVCC
SGSWSTVIDQ---DDVVCC
SGSWSTVSDE---DDVVCC

Figure 8-3 Sequence Alignment of NS5A domain Ill. The green box represents the
3 ¢ 0 12404 truncation in JFH1 whilst the Blue box rpresents the equivalent

3 ¢ 0 12400 truncation in conl.The red box indicates the 20 additional amino acids
present in genotype 2isolates.

Con1l Xhol F CTTTCGAGCCGCTCCAAGCG

Conl Mfel R CGCAACACCTTAAATAAACC
I 2y M 2400 n GACCTTCGGCCTCAGCGACGGGTCTTGGTC
I 2y M 2400R n CCCGTCGCTGAGGCCGAAGGTCTCTGTGGCGA

Table 8-2 Primers used to introduce the 2354 -2404 equivalent deletion into
pFK5.1 Conl.
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ConlA2354-2400F +

ConlA2354-2400R
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C Figure8-4) T OOT AOGAOGET T -I
2400 truncation in to pFK5.1Conl.
(A)NS5A carryingOE A 32400 1
truncation was PCR amplified from
pFK5.1Con1l using CondXhol-F and

#1 1 paecotvmnn2 AT A #1171 ¢
2400F and ContMfel-R. (B) The
truncation fragment (~730 bp) was then
cloned into pFK5.1Con1 usingkhad and

pFK5.1Conl
~pFK5.1Conl
£2354-2400

Mfel.
(C) To confirm the presenceof the
ET OAOOEI T bD&+a®p#il

clones were redigested with Xhd and
Mfel. Clones which yielded a ~730 bp
fragment were considered positive.
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8.3 CLONINGOF MUTANT DOMAIN HHINTO PFK5.1CON1LUC
CONSTRUCTS WITH EI'BR A WILD TYPE OF HABILISING
NS4B5A BOUNDARY

Constructs carrying either a wild type or destabilising NS4B/5A boundary alongside either a
full length or truncated NS5A domain Ill were generated by cloning the NS5A, from
pFK5.1Conlneo and pFK5.# 1 1 p1 AT-2460p v 1into  pFK5.1Conlluc  and
pFK5.1ConlucSV/QGG vector@erod et al., 2012)using Spé and Xhd (Figure 8-5). Success

of cloning was determined by redigestion with the same restriction enzymes.
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Figure 8-5 Generation of pFK5.1Conl luc replicons carrying either a wildtype or
destabilising NS4B/5A boundary, and either a full length or truncated NS5A
domain Il . (A) NS5A (~3.5 kb ), from both pFK5.Conlneoand

pFK5.1Conlnee ¢ o 42400 was cloned into pFK5.1Conlluc and
pFK5.1ConlLucSV/QGG vectors (~9.5 kb) carrying either a wild type or mutant
boundary using Spd and Xhd. (B) To confirm the success of the clonig, clones were
re-digested with Spd and Xhd. (C) To confirm the absence of a Flag tag, present in
the parental vectors but absent in the desired construct, clones were digested with
Clal. Clones carrying the unwanted flag tag were cut twice, while succsfsil clones
will only cut once. Both parental vectors were included as controls.
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8.4 GENERATION OF PFKECODN1 CONSTRUCTS CARRG EITHER A
FULL LENGTH OR TRUMTED NS5A DOMAIN 1IN A NEO
RESISTANT BACKBONE

To generateNeo resistant pFK5.1Conl constructsacrying either a full length or truncated
NS5A domain 1l] the DHFRclover insert was introduced into pFK5.1Neo by multistep PCR
using primers describe inTable 8-3 (Figure 8-6). The DHFRclover insert was amplified from
pPpSGRJIFH1*lucNS38B (DHFRClover@2442) usingCconl 5ADHFR F and Conl DHFBEB R,
while complementary upstream and downstream Conl fragments were generated using
Conl Xhol F and Conl 5AHFR R, and Conl Mfel &d Conl DHFF5B F, respectively. These
were then combined in a final PCR reaction to generate the final PCR product, which was
cloned into pFK5.1Neo usingthd and Mfel to form pFK5.1ConlnedDHFRclover@2419). The
presence of the insert was verified by resiction digestion, and the lack of unwanted

mutation verified by sequencing.

A construct containing both the 23542400 deletion and the DHFRclover insert was also
generated by repeating the deletion PCR reaction, described in sectid@2, using the
pFK5.1ConlnedDHFRclover@2419) as the template. The resulting plasmid was named
pFK5.1Conlneq $( &2 A1 T OA 092 @40 wds3cou T

Con1l Xhol F CTTTCGAGCCGCTCCAAGCG
Conl Mfel R CGCAACATTAAATAAACC
I 2y M 2400 n GACCTTCGGCCTCAGCGACGGGTCTTGGTC
I 2y M 2400R n CCCGTCGCTGAGGCCGAAGGTCTCTGTGGCGA
Conl 5ADHFR F GGACGTCGTCTCCTGCCCCGAGAACTTGTAC
Conl 5ADHFR R CTCGGGGCAGGAGACGACGTCCTCACTAGC
Conl DHFBB F AGCGCTGAAGATGTGGTGTGTTGLTIEARPCACATGG!/
Conl DHFRBB R ACAACACACCACATCTTCAGCGCTAGCGCTCTTGTAC.

Table 8-3 Primers used to introduce the DHFR -Clover cassette into pFK5.1 Conl.
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Figure 8-6 Generation of pFK5.1 Conlneo replicons carrying the DHFR -Clover
cassette at 2419. (A) The DHFRClover casette was PCR amplified from
PSGRJIFH1*lucNS3B(DHFRClover@2442) using Conl 5MHFR F and ConDHFR

5B R, while complementary upstream and downstream Conl fragments were
generated using Conl Xhol F and Conl 5BHFR R, and Conl Mfel R and Conl DHFR
5B F. (B) The 3 products from the ¥t round PCR were combined ané&mplified

together using Conl Xhol Fand Conl Mfel Rand the DHFRClover insert fragment
(~2.2 kb) cloned into pFK5.1Neo using<hd and Mfel. (C) To confirm the presence of
the insertion pFK5.1Conl Neo(DHFRClover@2419) clones were-thgested with

Xhad and Mfel. Clones which yielded a ~2.2 kfragment were considered positive.

i $9. 3uv! AAOOURROO truhéathon was ®ORtamplified from
pFK5.1Conlned DHFRClover@2419) using ConXhol-& AT A # 1 12408R amd 1
#1 1 p 3 ¢2400F and Con1Mfel-R. (E) The 3 products from the & round PCR were
AT 1T AETAA AT A OOOEOAEAASG OI CAOEAO AU am2 00
truncation fragment (~2 kb) was then cloned into
pFK5.1ConlnedDHFRClover@2419) using<hd and Mfel. (F) To confirm the

presence of the insertion pFK5.1Conlneo(DHFRClover@29)3 ¢ o 42404 clones
were re-digested with Xhad and Mfel. Clones which yielded a ~2 kb fragment were

considered positive.
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8.5 GENERATION OF PCDNA.ASMID EXPRESSINGWSP19

An N-terminal V5 tagged USP19 expressing plasmid was generated by cloningWSP19 from
an in-house pCRBIlunt construct itself generated by others in the lab from a USP19
expressionvector (Addgene), into pCDN3.1ising EcRI restriction sites present at both ends
of the desired gene. The resulting pPCDNA3M5-USP19 was then transfected int&STBL2E.
coli, before the presence and orientation of the plasmid was confirmed by digestion wiBylll
(Figure 8-7).
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shUSP19 1 AGATC1 CCC GCATGATTGGTGGCCACTACA CGAA TGTAGTGGCCACCAATCATGC TTTTT ACGCGT AAGCTT
shUSP19 2 AGATC1T CCC GCTGCCCAGCTACGATCTATA CGAA TATAGATCGTAGCTGGGCAGC TTTTT ACGCGT AAGCTT
shUSP18 AGATC1 CCC GCATTCAGAACAAGCCCTACA CGAA TGTAGGGCTTGTTCTGAATGC TTTTT ACGCGT AAGCTT
shUSP19 4 AGATC1T CCC GCCTGCCAAATGTTCTCATCG CGAA CGATGAGAACATTTGGCAGGC TTTTT ACGCGT AAGCTT
shUSP195 AGATC1T CCC GCGGCACAAGATGAGGAATGA CGAA  TCATTCCTCATCTTGTGCCGC TTTTT ACGCG AAGCTT

Table 8-4 USP19 shRNA oligonucleotides designed in Invitrogen Block -iT. Each contains a unique Senskoop-Antisense sequence
bordered by uniform CCC and TTTTT spacer sequencda&glll, Mlul and Hindlll restriction sites are included to allow versatile cloning.
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Figure 8-7 Generation of pCDNA3.1-V5-USP19 (A). A V5Tagged USP19 gene from
pCRBIlunt was cloned into pCDNA3.1. To differentiate between the MBSP19
fragment and a digestion product of similar size pCRBlunt was also digested with
Dral (B) and the 4320 bp fragment cloned into pCDNA (C). To detect the presence
and orientation of the insertion, clones of pPCDNANeo-V5-USP19 were digested with
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Bglll (D). Plasmids containing the insert in the correct orientation yielded a 2.2 kb
band.

8.6 GENERATION OF REPLO®I CONSTRUCTS CARRW 2 COPIES OF
DOMAIN Il

Replicon constructs were generatd that carried two copies of NS5A domain IlITo limit the
possibility of recombination the sequence encoding the second copy of domain Il was
derived from a synthetic, divergent replicase (DVR), which has 100% amino acid similarity to
JFH1, but only 66% nucleotide similarity(Accession Number KR14001&omes et al., 2016)
The first step in making the duplicated domain Ill constructs was to introduce the 2352404
deletion into this DVR sequence. This was achieved using a tstep PCR similar to that
previously described Figure 8-8A). Primersa ¢ o4 T mT $6 2 & A-24B4DVARR avere
used with DVR/JFH1ILCS2.2R and DVR/JFHICS2.1F to generate overlapping DVR
fragments, which were subsequently used as the template in a second round PCR using
DVR/JFHILCS21F and DVR/JFHALCS2.2R. Concurrently DVR/JFHICS2.1F and
DVR/JFHILCS2.2R were also used to generate an intact domain Il from the DVR NS5A
coding region (Figure 8-8B). Using pSGRJFH1*luc(DHFRClover@2442) and
p3' 2* & (pel OAj $( &2 # I-24G4/adiianal PCRGeadtians were performed to
produce compatible products designed to flank the D\VMBased DNA and which shared
overlapping regions of homology with them Figure 8-8C,D A final PCR reaction using JFH1
flanking primers was used toamplify all DNAs together and the resultant products were
cloned into a pSGRJFH1*luc(DHFRClover@2442) vector using eiti@amHl and Mlul
restriction sites. The presence of insert was cdintmed by restriction digest using the same
enzyme pair, and all positive clones sequenced across the R@dherated inserts to establish

the lack of any other unwanted mutations.

The resulting constructs are referred to aspSGRJIFH1*lucWT/WT(DHFRClover@22%,
P3'2*&(pel OA74F3j $(&2#1 1 OAOactt1¢Qh P3' 2*&(p
P3'2*&(pel OAaT3j $(&2#11 OAOacttcqh AAPAT AET C
full length (WT) or carries the 2354¢ T mt  AAT AOET 1T | Q8
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DVROFHILCS2.1F GTTGCTGGTTGTGCTCTGCCCCCTCCAAAGAAAG
DVR/JFHLCS2.1R GGGGCAGAGCACAACCAGCAACGGTGGGCG
DVR/JFHLCS2.2F CGTCAGTTGCCCTGCTCTCCCACCTCCCAAGAAG
DVR/JFHLCS2.2F GTGGGAGAGCAGGGCAACTGACGGTAGTGTCATC
N H 0-pA0ADVRF GACATTCGGGCTGGAAAGCGACCAGGTGGAAC
N H54-2404DVRR GGTCGCTTTCCAGCCCGAATGTCTTAATAGCCAG
JFH1(543G450)F CGTTGCGCCGGATAAGGAGG
JFH1(7803784)R GAGGCGCTCTTTGATGTTGT

Table 8-5 Primers used to introduce NS5A Domain |ll from DVR into
pSGRJFH1*lucNS35B(DHFRClover@2442)
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Flanking Primer Flanking Primer
. . -
DFIank'lngPr'lmer Flanking Primer
E Flanking Primer
Flanking Primer
Flanking Primer - Flanking Primer

Figure 8-8 Introducing a second NS5A domain Il into
pSGRJFH1*lucNS35B(DHFRClover@2442). (A) Introduction of the 2354-2404
deletion into DVR domain Il NS5A sequece using a 2step PCR reaction where
00
boundary sequence. (B) Amplification of intact DVR domain Ill using the same
flanking primers used in A. (C,D) Generation of JFH1 derived PCRygucts

straddling the LCS2/domain Ill boundary with overhangs complementary to the
domain Ill DVR inserts amplified in A and B. (E) Fusion of products generated in A or
B with those produced in C and subsequent cloning into pSGRJFH1*lucNS35B(DHFR
Clover@2442 to generate constructs with a second DVR domain Il in NS5A such that
either the original domain Ill, the DVR domain Ill, or both, carry the 2354404
deletion. Bluez DVR derived sequence. Regd JFH1 derived sequence. Black bax

Al ATEET ¢ DOEI AOOS

2354-2404 deletion.
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Figure 8-9 Generation of pSGRJFH1*luc constructs carrying two fused copies of

NS5A domain Ill as described in Figure 8-8. (A) Schematic of the
pSGRJIFH1*lucWT/WT(DHFRClover@2442) constru¢B) Sequence upstream and

ATl xT OO0AAIT T-mosréghn of DVWRUINS5A was PCR amplified to have JFH1
compatible overhangs. (C) DVR and JFH1 NS5A fragments with cohesive compatible

I OAOEAT CcO xAOA o#2 AIiPIEEEAAR ET Al PAER-COOE
2404 fragments. (D) The #2171 OT A 0o#2 DHOT AOGAOO AOT I j#Q x.
using flanking JFH1 primers and the 4 kb band cloned first into PCRBIlunt and then
pSGRJFH1*luc(DHFRClover@2442) usirgpmHI and Mlul (E). (F) Recovered clones

were tested for the presence of fused Domain Ill sequences by restriction digestion

with BamHI and Mlul. Those clones which released a ~2.5 kb fragment were

considered successful.
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8.7 SCRAMBLING NS5A DONMIII

Replicon constructs that carrieda scrambled danain Il were produced by PCR. Scrambled
sequence wasamplified from the purchased string using primers NS5A Scramble F and
Scramble NS5A DHFR R, whilst compatible upstream and downstream sequences were
amplified from a pSGRJIFH1*lucNS3B(DHFRClover@2442)template. To generate the
upstream fragment JFH1(54366450)F and NS5A Scramble R primers were used, and to

CAT AOAOA OEA AT x1 OOOAAI AEOACIi AT O 3AO0AIT AT A .3uv! $ (¢
used. The complete PCR product was generated in a final PCR reactn which the products

from the initial 3 reactions were combined to act as template, using the JFH1(543@50)F

AT A uvd #11TOAO 2 DPOEIi A0OO8 4EEO £E£ETAI DOl AOGAO xAO
5B(DHFRClover@2442) usin@®@amH| and Mlul restriction sites. Due to the similarity in size,

success of cloning was checked by digestion witilul and Rsil; an Rsil site present in NS5A

domain Il was disrupted within the scramble such that only those plasmids carrying the

unscrambled sequence would be cut by bothenzymes, liberating a 720bp fragment.

Additionally positive clones were sequenced to ensure the lack of any unwanted mutations.

agagcaccatatcagaagccctccagcaactggccatcaagacctttggcATGAGCGAGAGCAGCGCCAC
GCGGACCTGGCGAAGAACGRICCTCCTCCTGGACCTGCCTCTGGACCTACAGAG(
TGGCAGCGGAGATCAGTCTGGCGAGACAGCCCCTTCTACCCCTGGLGCCTCTCCT
Gtctgatcaggtagagcttcaacctccacctcagggcggtggagt
Table 8-6 Nucleotide sequence of the of the Scramble d NS5A sequence The
amino acid sequence of residues 2352404 of JFH1 NS5A was randomised and then
reverse transcribed for human expression using the Invitrogen GeneArt Portal. A
DNA string was then procured carrying this (Upper case) flanked by 50 bpolbdering
sequences (lower case)

JFH1 5436450 F CGTTGCGCCGGATAAGGAGG
Clover R TCCAGCTCGACCAGGATG
NS5A Scramble F GACCTTTGGCATGAGCGAGAGCAGCGCCAC
N55A Scramble R CTCTCGCTCATGCCAAAGGTCTTGATGGCCAG
Scramble NS5A DHFR  CTCCTGATTCTCTGGAGTCTGATCAGGTAGAG

Scramble NS5A DHFR F CAGACTCCAGAGAATCAGGAGAGGCGCCAG
Table 8-7 Primers used to introduce a scrambled NS5A domain Il sequence into
pSGRJFH1*lucNS35B(DHFRClover@2442).
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Figure 8-10 Generation of pSGRJFH1*lucNS35B(DHFRClover@2442)Scr (A). (A)
Schematic of the pSGRJIFH1*lucNSB(DHFRClover@2442)Sccontruct (B)
Sequences upstream and dowrtseam of the 2354-2404 region of NS5A, alongside
the 2354-2404 scrambled sequence, were PCR amplified to have compatible
overhangs. (C) Products from the ¢ round of PCR were purified by gel extraction
and combined to act as template in the final round P&, yielding a ~3 kb fragment
carrying the scrambled sequence. (D) Both the scrambled sequence and
pSGRJIFH1*lucNS3B(DHFRClover@2442) were digested witlBamHIl and Mlul to
generate DNAs that were gel extracted and used in a ligation reaction. (E) Recovered
clones were tested for the presence of unscrambled sequence by restriction
digestion with Mlui and Rsill, alongside a pSGRJFH1*lucNSGB(DHFRClover@2442)
control (lane 2). Clones that released a 720 bp fragment contained unscrambled
sequence.

218



















































