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Abstract

Hepatitis C virus (HCV) readily establishes a chronic infection and it is currently thought to
infect 23% of the global population. Treatment for HCV places a severe burden on patients,
leading to a premature treatmentermination in approximately 20% of individuals, and has
poor efficacy against the predominant genotype. A greater understanding of the virus lifecycle
and mechanisms of persistence will provide valuable information in the continuing

development of direcacting antiviral compounds.

HCV encodes 10 proteins which are translated as a single polyproteirstiictural protein 2
(NS2) is a small, hydrophobitans-membrane protein, yet the precissumberand position of

its transmembrane domains remain unclear. NS2 is required for virion morphogenesis but it is
not required for replication of the viral genome and it does not form part of the mature virion.
NS2 has been shown to interact with other viral proteins, potentially mig-membrane
contacts. Determining the topology of NS2 is therefore vital to our understanding of how NS2

interacts with the other viral proteins and functions within the virus lifecycle.

The interactions between NS2 and membranes and the viral glyagiprB2 were investigated

by truncation analysis and fusion with reporter proteins. Glycosylation analysis demonstrated
that the N- and Gtermini of NS2 are oriented to the luminal and cytosolic faces of the ER
membrane, respectively. Truncation of NS2egidue 70 oriented a-€@rminal reporter fusion

to the ER lumen consistent with the formation of a luminal loop. This is the first biochemical
evidence that NS2 assumes a 3 TMD topologyin@aunoprecipitation studies with E2 and
eGFRagged truncation oNS2 revealed that NS2 forms multiple interactions with E2 and that
these interactions are dependent upon NS2 targeting to membranes but likely independent of

NS2 topology. A model of NS2 topology is presented.
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1.1 Viral hepatitis

Viral hepatitis is a broad term referring to inflamation of the liver caused biyfection with

one of fivehuman viruses: hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus
(HCV), hepatitis D virus (HDV) and hepatitis E virus (AES#th vius known as hepatitis G
virus (HGV) is synonymous with the name GB virus C-QBRinnenet al, 1996) GBVC is
widespread throughout the population but it i®t directly associated with hepatitier any

other disease pathologyMohr et al, 2011; Stapleton, 2003)Although other viruses have
been associated with hepatitis in humans, including yellow fever virus (YFV), human
cytomegalovirus (CMV) and Epsté&arr virus (EBV); they are not commonly associatet wit
the term viral hepatitisit is thought that approximately 20% of viral hepatitis is not caused by
hepatitis AE viruseqLearyet al, 1996) It may be that newly identified viruses such as GB
virus D (GB¥W), which has currently only been recovered from bats, are responsible for some

of these infectiongEpsteiret al,, 2010)

HAV ighe prototype member othe Hepatovirusgenus within thePicornaviridadamily. HAV
is spread by the faecalral route andtypically causesan acute, sefimiting disease. HAV
causes roughly 1.5 million cases of clinical hepatitis annuEtly. majority ofcases occuin
areasof high endemicitywhere peopleare infectedin early childhood andhfection isoften
asymptomatic. There are several inactivatdcus vacines available for HAV but theiise is
recommended for those in higlisk groupssuch as those travelling from deloped countries

to areas where the virus is endemd/HO, 2011a)

HBVis a member of theOrthohepadnavirusgenus, within theHepadnaviridagamily. HBV
causes both acute and chronic diseasesl is spread parenteralyffhe symptoms of acute
infection tend to be mild but lronic infection can cause severe liver diseaseda
hepatocellular carcinoma (HCQ)BV particles were identified in 1970Daneet al, 1970)
following thedescriptionof a viral antigen in the blood of an Australian aborigiBeimberget

al., 1965)whichled to the development of highly effective blood screening progrdbespite

the development of a vaccine for hepatitis B in the early 1980s, over 350 million people world

wide are thought to behronically infected with HB§WHO, 2011h)

HDVrequires HBV surface antigen for infectivity and as saééction only occurs as a €o
infection with HBMRizzettoet al, 1980) Consequently, transmission and host specificity of

HDV are assumed to be the same as HBV. As HDV is unrelated to HBV it is not considered a
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defectiveinterfering particle, rather a satellite virus of HBV. HDMnéection increases the

severity and progression of hepatitis B dise@Serinet al., 2001)

A nonHAV, norHBYV agent causing acute, watesrne hepatitis was first suspected in the
1980s but it was not until 1991 that tH#st full-length HEV genome was clonéfthmet al,,
1991) HEV has a higher rate of mortality than HAV, efglly among pregnant wome(®Purcell
& Emerson, 2008)Pigs and other animals act as animal reservoirsHBWand zoonosis is
thought to be responsible for some of sporadic HEV infestiaf unknown source in

developed countriegPavioet al.,, 2010)

One of the closest related viruses to HCV is GB Vvi(@&BBB). This virus has been shown to
cause an acute, sdifniting hepatitis in tamaringKarayiannist al, 1989; Schaludeet al,
1995)prompting its useas an animal model for HCVhe pathogenicity in humans is unknown
as is the natural hostf GBVB althougha host range study concluded that itlikely to bea
virus of New World monkey®8ukhet al., 2001)

1.2 Hepatitis C Virus

1.2.1 Discovery of HCV

After the generation ofliagnostictests for HAV and HBX 1975it became apparent that the

vast majority of transfusiomassociated hepatitis was not caused by either of these agents.
Although associated with transfusigrthis agent waprevalent inthe general population and

in particular among haemophiliacs aimtravenous drug userdnitially termed norA, nonB

hepatitis (NANB or NANBH)e disease was thought to be caused by more than one agent
(Bradley et al, 1983; Shimizwet al, 1979) Liver biopsies from experimentally infected
chimpanzeegevealed the presence of membranous tubul@his Wi dzF &N Ay 3IQ b'! b
agentwas thought to be a small, enveloped virdge to its sensitivity to organic solvents

(Bradleyet al,, 1983)and ability to pass througan80 nm filter (Bradleyet al., 1985)

Due to the low titre of this agent, ¥0® chimpanzee infectious doses per mIQ@hl), the
pooling of plasma from several chronically infected chimpanzees enabled the generation of a
cDNA library using random primers. The cDNA molecules were cloned into an expression
vector andscreenedfor the expression of pathogespecific peptidesisingsera from infected
individuals. This technique identified 1 clone that was used as a specific hybridipatioe

that hybridised with an approximately0,000 nucleotidg¢nt) RNA molecule. Sequencing of this
moleculerevealedthat it generated a single polyprotein of approximateB;000 amino acids

(aa)with homology to the norstructural proteins ofmembers ofthe Flaviviridaefamily. This
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new virus was renamed hepatitis C virus and speculatively named as a member of the

FlaviviridagChooet al.,, 1989; Choet al., 1990)

1.2.2 Epidemiology and transmission of HCV

Hepatitis C virus (HCV) caauseeither an acute or chronic infeich. Estimates of theaumber

of people chronically infected witRllCVhavevaried from100-170 millionpeople or 23% of
the global populationLavanchy, 2009; Peet al, 2004) It is thought thata further 4 million
new incidences of HCV infection aeagnosed every yegiMast et al, 1999) however this
figure may be out of dateHCV prevalence is determined from seanversion data but
accurate guantification is hampered due to the ofteasympomatic nature of acute HCV
infections, poor screening and surveillance in many countréasl serereversion, where
chronically infected individuals can lose H&Pécific antibodies over tim@_avanchy, 2009)
The global distribution of HCV varies greatly with areasoothern Africa South Americand

the Far Easshowingsignificantlyhigher prevalence than Europe and North Amer(¢éHO,

2002)(Figurel.1).

The most common route of HCV infection is parenteral, either by injection drug use or
transfusion of infected blood products. Thetkat route is on the decline in most countries
since screening of blood products for HBG¥%came routine. Other rare routes have been
identified such as sexual transmissiaaligious ites andbody piercingsalthough oftenthe

route of transmission isot identified. While breast feeding does not appear to be a route of
transmission; the spread of HCV perinatally has been demonsti@étb et al., 1994)and
there is no conclusive evidence that caesarean section avoids infection of the nedhate.

are seven genotypes of HCV thdsavary in their global distribution but also the route of
transmission.Subtypes 1b and 2a are associated with blood transfusion while 1la andr8a

associated with intravenous drug use.

1.2.3 Acute HCV infection

It is thought that the majority of acute HGMections go undetectednd the natural course of

acute infection is highly variabl@cute infectionis characterised by an increasesgrum levels

of liver-producedaminotransferaseto 20-30 times in excess of the normal range between 6
and 12 weeksfter exposure. HCV genomic materialibonucleic acid (RNAxan be detected

by polymerase chain reaction (PCR) several days after infection but it can take weeks
(Hoofnagle, 1997)Serapositivity is often achieved 8 weeks after initial exposure but it may
occur after several months or not at all. Symptoms of acdCV infection include malaise,

nausea, vomiting and jaundice.
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Prevalence of infection

B >10%

[ ] 2-5- 10%

[ 1-25%

|:| <1% or unknown

Figurel.1 Global prevalence of hepatitis C virus.
HCV is most prevalent in less developed regions: South America, central and northern Africa
and South East Asia. Reproduced frgfHO, 2002)
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1.2.4 Chronic HCV infection

A key clinical feature of HCV is its ability to establish a persistent chronic infeClieerance

of the virus is thought to be achieved in as few as 20% of individaralsspontaneous
clearanceof chronicHCMs thought to beveryrare (Yokosukat al., 1999) Chronic hepatitis C

is defined as infection with HCV for more than 6 months as determined by detection of viral
RNA. In the absee of liver cirrhosis most chronically infected individwaks asymptomatic or
experienceonly mild symptoms such as fatig@dericanet al., 1993) Chronc hepatitis C can

lead to liverdamagebut disease progression usually requires decades and the causes are not
clear. Disease complications are almost entirely restricted to those with cirrhasiss the
development of hepatocellular carcinom@&CC) The risk of developing cirrhosis within 20
years of infectionis estimated at 120% (Seeff, 2002) Numerous factors are known to
influence disease progression such as age, gender, ethnitRy,co-infection and alcohol
abuse. Viral load and genotype do not appear to bignificant in the natural course of
infection but are major factors in treatment outcomelowever, a recent analysis of patient
histories and disease progression identified infection with genotype 3 as an independent risk

factor for the development of HQ@lkontchouet al., 2011)

1.2.5 Diagnosis

HCV infection is diagnosed either by serolog&sayor nucleic acid testingSerological
diagnosis is determined bgnzymelinked immuo-sorbent assaysELISAthat detect the
presence of antHCV antibodiesisingregions of NS5A and NS3 as the Hadtection of ant
HCVimmunoglobulin M IgM) may precede detection by other methods, however this is
uncommon and it does not allowliseasecharacterisation asn acute chronic or cleared
infection. Falseositives are more common in patients with rheumatoid conditions and
patients from lowprevalence groups such as blood or organ donors. fFedgatives can occur
more frequently in immunecompromised patientsCore antjenbased ELISAXist that are as
effective and accurate as RMWsed detection methods at distinguishing between acote
chronic infectiongut their significantlyreduced sensitiviteompared toRNAbaseddetection
methods precludethe use of core ELAS as diagnostic toal(Morota et al, 2009) The most
powerful qualitative techniquefor detecting HCV infection igranscriptionmedated
amplification TMA)-based RNA detectioTMA uses a combination of two primers and two
enzymeg(Figurel.2). From the positive sense RNA genome of HCV a régiamplified as a
double strandedds)DNA molecule by reverse transcriptase. The primer used to generate the

positive strand of this DNA duplex contains a promoter region for RNA polymerase which
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-RNA

1. Primer 1 (Promotor Primer) -DNA

binds RNA template N ~primer 1
l — - Primer 2
. - Reverse transcriptase
2. RT binds Primer 1 H
- - RNA polymerase
3. RT generates cDNA ~
molecule
4. RNA tremplate molecule is
degraded by RNase H activity R
of RT l
5. Primer 2 binds cDNA and ~
recruits RT TF
6. Generation of cDNA dupleX s~ ————
by RT
7. RNA Pol binds
promotor region in s H 12. Generation of
Primer 1 i T DNA duplex by RT
8. RNA Pol generates 11. RNA template
102-103 RNA molecules / degraded by RT
N . .
9. Primer 2 binds newly — o= 10. Primer 2 binds
synthesised RNA molecules newly synthesised

RNA molecules

Figure 1.2 Schematic diagram of transcriptiomediated amplification (TMA) polymerase

chain reaction (PCR) used as a clinical test for HCV infection.

The diagnostic kit comprises two enzymes; reverse transcriptase (RT) andepéifdent
RNApolymerase (RNAPoh,y R (62 LINRAYSNAT (KS pQ 20SNKIy3

promoter region.
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generates further mRNA copies of the amplified region and the process is repadtechpts
to standardise treatment of HCV led ti@atment protocols based upon the moniiag of viral
load. Viral load is measured in international un{tdl) which equate to 1 IU = ~2.5 viral
genome copies/mland is monitored using higly sensitive quantitative redime reverse
transcriptasepolymerase chain reactiomgattime RFPCR) asys. Crossentre and genotype
variationis a majorissuein diagnosis and treatment of HC¥espitecalibrationof assaydo a

World Health Organisation (WHO) standé&@hevaliezt al., 2007)

1.2.6 Disease pathology

HCV is not thought to be cytopathic as virus load has no bearing on the severity of liver disease
or prognosis. Therefore, similar to HBV, the disease pathophysiology of HCV infection,
particularly cirrhosis, is thought to beesultant d the host immuneresponse or antviral
therapy. The only cytabxic effect attrbuted to HCVis steotosis(accumulation of lipid in
hepatocytes)and while patients infected with all genotypes can develsfeotosisit is only
thought be virusinduced in genotype 3 infections(Kumar et al, 2002) The particular
mechanism by which genoty@viruses inducsteotosisis not known, nor ié clear whether

the virus benefits from this pathology or not.

Extrahepatic manifestations (EHMs), such as rheumatierndatologic, endocrine and
haemaologic disordersor chronic fatigue are often the only clinical signs of HCV infection
Hepatitis & a result of the immune response to viral infection leads to fibrosis. In the case of
chronic infectionfibrosisin turn lead to cirrhosis of the liver. While fibrosis is reversible,
cirrhosis is rarely reversible even after viral clearar@ierthosis des not confer liver failure,
rather it can be classified as compensated, when liver function is retained, or decompensated,
when liver function is impairedThe development of HCC asesult ofliver cirrhosisis arare

but significantcomplication associated with HCV infectiofBaito et al, 1990) HCV is the
leading indication foriver transplanation in the UK and US and transplant is the only effective

treatment once liver decompensation or HCC have develd¢pedfnagle, 1997)

1.2.7 Immune response to HCV

Effective clearancef HC\fequiresrapid responses from both th@nate and adaptive arms of
the immune responseClearance of the virus does not confer immunity upofexeosure but
does reduce the risk of viral persistence uposintection (Bowen & Walker, 2005 he role of
antibodies in viral clearance is unclear as neutralisintthadies have been identified ysero-
conversion does not prevent Hiafection (Farciet al,, 1992; Laét al, 1994)and viral clearance

has been observed withi seroconversion(Postet al, 2004) Viraamia is used as a marker
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for HCV infection and levels usually peakO6weeks after infdton, regardless of outcome
(Abeet al, 1992) Clearane is associated with rapid and persistent activation of CD4+ (helper)
and CD8+ (cytotoxic)dells(Cooperet al,, 1999; Grakougt al., 2003) HCV/specific Tcells and
expression of IFlgamma within the liver of experimentally infected chimpanzees coincided
with a reduction in HCV RNA levé(Sooperet al, 1999; Majoret al, 2004) The innate
immune response to viral infection is based upon interferons whiehcytokines produced by
cells in response to recognition of intralcghr pathogens HCV replicates via a ds RNA
intermediate which is a stimulus for interferon production via the-lié receptor (TLR) 3. It is
hypothesised that upon infection of a cell HCV undergoes initial rounds of translation from its
positive stramled RNA genome to produce sufficient protein prior to initiation of viral
replication. This enables HCV to disrupt the interferon signalling pathway before it generates
immunogenic ds RNA and thus avoid detection by the innate immune resganse al,
2005a) Levels of IFM (Yanget al,, 2011)and IFN< (Marukianet al., 2011)have been shown

to be stimulated during HCV infection in model systems. However, it is not clear how these
correlate with clearance of the virus and to what extent they are representative of natural

infectionsin humans.

1.2.8 Treatment

Current treatment for Hepatitis C is combination awitial therapy using interferoh (IFNH) 2

and Ribavirin.There is no consistent difference in efficacy between-MFRa or 2b
(McHutchisoret al., 2007) althoughlFNh 2bis cleared by the kidneys so is inappropriate for
patients suffering renal complication&chievement of a sustained virological response (SVR) is
the goal of therapy as 99.9% of those attaining SVR remain negative for HCV RNA 5 years after
treatment end(Swainet al, 2007) The addition of polyethylene glycol to H"N2a increased

the halflife of the drug, permitting less frequent administration, and improved the rate of SVR
(Wedemeyeret al., 2002) 80/80/80 treatment adherence is a major factor in achieving SVR
and nonadherence is an indicator for discontinuaii (McHutchisonet al, 2002) Adherent
patients are those who receive 80% of #FNB0% of Ribavirin and are treated for more than

80% of the prescribed treatment period.

Treatmentefficacy varieslepending upon the virus getype. This is reflected in the therapy
durations whichare 24 weeks for genotype 2 and 3 infections atygically 48 weeks for
genotype 1 infectionsThe rate of SVR in genotype 2 aBdinfections is around 80%
(Hadziyanniet al, 2004)andtreatment can be reduced to 12 or 16 weeka rapid virological

response(RVRis achievedRVR is defined as the loss of detection of HRX B weeks after
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treatment initiation and correlatestrongly with SVRf HCV RNA has not decreased by 2 log

by weekl2 treatment is discontinued

The rate of SVR in genotype 1 infections is around @#&dziyanniet al., 2004)and efficacy is
evaluatedat weeks 4, 12 and 24. Undetectable HCV RNA at 4 weeks can justify a 24 week
treatment program whereas a poor respse at 4 weeks is an indicator for discontinuation. If a
patient is negative for HCV RNA at 12 weeks a 48 week regimen is taken and if the patient
becomes negativéor HCV RNAetween week 12 and 24 treatment can be extended to 72

weeks.

The production binterferon stimulates antiviral processes within the cell as wellhagtiang

down protein synthesis and cellular proliferation and inducing a similar environment in
neighbouring cells reducing the ability of the virus to sprelde mechanism of actionf
Ribavirin is unclear although it is has been speculated to be a competitive inhibitor of RNA
replication(Crottyet al., 2000)asit is a nucleoside analogug@xford, 1975)or as a modulator

of cellularadenosine monophosphate (AMBgtivated protein kinase (AMPlankouriet al.,

2010) Ribavirin monotherapis ineffective at reducing viral load.

Numerous sidesffects are associated with combination therappich lead to termination of

treatment in up to ~20% ofpatients and interferon is contraindicated in a significant
proportion of individuals such as people with auvionmune diseases, as IFNis a potent
stimulator of the immune system and has numerous side effébtedevelopment2 ¥ WRA NS O
acting antiviral 3Sy 1a4Q 65! 10 2N WALISOATFTAOILItt& (4 NBSG:
C) havepredominantlyfocused on the viral polymerase and proteagi¢h anaim to producing

better tolerated treatment with less side effects and thus increase treatmeriteashce.

Clinical trialsare underway examiningthe use of the protease inhibitors Boceprivir and
Telaprevir the nucleosideanalogue inhibitoMericitabineand an inhibitor of the primary viral

protein involved in hostell modulation, norstructural proein SA(NS5A) Work is also being

carried out to develop novel interferons with less seféects(Muir et al,, 2010)and inhibitors

of cellular proteins that facilitate HCV replicatigfirlisiak et al, 2009) Furthermore,
combination therapy lacking IFN is also under investigation and a recent study examining the
efficacy of triple therapyusinga protease inhibitor, a polymerase inhibitor and Ribavirin in
genotype Zlinfected individuals showed high levels of SVR andenof the patients

discontinued therapy prematurelizeuzenet al,, 2011)

10
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1.2.9 HCW human immunodeficiency virus ( HIV) co-infection

Cainfection prevalence is linked to blodwbrne transmission ofhuman immunodeficiency
virus HIV) and in 2006it was estimated tha#-5 million of the 33.4 million people infected
worldwide with HIMvere co-infected with HC\Alter, 2006) Levels of HCV agmia increase 8
times faster due to the lackf CD4+ Tellshowever it has been suggested that up to-20%
of newly infected peopleare still able to spontaneously resolve HCV infectiorespite
underlying HIV infectionVogel & Rockstroh, 2010)The chance of developing cirrhosis
increasedn coinfection, from 2-6% to 1525%(Sotoet al, 1997) as does that ofleveloping
HCC(Giordanoet al, 2004) Highly active anretroviral therapy HAARYT seemsto have
positive effect on treatment of HCkowever this is thought to be due timmune system
recovery rathethan direct antiviral effects. Liver transplantation requires undetectaleieels

of HIV DNA othe assurance of effectiveontrol posttransplant.

1.2.10 HBV/HCV co-infection

Due to the lack of large scale population data the exact number of HBV/HEGWected
individuals in unknown buasthey share the same routes of transmissioo-infection is most
common in populatios where HBV infection is endemic. The viral interactions are complex
and inconsistent but the basic trend appears to be that HCV is suppressive @fieA8\2001)
HCV supeinfection is most common in HBV endemic populations but HBV sofssmtion
remains largely unstudied. The incidences of cirrhosis and deeosaped liver disease are
more likely in cenfection (Mohamed Aekt al, 1997)and HCC is twice as likely iniofected
patients as HCV morafected individual§Charamonte et al, 1999) There iscurrently no

standardised treatment for HCV/HBV-icdection.
1.3 Molecular virology of HCV

1.3.1 Classification

HCV is a member of thElaviviridaefamily which includes le Ravivirus Hepacivirusand
Pestivirusgenera.A recent report called for the formation of a forth geng$egivirusq to
include GBMW, C andD (Stapletonet al, 2011) HCV is theprototype member of the
Hepacivirugjenus [t shares greatest sequence homology with GB virus B-E}B&ntatively
classed in the genudepacivusbovine viral diarrhoea virus (BVD¥Pestivirusandthe as yet
unclassifie canine hepacivirus (CH{®apooret al., 2011) The Flavivirusesare vector borne

pathogens.

11
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1.3.2 Genetic heterogeneity

There aresixrecognisedyenotypesof HC\{1-6), with proposals for the formation of a seventh
genotype in progreséMurphyet al., 2007) whichvary by ~2835%at the nucleotide leveland
numerous subtypes (a, b, etd) which vary by ~125%. The high levelf sequence divergence
in HCV is due to the high levels of RNA replication and the low fidelity ofiriieencoded
polymerase which has been estimated to be ‘1Omutations per nucleotide per year

(Bartenschlager & Lohmann, 2000)

Within an infected individual subtype quespecies which differ by 15% at the nucleotide
level (Davis, 1999; Hondat al, 1994) often occur with the predominant quasspecies
fluctuating over tm&® ¢ KA &4 W&aS|jdzSyO0S RNAFIQ A& (K2dAKIG
of nonsynonymous mutations occur in the eetomains of the glycoproteinsPatients

infected with multiple subtypes also see shifts in the dominant subtype.

The global distribtion of the genotypes is uneveffrigurel.3), with genotype 1 the dominant
global genotypevorldwide. Genotypes 2 and 3 are dominant in easternio&frand theAsian
sub-continent respectively. Genotype 4 is localised to northern Africa, particularly Egypt,
where it is the dominant genotyp@nd genotype 5 appeatargelyconfined to and dominant

in southernAfrica Genotype 6 is mainly restricted tioe Far EasfWwHO, 2009)

1.3.3 Genome organisation

The genome of HCV is a single positive strandBh molecule acting as the transcription
template for the viral proteom&Chooet al., 1989) The genome comprises the protein coding
region which is flanked by 5' and 3' ntmanslated regions (NTR) containing conserved RNA
secondary structurefigurel.4A). The virus encodes 10 protei(Srakouiet al., 1993a; Liret

al., 1994)expressed as a 3010 aa polyprotein from a single open reading frame ((CRBet

al., 1990) The Nterminal region of the polyprotein contains the structural proteins: core and
the glycoproteins E1 and E2. The ratructural (NS) proteins NS2, NS3, NS4A, NS4B, NS5A and
NS5B make up the-t€rminal region of the polyprotein. The NS proteins are involved in
replication of the viral genome and are assumed to play varying roles in the assembly and
secretion of virus particles. The p7 proteis encoded betweerthe structural andnon-
structural prokins and itspresence or absence withimirions has yet to be confirmed.
Translation is carried out by a capmlependent mechanism whereby the 40S ribosomal
subunit is recruited, along with other cellular proteins, to the highly ordeRNA structures
withA y (i KT® wigicf forins an internal ribosomal entry site (IRESkushiet al., 1994;

TsukiyameaKoharaet al, 1992) Thestructural proteins are released lpst signal peptidases
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Genotype Key
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G3
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Figurel.3 Global distribution of HCV genotypes.

Genotype 1 is the most prevalent genotype. Genotypes 2 and 3 ared fauvarying levels
across the globe, but Genotypes 4, 5 and 6 are largely confined to northern Africa (particularly
Egypt), South Africa and the Far East respectively. Reproduced from the Global Distribution of
HCV Genotype@VHO, 2009)
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HCV IRES 3’ UTR
p7 NS4A
Coregy El y E2 yy NS2Zy NS3 yy NS4B y NSSA y NSSB
Virus
HCV IRES EMCV IRES 3’ UTR
Neomycin/ SPp7 NS4A
Luciferase vww NS2y NS3 ywyw NSIB y NS5A y NS5B
SPp7-5B
HCV IRES EMCV IRES 3’ UTR
Neomycin/ NS4A
Luciferase NS3 NS4B NS5A NS5B
NS3-5B N Y Y

Figurel.4 Genome organisation of HCV.

6!'0 CdzZAt €tSy3adkK 1/ + 3ISy2YS RSLINSGB dodlirdegipnQ! ¢ w ¢
(B) Structure of autonomously replicating sBHtSy 2 YA O wb! Y2t SOdzZ Sao ¢
LwO{0 YR 0Q !'¢w INB YIAYGFEAYSR® ¢NIyatldaz,
mediated by the HCV IRES. Translation of the truncated HCV geisomediated by an
encephalomyocarditis virus (EMCV) IRES. The EMCV IRES was used in favour of using a
duplicate HCV IRES as translation driven by this IRES is more efficient. Arrow heads denote
cleavage of the polyprotein by signal peptide peptidase (l®)rpsignal peptidase (red), the

NS2/3 cysteine protease (green) and the NS3/4A serine protease (black). SP represents the p7
cognate signal peptide encoded by the carboxyté@hinal 23 residues of E2.
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(Grakouiet al, 1993a; Hijikateet al, 1991)and the nonstructural proteins by twoviral
proteases: a cysteine aujamrotease; NS2Grakoui, 1993b; Loreret al,, 2006b; Schregeit al,,
2009)that catalyses cleavage of the NS2/NS3 junctiorg a serine proteas NSBA (Tomei

et al, 1993)that cleaves to release the other NS proteins.
1.3.4 Virus Lifecycle

1.3.4.1 Virus Entry

The hepatropic nature of HCV was established early on in HCV hasttbmgore recentlyHCV
has been identified in brain macrophagi#em infected individualgWilkinsonet al., 2009)
Virus entry is mediated by the E1 and ¢coprotein hetero dime(Figurel.5). The ellular
entry factors required for entry areluster of differentiation 81(CD8) (Pileriet al, 1998)
scavenger receptor B type | (8RB (Scarselliet al, 2002)and two tight junctiorassociated
ligands, claudit (CLDN) (Evanset al., 2007)and occludin (OCLNPlosset al., 2009) The
virus is thought to encounter the bagdateral membrane of hepatocytes in the livathere
CD81 and CLDMare localiseqReynold<t al,, 2008) Polarisation of cell mondayersin tissue
culture systems is not required for enthut other factors such as glucosaminoglycé8#\G)
the low density lipoproteinlLDLYeceptor (LDiR)and Ctype lectinsare important.Entrycan
be inhibted by mannan binding lectin (BL), a component of the innate immune response

(Brownet al, 2010)

CD81 is a tetraspanin with a large, extracellular loop (LEL) that is bound I§DBZ2. is
expressed on the surface of a wide variety of cell types and is associated with activation of the
immune response by estimulation of Tcells.Antibodies specific for CD81 impair virus entry
although CD81 male involved after initial virus bindg (Koutsoudaki®t al., 2006) SRBI is
highly expressed on liver celiad is responsible farptake and efflux of cholesterol from cells

to high density lipoprotein (HDLhd LDL particles. TH&RBIligand HDL also appears to play a
role in HCV entry podiinding (Voissetet al, 2005) The role of LDR is to internalise
circulating LDL as part of the cholesterol homeostasis pathway-RLDomplexes are
internalised by clathri-mediated endocytosis and traffic via endosoméSabahi, 2009 a
similar mechanism to that predicted for HCWVhorleyet al, 2010) Antibodies against LER.
inhibit HCV entry as do exoger®uW. DL and peptide inhibitors @DLR. GAG chains are
important for the binding & numerous viruses. HCV E2 has been shown to bind the GAG
heparan sulphate and primcubation of cells with a heparan sulphate homologue, heparin, or

aheparinae whichcleaves heparin sulphatampairsentry of HC\(Morikawaet al., 2007)

15



Chapter 1: Introduction

Lipid
Droplet

LDL-R GAGs SR-BI CD-81

===

Clatharin-mediated
endocytosis and
endosome acidifaction

Fusion and
genome release

Figurel.5 HCV particle entry is associated with lipoproteins.

Lipid dropletassociated HCV particles attach to cells via the LDL receptor and GAG molecules.
¢CKS 9H 3If202LINRGISAY GKSYy aLISOAFAOLftE& o0AYRA
the tighte dzy O A2y a BKSNBE Ay idSNI Ol At&e/dathrirkdtisted / [ 5 b n
endocytosis. Endosome acidification induces fusion of the virion envelop resulting in genome

release. Reproduced frofiyreet al., 2009)
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Heparan sulphate gpears to be involved in initial binding as incubation of cells with heparin

after addition of virus did not significantly inhibit HCV er{tputsoudakigt al., 2006)

The arrent model for HCV entry is outlined in Figure 1.5. Initial cell binding is thought to be
mediated by interactions with surface GA®s the basdateral membrane of hepatocytes,
followed by secondarinteractions with SBI and CD81. The cabsociategarticle is thought

to traverse to tight junctions and associate with CLDN1 and OCLN prior to internalisation by
clatharinrmediated endocytosis. Internal trafficking is thought to arrest at early endosomes
where acidification results in fusion of the drutnembrane with the endosome membrane

allowing release of the viral RNA into the cytoplasm.

1.3.4.2 Genome Replication

After entry and uncoating # HCV genome is released into tbgtoplasmand undergoes
initial rounds of translation. The HCV proteins are expressed as a single polyprotein: core, E1,
E2, p7, NS2, NS3, NS4A, NS4B, NS5A (M&&®Buiet al, 1993a) An additionalnitiation site

in the +1 reading frame, within the core coding region, produces a species known as frame
shift (F)protein, or alternate reading frame proteinARFIR Initial translationof the viral
polyproteinis thought to allow the accumulation of viral proteins to sufficiently disable the
innate immune response and the formation af membranous web structurealled the
replication compleXEggetret al,, 2002; Goseret al,, 2003) Replication of the HCV genome is
caried out by the virussncoded RNAlependent RNAbolymerase (RdRp) NS5B, via dé
intermediate. Newly synthesised genomes are eitlpackaged into virions or used #se
template forprotein synthesisor further rounds ofreplication RNAlevels proteinlevelsand
infectivity do not directly correlate leadintp the hypothesis that each process could be
differentially prioritised throughout the life cycle, although the mechanisms involved remain

unclear.

RNA structuras important to the pathogenesis of the virasd HCV RNA structure has been
shown to be maintained as a survival factBlow growingpersisent RNA viruses like HCV and
GBVC correlate withhigh levels of genomic structunghereas aute virusedike B\DV have

lower levelsof RNA secondary structur®&NA secondary structuiis thought to prevent the
binding of host RNAs and thus allow the genomes to remain autonomous and less detectable

to dsRNAsensing antiviral pathway®aviset al., 2008)

1.3.4.3 Particle Assemblyand Egress
HCV hagoor assemblyefficiencyin tissue cultureand as a resultt has been difficult to

discern the mechanism by which infectious particles are produced. Core association with lipid
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droplets is a key early stefBoulantet al, 2006)but the site of asembly has not been
identified. Core is able to bind RNBoulantet al, 2005) but whetherit dissociates from lipid
droplets to begin packaging of the genome at sites of replication or whether NS5A, which also
contains RNA binding domaifiduanget al., 2005) recruits the genome to LDs is also unclear
(Bartenschlageet al, 2011) Numerous studies have provided evidence that HCV utilises the
very low dengy lipoprotein (VLDL) biosynthesis pathwapwever the evidence is conflicting
as tothe involvenent of apolipoprotein (Apo) B,pd E and microsomal transfer protein (MTP).
Recruitment of the virus enveledikely occurs with the addition of E1/E2 hetedoners at the

ER or an ERerived membrane. Other viral proteins are vital for the production of infectious
virus particles. NS2 and p7 were shown to act at an early stage in virus asgdomelset al.,
2007) possibly through the cordination of the replication complex with the glycoproteins
(Jiraskeet al,, 2010; Meet al,, 2011; Stapleford. Lindenbach, 2011)he cdocalisation ofE2,
NS2, NS&and NS5A to cytosolic lipid droplets at 72 hours pwanhsfection with fullength
virus suggested that assembly may be occurring at these 6iiesskoet al, 2010) The
mechanism of virus egress frothese sites is therefore unlikely be that of VIL®ihich is
synthesised at the ER membrane ase&treted from the cell via the Gol@amberger & Lane,
1990) rather it may utilisethe endosomal trafficking pathway, aspects of which have been

shown tobe essential for virus releag€orlesst al., 2009)
1.4 Systems for studying HCV

1.4.1 Chimpanzees

Chimpanzees are the only animal other than humans that can be infected witlahtCitieir
use enabled the demonstration of an infectious agent as the cause NAtklet al,, 1978;
Taboret al, 1978) Indeed ultra-structural studies on livers from infected chimpanzees led to
the suggestion that two agents weresponsible for NANBShimizuet al, 1979) The use of
chimpanzees wre also instrumental in the isolimn and cloning of HC{Chooet al.,, 1989)and
confirmation of thein vivoinfectivity of culture derived virus producday the JFH. isolate
(Wakitaet al,, 2005) Chimpanzees infectedith the JFHL isolate were positive for viral RNA 3
days postinfection, however they presented no signs of hepat#ied viraemia was limited;

approximately 1&copies/ml(Katoet al., 2008;Wakitaet al., 2005)

There are differences in the disease course in chimpanzees and humans as disease is generally
milder in chimpanzee@oonstraet al., 2009)and one longitudinal study fourithat the rate of
chronic infection was much lower in chimpanzees (33%) than in humans ((B&8sgtet al,,

1998) As GBWB and HCV share a relatively high degree of sequence homology it is hoped that
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by studying both infections in animal systems that it will become apparent why one causes an
acute infection and the other is so effectia achieving a persistent infectigfBeameset al,

2001) Despite the exploration of GBE infection of tamarins as a surrogate for HCV,
chimpanzees areurrently used for testing of artHCV compoundand potential vaccines
(Carrollet al., 2009; Chemt al,, 2007; Verstrepeset al,, 2011 and examination of the immune
response and viral persistendi&ato et al, 2008) Drawbacks of the useof chimpanzees
include experimental cost, limited sqte numbers, absence of diseaiseluced liver fibrosis

and ethical concerns.

1.4.2 Non-primate animal models

As HCV does not infect any Rprimates, attemptshave been madéo genetically engineer or
humanisea strain of mice permissivie HCV infectionProgress has been made recently in the
development of twosuchmodels(Dorneret al, 2011; Washburrt al, 2011) Earlier mouse
models relied upon the engraftment of human hepatocytes imnimals with severely
depleted immune systesiin order to achieve infection but as a result no liver damage was
observed(Bissiget al, 2010; Merceret al, 2001) It was shown that expression of human
orthologues of CD81 and occludin in murine céfwsset al, 2009)and mice(Dorneret al.,
2011)was sufficient to render them permissive to HCV infection. However, viral proteins could
not be detected in HCV infedemice expressing human CD81 and occludin, suggesting that
virus replication, and possibly also translation, is inefficient in mouse hepato(yteseret

al., 2011). Mice engrafted with human liver and immune celiere permissive toHCV
infection (Washburnet al,, 2011) These micgenerated an HGSpecific immune responsef
preferentially expanded human-@ells; they devebped hepatitis and fibrosis response to
HCWderived peptide andcould be restimulated upon rechallenge suggesting the
establishment of memory-€ells(Washburnet al, 2011) In combination these models could
dramatically increase our understanding of virus entry, repilim, host tropism and immune

response/evasion.

1.4.3 Replicons

The development of the HCV sgbnomic replicon (SGR) in 1999 enabled dissection of HCV
replication and the roles of the nestructural proteins in replication and host cell modulation
(Lohmanret al., 1999)(Figurel.4B). Theoriginal SGRvas a bicistronic RNA molecule andas

first developed fom the genotype 1b @ate Cod. 9 ELINB&AaA2Yy 27 I
phosphotransferase (NPT) gene is controlled by the viral IRES and translation the non
structural proteins NS3B is mediated by an EMCV IRE&hmannet al, 1999) The SGR

originally included NS2 but itvas found to be detrimental to replication (Lohmannet al.,
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1999) Culture adaptations in the original SGR weo¢ed and upon introduction i the wild-

type SGR they increased replication by (Rlightet al., 2000; Kriegeet al, 2001; Lohmanet

al., 1999) The most commonly used laboratory adapted $€&Bmed FK5.1which contains2
mutations in NS3, one in NS4B and four in N&5i#egeret al, 2001) Replication of the SGRs
was initially restricted to the human hepatocellular carcinoma tie## Huh7. Teatment of

Huh7 cells stably harbouring a genotype 1b replicon withhlfiéd to the removal of HCV RNA,;
however these cured cells, Huh7.5 cells, were then more permissiveplication upon re
introduction of HCV RNABIlightet al,, 2002) Fultlength replicons were generated but they
failed to produce infectious virus and replicated less efficien@light et al, 2002;
Pietschmanret al,, 2002) Replacement of theesistance gene with Fireflyluciferasereporter

gene created aystemfor analysis of transient replicatiafLohmanret al,, 2001)enabling the
high-throughput analysis of antiiral compoundsOther repliconsystemsancludeNS35B, NS2

5B and SPp3B replicons based on the genotype 1b isolate Conl, corresponding replicons
made using thgenotype 2a isolatdFHL (Tedburyet al, 2011)6 KA OK R2Say Qi NBIj
adaptations (Kato et al., 2003) and a mono-cistronic NS35B replicon employing a green

fluorescence proteiiagged NS54Schalleet al., 2007)

1.4.4 Infectious HCV culture systems

A major step forward in the study of HCV came with the identificatibthe fully infectious
JFH1 isolate whichis capable of producing infectious virus in cell culture and chimpanzees
(Wakitaet al, 2005; Zhongt al., 2005) Further analysis revealed that chimeric viruses based
on the JFHL isolate were capable of causing infection bath cell cultureand in vivo
(Lindenbactet al., 2005; Lindenbacht al., 2006; Pietschmanat al., 2006) Infectivity of cell
culture-derived HCV can be neutralised with E2 and CGip&tific antibodies as well as patient

sera(Lindenbactet al, 2005; Wakiteet al., 2005; Yet al, 2006; Zhongt al., 2005)

Although the majority of infectious clones have been generated in thelJb&tkground, a
fully infectious genotype 1l1a clone, derived from the Hutchinsasolate H77, has been
developedalthough it is significantly less infectious than -JFbased virusegYiet al, 2006)
Chimeric viruses involving the structural proteins from sg@motype 2a isolatesanrequire
compensatory mutations for efficient infectivitgYiet al., 2007) Chimeric virusesparticularly
those including the structural proteins from the most prevalent genotype la and 1b isolates,
could play a central role in the development of crgemotype therapies targeting virus entry
and uncoatingPietschmanret al,, 2006) The unique ability of the JFHisolate to replicate in

cell culture has recentlypeen proposed to centre on the replication efficiency of the viral

polymerase(Simisteret al, 2009) Comparative analysis of the polymerase encoded by the
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JFHL isolate and the closely related J6 isolate demonettathat the JFH. polymerase
initiates replication more efficiently resulting in increased replicatiomitro. Mutations within

the polymerase were shown to result in a more closed conformation which may improve de
novo initiation kineticySimisteret al., 2009) Whether the increased replication efficiency of
the polymerase is solely responsible for enabling detectable replication ef drkell culture

is not clear.
1.5 Untranslated regions (UTRS)

151 v6 542

TheHCW Q ! ¢w O2yidrAya | KAIFKEe O2yaFNRgRa AyiS
Koharaet al, 1992p ¢ KS pQ ! ¢w A& o mmthg lRES &heoimpassésa Ay
nucleotides40-341 of the genome(Hondaet al., 1999)(Figurel.6A).¢ KS pQ | ¢w F 2 NI
loop structures(l, I, Ill, V), he first of which along with stem loop I, is essential for
replication (Kimet al, 2002) A predicted structure for loop Was proposedfrom sequence
comparisorwith the GBY. p Q | ¢ w(Brawih&tHzO199ZNIBndat al, 1996)and was

refinedto one containing more basgairingfollowing applicationof folding constraints based

on the GBVB structure(Hondaet al., 1999) HCV RNA replication is enhanced by a liver
specific micro RNA22 (miR122) which has two seethatches betwveennts 22 and 43 of the

I / £ p Qoplingetval, 2005) both of which are required for optimal HCV replication
(Joplinget al,, 2008) The tissue specificity of miR22 could be a crucial determinant in the

tissue and host tropism of HCX.recent report where miR22 was exogenously expressed in

the nonpermissive HepG2 cdihe rendered cells permisgivo HCV replicatio(Narbuset al.,

2011)

Loops 11, lll and IV farthe IRESNnd, under physiological conditiongorm two recognition
domains for eukaryoténitiation factor 3 (elF3 and the 40S ribosomal subur(iKieft et al.,
1999)to facilitate capindependent translation of the HCV polyproteirhe first ~40 rg of the
p Q ,iwhich catain stem loop lare not requiredfor initiation of translation(Fukushiet al.,,
1994)but translationdoes benefitF N2 Y (i KtSof the@orecoding sequend®eynoldst
al., 1995)

A bngrange,protein independent interactify 0 SG ¢SSy GKS Ipeéniniphe®Redo Q ! ¢
asthe switching mechasm between RNA replication and polyprotein translat{@®omeroe

Lopez & Berzalerranz, 2009)
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Figurel.6 The predicted structures of the HQVTRs.

(A) ThS

loops Il, 1l and 1V are required for recruitment of the 35S ribosome and elF3. The start codon

for translation of the primary HCV OREF is highlighted iokbIReproduced fronfHondaet al.,
1996)yp

pQ! ¢w T 2obPvstiuctures.d dgofsY and Il are required for RNA replication,

6.0 { GNXzOG dzNB 2 dor dirdictral compopehtwabe ntafkesl arid k&S S

stop codon is highlighted. Reproduced fréiolykhalowt al., 1996)
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Two chimeric viruses encoding the cdrgl H | Y RNSR flom 'th¢ 6 isolate in the JEH
backgroyy R KF R O2 YL} NI 6f S NBLX A O ( ANSZ virusypRdudetld y A f
10-fold more infectious virugMateu et al., 2008) The JFH |y RUTRé&cdiffgr By three st

and it was found that increased infectivity required the mutation of all three bgstseu et

al., 2008) Thiswas suggestivéi K ¢ GKS pQ !'¢w LI IF&&a | aRfS 2
replication and translation, making at viable target for antiviral compound&uerniouet al,,

2007)

152 o &TR

¢tKS 0Q !'¢w SHISFPRRE 2PANITHAKSY dIiNT yatl dA2y SN
NS5B coding sequengEigurel.6B). It comprises a viable region of ~4ts; a polyuridine

and pdypyrimidine [poly {/UC] tract of variable lengthand a highly conseged region called

i KS o @hich ist3®itsinfiength (Kolylhalovet al, 1996; Tanakat al., 1995; Tanakat al.,

1996) The Xtail forms three stem loops of conserved structfBlight & Rice1997; Ito & Lai,
1997)and has been shown to enhance translationciabut not in trans (Ito et al, 1998)
Numerous proteinssuch apolypyrimidine tractbinding protein(PTB) which can bind both

iKS pQ [KIRISO B SStyw aK2gy (2 AYdSNI O gAGK GKS
(Ito & Lai, 1999; Spangbery al., 1999; Tsuchiharat al, 1997) However, a contradictory

report demonstrated that rplicationwasindependent of PTB arttiat deletion of the Xail or

the poly (U/UC) tract enhandaeplication(Murakamiet al., 2001)

¢ KS mifus i houbht to end in a BNA stem loofTanakaet al, 1996) but one cDNA
clone was found to extend for a further twaridine (J) bases forming a single stranded

terminus(Yamadaet al., 1996)
1.6 Structural proteins

1.6.1 Core

The nucleocapsid or core protein is tamino (N)-terminal protein on the nascent polyprotein
(Figure1.7). An internal ginal sequence encoded between core aid is responsible for
directing translation of the developing polyprotein tbe ER membrane. Cleavagethe N
terminus of E1 by signal peptidageleases an immature core protein of 191 aa and
subsequent intramembrane cleavage by signal peptide peptid§SEPYeleases the mature
core protein of 179 agMcLauchlanet al, 2002) Production of the mature core and its
association with lipid droplets are essential for virus particle assefffylantet al, 2007;

TargettAdamset al,, 2008) Gore remains membrane associated by virtue of 2 amphipathic
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Cytosol

Virus particle RNA replication complex

NS4A NS4B

ER Lumen

Figurel.7 Cartoon depicting the membranénteractions of the HCV proteinsaabout the ER
membrane.

NS2 is shown in green and the membrapanning domain is undefined. Following release
from E2 by signal peptidase, thet@minal domain of core is further processed within the
membrane to enable flipping of the-t€rminus to the gtosol. Thetransmembrane domains
(TMDs) of E1 and E2 initially form short hairpin structures to act as signal peptides for E2 and
p7 respectively. Following cleavage by signal peptidase the E1 and E2 Thtiastr¢heir C

termini to the cytosol to genette single pass, tadnchored membrane topologies. NS5B also
forms a talanchored protein topology. Core and NS5A remain membems®ciated by virtue

of their amphipathic helices. The Bind Gterminal amphipathic helices of NS4B are shown.
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h-helices(AH) between residues 11886 and 148L64 (Boulantet al, 2006) Core is also able

to target to the outer membrane of mitochondria via a 10 aa stretch within titer@inal AH
(Schweret al,, 2004) Biochemical analysis suggested that this 10 aa sequence in isolation
acted like an AH as GFP expressed as a fusion to this domain could be extracted from purified
mitochondria with alkaline carbonate along withetramphitropic mitochondriaheatshock

protein 70 MtHSP7D(Schwetret al., 2004)

Core has two distinct domains; anté&minal RNAbinding domain(Boulantet al, 2005;
Santoliniet al,, 1994)and a @&erminal domain responsible for targeting core to lipid droplets
(Boulantet al., 2006; Hope & McLauchlan, 200Qpe protein is thought to homaligomerise

to form the virus nucleocapsid encapsulating the viral genome. It has been proposed that the
nucleocapsid is enveloped in a hastdoplasmic reticulum (ERerived lipid bilayer, the
surface of which is believed tme punctuated by the virally encodeglycoproteinsEl and E2
(Moradpour et al., 2007)although the extent to which they are exposedtli® subject of
controversy.Core is localised predominantly to the cytosolic face of the ER and it remains ER
associated if cleavage by SPP is preverfkdd_auchlaret al, 2002) Gre localises to lipid
droplets (Hope & McLauchlan, 2000; Santokial., 1994)which are increased in abundance

in HCWnfected cells. This is thought to be caused by core [mo&s overexpression studies
found that core induced lipid droplet accumulation in tissue cult@fdid et al., 2005)
Genotype 3a core had the greatest effect prompting speculation thate ccould be
responsible for the observed virisduced steotosis in genotype 3a infectio(ibid et al,

2005) Core is thought to alter the cellular localisation of lipid droplets to &npelear
distribution as it disrupts the associati@i adipocyte differentiatiorrelated protein(ADRP),

the major protein content of lipids, with lipid drople(Boulantet al., 2008) More recently the

host proteinshnRNPH1, NF45, and C140rf166 have been identified as interacting partners of
core protein (Leeet al,, 2011)and core has also been shown to form an interaction with both

UTRs inals(Yuet al., 2009)

1.6.2 Frameshift protein (F )

Translation of theHCVpolyprotein occurs from a single ORIthough it had pregiously been
noted that mutation of the primary AUG resulted in translation initiation from a downstream
AUG(Reynoldset al,, 1995) Subsequentlyseveral reports noted théranslationof a second
ORF within the core coding region in the -2lframe (Walewskiet al, 2001; Xwet al., 2001)
Expression oframe-shift (F) protein or alternate reading frame protein (ARFP) is petedent

of cellular and viral proteases and the gene prodemties in length between 126 aand 162
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aa depending upon the genotype. This variation has led to speculation of the authenticity of

this gene product during natural infection.

Antibodies to Fprotein have been detected isera from chronicall{Shesheer Kumaat al.,
2008; Walewsket al, 2001)and acutelyinfected HCV patierg (Morice et al., 2009) A celt
mediated immune responst Fprotein was not observed ia selection ofacutdy infected
individuals(Drouinet al., 2009)but Fprotein-specific CD4+-gell responses were detected in
transgenicmice (Gaoet al, 2010) Fprotein appears to be unnecessary for virus infection in
cell culture but a recent study founigh levels antibodies t& protein in patientswith HCC

suggesting a role of frotein in HCWelated pathogenesiéDalagiorgotet al,, 2011)

1.6.3 ElandE2

ElandE2are the viral envelop glycoproteins each consisting of a si@ggeminal TMD, that
anchors them to the ER membraf@ocquerekt al., 1999; Cocqueradt al., 1998; Selbet al,,
1994) and an N-terminal ectodomain whit is oriened to the ER lumeiiCocquerelet al,
2000; Santolinet al, 1994) E1 and E2 contai® and 11 predictedN-linked glycosylation sites
and have observable masses &f kDa and 70 kDa by electrophoresespectively(Grakouiet

al., 1993a; Stapleford & Lindenbach, 201lhe orrect folding ofboth E1 and E2equires the
formation of numerous dsulphide bonds andhe ER chaperones calreticulin and calnexin
(Choukhiet al., 1998; Dubuisson & Rice, 199%he folded glycoproteins formnon-covalent
hetero-dimersvia interactions of theilTMDs(Deleersnydeet al., 1997; Op De Beeckt al,

2000; Selbyt al., 1994)

The TMDs comprise two hydrophobic sections separated by at least one charged residue
(Ciczoreet al,, 2007; Cocqueradt al., 2002; Cocquerddt al., 2000)and dimerisationis severely
reduced followingmutation of these residuegCiczoraet al, 2007; Stapleford & Lindenbach,
2011) These charged residues are also essential for correct polyprotein processihg €
terminal portion of each TMD forms a signal sequence for the downstream protein and
enables cleavage by signal peptidg&gocquerelet al, 2002) (Figure 1.6). Both TMDsare
understood to form intramembrane hairpins, with the charged residues acting as the pivot
point, with the Gterminusoriented to the ER lumen prior to signal peptidase cleavage. Once
released from the downstream protein theignala S1j dzZSy OS G KSy Ay @&NI a
helical membranespanning domaiiOp De Beecét al., 2000; Peniret al,, 2004)

The glycoproteins are thought to be exposed on the surface of the virus pditiclkitaet al.,
2005)to facilitate binding and fusion of the virus t@lt surface membrane&xperiments using

the soluble ectodomain dE2have shown that itnteractswith CD81(Pileriet al,, 1998) SRBI
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(Scarsellet al, 2002)and claudin I(Evanset al., 2007)while E1 coordinas the interaction
with the LDER (Mazumdaret al, 2011) E1 has also beeshown to interact with core,
presumably within the ER membraf(ieoet al., 1996) but it has not been determirgwhether
this interaction is required for particle assembly and maintained witmature virions

Antibodies targeting the E2 glycoprotein or the cellular entry factors prevent virus entry.

1.6.4 p7

Thep7 protein is an integral membrane proteifCarrereKremeret al., 2002)and comprises
two TMDsand a conserveahargedbasicloop, with both terminioriented to the ERumen
(CarrereKremeret al, 2002; Linet al, 1994)(Figurel1.7). A dual topologyof p7 has been
proposed whereby the -€@rminal helix does not span threembrane,instead it lies parallel to
the membrane on the cytosolic fagésherwood & Patel, 2005The Gterminal helix of p7 is
capable of acting lika signal peptide(SP)and soappears to form the SP sequence for NS2
(CarrereKremeret al, 2002) p7 is released from the viral polyprotein by cleavage at both
termini by signal peptidase andutation of the Gterminal alanine to arginine abrogates p7

NS2 cleavag@Cocquerett al., 2002; Mizushima, 1994)

p7 is 63 residues in lengdnd it has been shown teomo-oligomerise to form dexamneric or

heptomeric ion channelleading to its classification as a viropofClarkeet al, 2006; Luilet

al., 2009) The inclusion of p7 within virus particles has not hestablished but it is vital for
infectionin vitro (Joneset al,, 2007)andin chimpanzee¢Sakai et al., 2003The expression of
core, E1, E2 and g cisin insect cells ledo the formation of virudike particles (VLPs) with
uncleaved Ed7 detectable on the surface of these particldsherwood & Patel, 2005)
However, cleavage of the EZ junction is severely impaired in insextlls compared to

mammalian cell¢lsherwood & Patel, 2005)

p7 ion channel activity canebchemically inhibited by amardie but this is genotype
dependent(Griffinet al, 2008; StGelaist al., 2007) lonchannel activity can also be inhibited
in a gemwtype-independent manner byrimantadine and iminosugas such asN-
nonyldeoxynojirimyei (NN-DNJ (Gottwein et al, 2011; Griffinet al., 2008; Pavloviet al,
2003; StGelaist al., 2007; Wozniakt al,, 2010)

Gompounds that inhibit ion channel activity also block virion release, implicatinghiannel
function in virion morphogenesi&riffin, 2010; Griffiret al., 2008; Luilet al., 2009) Mutation
of the two basic residues in the cytoplasmic lptgrmed the p7basicloop, block ionchannel
function (Griffinet al,, 2004; StGelaist al,, 2007)and severely reduce infectivifyoneset al,

2007; Maet al,, 2011; Steinmanet al, 2007) Deletion of p7from the fulHength JFHL virus
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(Joneset al, 2007; Steinmanret al., 2007)or chimeric viruses rendered them uninfectious
(Popescuet al, 2011) p7 basicloop mutants could be rescued by the vATPase inhibitor

o FAt2Y8OAYy | 2NJ SE23Sy2dza SELINEBseopZ gelethi¥ Ay T
viruses further implicatinga channeldependent function of p7 in the virus life cy¢®Brahm et

al., 2009; Wozniakt al., 2010) The inclusion of p7 within the virus particle remains an area of

investigation.

Analysis of p7 functionsing liposomes revealed that thmsicloop mutantwas less efficient

at inserting into membraneg¢StGelaiset al, 2007) The additional mutant histidingH) 17
alanine f) andglycine ) 39A both reduced iorthannel function but did not alter membrane
insertion. The effect of G39A on i@hannel function was more profound than the H17A
mutant and the G39A. The H17A mutation could be compensated for breased
concentrationsof p7 but the G39A mutant could not. This was suggestive of a more significant

effect on channel structuréStGelai®t al,, 2007)
1.7 Non-structural proteins

1.7.1 NS2
NS2 isgliscussed in detail in sectidn8.

1.7.2 NS3

NS3is a multifunctional proteinandis the only viral protein whose maturation is independent
of membranegqErringtonet al., 1999; Svitkiret al., 2005) The Nterminal 189 residue®f NS3
form a chymotrypsidike serine proteaseHistdine 57, aspartic acigD) 81 and serine(§ 139
form the catalytic triad. A zinc ion is-codinated by 3 cysteingC)residuesand a histidine
(C97, C99, C14nd HL49 whichis thought to be of structurakhot catalytic, importancéDe
Francesceet al, 1996; Stempnialet al., 1997) The NS3 proteaseiscleaves at the NS3/4A
junction and, in association with NS4rgns-cleaves the subsequent downstream viral protein
junctions (Eckartet al, 1993; Faillaet al, 1994; Grakouet al, 1993a; Hijikatet al., 1993a;
Hijikataet al., 1993b; Tomeet al, 1993) As mentioned earlier, there are numerous antiviral
compounds targeting NS3/4Aqieaseactivity currently in clinical trialsThe serine protease
domain is also required for efficient cleavage of the NS2/3 jun¢iitibeaultet al., 2001)and
zinc caordination by NS3s thought to play a structural role here as w@ledbury & Harris,
2007) NS2/3 cleavage is discussed in greater detail in settha

The Gterminal two thirds of NS3 possebslicase and NTPase activiti@@met al., 1995)but

there is no dependence between the feglse and proteasactivities (Gallinariet al,, 1998)
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| St AOFaS | OUAGAGE LINP(HaNBak A96E)and ithas-beea Showin p Q
dzy 6 AYR Rawhb! ' YR wh! 1Hélitase adtiBtyi $&NEperderntiuoli S a @
dimerisation of NS8Serebrov & Pyle, 2004nd activity iSATP and divalent catietlependent

(Fricket al, 2007; Suzickt al,, 1993; Wardelet al, 1999) NS3 helicase and ATPase activities

are unaffeced by the presencef uncleavedNS2(Welbournet al.,, 2005)

b{n! T2-HNEI yR IAYy 02 YL Saérrel ovliich fslegsentiaKtS inde fo |
conformational change in NS&imet al, 1995; Yaret al, 1998) The NS3/4A protease has
also been shown to inhibit antiviral response pathways by specifically cleaving thkarcellu
proteins mitochondrial antiviral signalling protein (MAM$) et al, 2005b)and Toll/I1
receptor (TIRPlomaincontaining adapteinducing interferon 0 ¢Lwekal, @005b)

The enhancing motation of glutamine (Q) 221 to leucine (L) (Q221L)within the helicase
domainwas originallydescribedin the H7BJFH1 chimeric virus and confefsigh levels of
infectivity to the wt chimeric virugMa et al, 2008; Yiet al, 2006)as well as increasing
infectivity of the wt JFHL virus (Ma et al, 2008) It was subsequently found to rescue
deleterious mutations within NS other chimeric virusegliraskoet al, 2010; Pharet al,
2009) Introduction of the Q221L mutation into the Jcl chimeric virus, which achieves
improved titres over fullength JFHL, did not produce and additive effect on virus titi@han

et al, 2009) The role of this residue is unlikely to be a direct interaction with specific regions
of NS2 as a large number of widely distributed NS2 mutations weppressed by this NS3
mutation. The mechanism by which this residue confers enhanced infectivity is unclear as two
other mutations in NS3Igoleucine Ij 286 valine §) and 1399V)were able tofunctionally
replace the Q221L mutation in the H77S/dFus (Maet al., 2008) Comprehensive analysis

of the NS3 enzyme functiorisund little difference between wt and the Q221L mutant except
that the mutant showed a deease in functional RNA binding andrénor decrease in RNA
unwinding(Phanet al., 2009) Unfortunately, the phenotypes of the 1286V and 1399V mutants

were not examined in this study.

1.7.3 NS4A

NS4A isan 8 kDa (Grakouiet al, 1993a)integral membrane protein that interacts non
covalently with NS3 to anchor it to memanesvia its Germinal TMD(Brasset al, 2008;
Hijikataet al, 1993b; Kinet al,, 1999; Wollet al, 2000)(Figurel.7). NS4Aassociates with NS3
forming an integral -strandas part of the Nerminal proteasedomain of NS&nd acts a co
factor for the NS3 serine proteag€aillaet al, 1994; Kimet al, 1999; Kimet al, 1996)

Truncation analysis identified residues-23 of NS4Aas the minimum required tstimulate
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the releaseof NS4B, NS5A and NSBRitroandin tissue culturdLinet al,, 1995; Tomeet al.,

1996) Binding of NS4A was initially thought be unnecessary for NS3 helicase §Galityari

et al, 1999) howevera more recent reportsuggesed that it may also be a céactor for
helicase activity as it enhanced the RNA binding capacity of the helicase in the presence of ATP
(Beranet al,, 2009) Mutation analysismplicated a conserved stretch of acidic residues in the

Gterminal domain of NS4A as the regulatory domafithe helicas€Shiryaeet al., 2010)

Whether NS4A has any functions independent of NS3 is not kb4 Aactssolelyin trans

with NS3it may be thatone of the functions of NS3 requset to dissociate from the
membrane.As part of the NS3/4A proteasiS4A is linked with mitochondridysfunction and
over expressiomstudies suggested it functions as a transcription /translation regul@tmrese

et al, 2002; Kadoyat al., 2005) but these requie validation in more physiological systems.

1.7.4 NS4B

NS4Bis a 27kDa integral membrane protein capable of targeting independently BER
membranes indicating the presence of an internal signal seque(@eakouiet al., 1993a;
Hugleet al, 2001) NS4Bhas been shown to alter membrane formation and has therefore
been implicatechs the architect othe 'membranous web' associatedth the HCV replication
complexand is essential for replicatidieggeret al, 2002) Both termini areprocessedy the
NS3/4A potease and it is predicted to form4aTMD protein with both termini oriented to the
cytosol(Lundinet al., 2006; Lundiret al., 2003)(Figurel.7). As the result of an assumed pest
translational event, a minor proportion of the NS4B populati@s been proposetb assume
a different topology wherebyhe N-terminusis oriented tothe ER lumen, giving it a topology
common to the NS4B proteinf other viruses of the Flaviviridad.undin et al, 2003)
However, this phenomenors of limited occurrence when NS4B iseopressed with NS5A
(Lundinet al, 2006) The Gterminal domainof NS4Bhas been reported to modulate NS3/4A
activity, NS5A hypephosphorylation and genome replicatighindenbactet al., 2007)

In addition to the four chracterisedTMDs of NS4Btwo N-terminal amphipathic helices have
been described between residues26 (Elazaret al, 2004)and 4266 (Gouttenoireet al,
2009a) Residues 486 displayedh-helical structure in membrane mimetic detergents by
solution nuclear magnetic resonang®MR and wasspeculated to be capable of traversing
the membrane upon NS4B oligomerisati@@outtenoire et al, 2009a) Both domains were
sufficient to target GFP to membrandsit targeting was abrogated following mutagenesis
(Elazaret al, 2004; Gouttenoireet al, 2009a) Furthermore, residues 22454 within theG

terminal domainof NS4B havalsobeensolved by NMR and proposé¢a form anamphipathic
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helix (Gouttenoireet al,, 2009b) Disruption of the membrane targeting of any of these three
domains prevented replication comgd formation (Elazaret al, 2004; Gouttenoireet al.,
2009a; Gouttenoireet al., 2009b) Residues 489 and 227254 fused to GFWere fully or
partially extracted from membranesrespectively, followingalkaline carbonatetreatment
implying that they were superficially associated with membra@suttenoireet al., 2009a;

Gouttenoireet al., 2009b)

1.7.5 NS5A

NS5A is essential for replication of the viral gencanel is a component of the replication
complex (Macdonald et al, 2005) It exists intwo phosphorylation states the basally
phosphorylated p56 (56 kDa) and the hypghosphorylated p58 (58 kD&rms (Huanget al,,
2005) Limited proteolysis by tryptic digest confirmed computational prediction of a three
domainorganisation of NS5A separated lwyotlow complexity sequences (D@Bellinghuisen
et al, 2004) NS5A associates with membranes via a membtargeting sequence within
domain 1(Figurel.7). Expression of theN-terminal 30residuesof NS5Aas a fusion to eGFP
altered the sukcellular localisation of eGFP to a pattern comparable to NEsAsset al,
2002; Elazaet al,, 2003) These residues aneell conserved, particularly for hydropathy, and
helical wheel projectioranalysis found thata 4-26 resemble an amphipathic hel{Brasset
al., 2002; Elazaet al, 2003) The slution NMRstructure of this domain showed it to be-
helical in nature with dlexible helicalloop in the middle(Peninet al, 2004) FurtherNMR
characterisation suggested that it formed anplane amphipathic helix that embedded deeply
into the membranebi-layer (Penin et al, 2004) The ability of NSA to associate with

membranes is vital for its role in replicatifBlazaet al., 2003)

A similar domain was also found ihet NS5A protein of other related virus@rasset al.,

2007; Sapagt al, 2006)and an18-mer synthetic peptide of the NS5A AHathwas potently
virocidal against HCV and numerous other envelogstRNA viruses was hypothesised to
function by disrupting theririon envelops(Chenget al, 2008) Whether NS5A functioria vivo

G2 tAYAG GKS @A NEdidirfignuRevaivris ndtkr@win. ' | | yR ( Kdz

Coordination of a zinc ion by a zirbinding finger within domainig essentialfor replication
(Tellinghuiseret al, 2004) Structural characterisation of domalrshowed that itmay fom
two distinctdimer conformations that may play unique roles within the life cyitleveet al,
2009; Tellinghuiseat al., 2005) Domains Il and ldppearto be mastly unstructuredHanoulle
et al, 2010; Hanoullet al,, 2009; Lianget al, 2007; Verdegerst al., 2011)or flexible which is

thought to enable thedrmation of numerous protein:protein interactionBlS5A is thought to
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modulate replication by interacting with HCV R{¥#anget al,, 2005)and NS5BShirotaet al,,

2002) NS5A RNAindinginvolvesall three protein domains and it preferentially binte poly

6! k! /0 GNX¥OG 2F GKS 1/+ 0Q | ¢w> gKANBIA b{p
(Fosteret al,, 2010a)

NS5A is a prolingch protein that has been shown to interact with numerous cellular proteins

in order to modulate the cellular environment and the virus life cydacdonaldet al,, 2004)

NS5A contains two poly-proline motifs within the lowcomplexity segance separating
domains 2 and 8LCSIRvhich bindcellular proteins containing Stmmology 3 (SH3) domain
Domain 2contains the interferon sensitivity determining region (ISDR) which was identified by
comparative analysis of samples from sensitive and insensitive patients and confirmed by
mutagenesis(Enomoto et al, 1995; Enomotoet al, 1996) However other studies have
guestioned the correlation between this domain and indeed NSS5Alatermining virus
sensitiity to IFNh (Aizakiet al., 2000; Brilleet al., 2007)

While domain Il of NS5A is not required for RNA replicgtippelet al., 2008; Tellinghuisen
et al, 2008b) deletion mapping(Appel et al, 2008; Hughest al, 2009b)and domain
swapping(Kimet al, 2011)identified that it plays an essential role in virion morphogenesis.
Subsequentlyspecific residues withillomain llland LAl have been shown toegulate the
assembly function of NS5@lugheset al, 2009a; Masaket al, 2008; Tellinghuiseet al,
2008a)

1.7.6 NS5B

NS5B is the €@rminal protein of the HCV polyprotein and i68 kDa RNA dependant RNA
polymerase (RdRpBehrenset al, 1996; Grakoukt al, 1993a) NS5Bis a seOF £ t SR Wi I
Iy OK2 NERQ ikXdiBdie8td tyie ER @r ERdrived membranes via the hydrophobic

I TGSNYAY Il ©wwm NEMDNRdzRiret &,R002) KchilitaVvidide et al., 2001)
(Figurel.7). NS5B is capable of pasanslationally associating witinembranes and inserts to
orientate its Nterminal enzyme domainto the cytosol (SchmidiMende et al, 2001)
Membrane association is essential for enzyme actiflitye et al, 2004; Moradpouret al,

2004)

The Gterminal transsmembrane domain can be replaced with that of poliovirus 3A protein
(Leeet al,, 2006)and the TMD from the GBB polymeras€Brasset al., 2010) Maintenanceof

the 3A anbor regioncontaining replicon under prolonged selection pressure recovered
replication butno mutations were found in th&@A domainsuggesting that its role is purely

that of a membrane anchdt_eeet al,, 2006) Subsequently, enore detailed structural analysis
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of chimeric repltons identified a conserved structuriature present within the 3A anchor
domain and the NS5B TMD from HCV and -BBNat conferred viability, possibly through

enablingintra-membrane interactiongBrasset al., 2010).

Solution of the Xay crystal structure of NS5B showed that it form¥ &AKI K/ERWRture
with thumb, finger and palm domain&esburget al, 1999) The three domains completely
encircle the active site, inontrastto other similar polymerases which form an opeincle or

W! Q .aTKegladSlstructure was found to be relatively inflexible and is believed to remain

largelyunchanged throughout the catalytic cy¢leeslurg et al., 1999)

The RdRp enzyme contains a highly conserved GDD maotif that is flanked by hydrophobic
sequences. This motif is a common feature of the RdRp of RNA VikKasesr & Argos, 1984;
Pochet al., 1989)and mutation of this motif completely blocks genome replicatf¥iamashita

et al, 1998)

Using the positive sense genome as the template, thepRdR Y Ra -G K&f 0 @A G KA Y
UTR(Fosteret al, 2010a; Zhongt al., 2000)and initiatessynthess ofa negativestrand copy

in a primerindependent manneKBehrenset al, 1996) NS5B is capable of synthesising RNA
duplexes byde novol Y R &&R| L Y S O(érryrietiay, 1999) although de novo
synthesis is thought to be the mechanism employiedvivo (Zhonget al, 2000) The
replication intermediate is then used by the RdRp to replicate the gen&uliRp activitywas

found to requirethe presence of Mfi ions, preferentially, or Mg ionsin vitro (Behrenset al.,

1996; Ferraret al, 1999) Glutamic acid 18 and histidine 502 were found to be essential for
catalytic activity(Qin et al, 2001) and subsequently also for oligomerisation, implying that

RdRp activity may be dependent upon multimerisa{i@mnet al., 2002)

The RdRpmoes not containany proof-reading activity which leads to the high sequence
variability of the major genotypes and of the quapecies within infected individuand is
OSYyGaN¥f G2 GKS @ANHZAQ FoAfAdGe G2 Saol LIS GKS
antivirals (Lindenbach & Rice, 2003)wo forms of drugs targeting NS5B RdRp function are
currently under development: nucleosidmalogue inhibitors (NIs) and newcleoside
analogue inhibitors (NNIs). Because Nis target the highly conserved active siteotifey

better genotype crosseactivity and a greater barrier to resistance.

NS5B forms part of the replication complex and is able to function without afigiatorsin
vitro. NS3, NS4B and NS5A have been shown to modulate activity of(R&n®nset al.,
1996; Piccininnét al,, 2002; Shirotaet al, 2002)and the interaction between NS5A and NS5B
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is essential for genome replicatig§himakamet al., 2004) The cellular protein-&rchas been
shown to interact with NS5A and NS5B via its SH2 @8 domains, respectively, thus
mediating the NS5A:NS5B interaction and promoting replicgfsannkucheet al,, 2011) The
cellular protein cyclophilin B(CyPB) was shown to stimulaleS5BRNA binding activity
(Watashiet al., 2005) although cyclophilin A (CyP4as later shown to be the only cyclophilin
with a pivotal role in replicatiofYanget al, 2008) Other cellulainteracting partners of NS5B

includetwo helicasesboth of which enhance replicatiq®ohet al, 2004; Kyonet al.,, 2002)

1.8 NS2

1.8.1 Topology and structure

NS2 is a 217 amino adidinsmembrane proteincomprising residues 814 10300f the JFHL
polyprotein (Grakoui, 1993b; Mizushimet al, 1994; Selbyt al, 1994) Release of NSffom
the polyproteinrequires cleavage athe Nterminus by signal peptidaséMizushimaet al.,
1994) and processing at the-terminus by the NS2/3 cysteine autoprotea$erakoui, 1993b)
NS2 has two domains: antBrminal transmembrane domaircomprisingresiduesl-92 and a
soluble G&erminal catalytic domairromprising residue83-217, although the exact definitions
of these domainwary. NS2localises to the ER membranéSantolii et al., 1995) and canco-
translationallytarget to membranes independentliyom the other viral proteins (Yamaga &
Ou, 2002) Truncation analysisdemonstrated that NS2 containgwo distinct internal

membranetargetingsequences, between residues-3@ and 119151 (Yamaga & Ou, 2002)

Thecatalyticdomainwasoriginally definedasthe minimum sequenceequired for cleaage of
the NS2/3 junctior(Thibeaultet al, 2001)and nore recenty the Xray crystal structure of the

catalytic donainin a postcleavage state was solvédorenzet al,, 2006b)(Figurel.8).

Mutational analysis had shown that histidine 143, glutamic acid 163 and cysteine 184 were
involved in catalysis of NS2/3 cleavd@akoui, 1993b; Hijikatet al., 1993a; Welbourret al,

2005) Elucidation of the 3D structure of the NS2 catalytic donfam94217), postcleavage,

by Xray crystallographygonfirmedthat these three residues form the enzyme catalytic triad
(Figure 1.8). Interestingly, the NS2 catalytic domaipostcleavage was shown to form a
chimeric activesite dimer, comprisingi143 and E1638esidues from one monomer and the
C184residue from another monomefLorenzet al., 2006b) Dimerisation of themature full

length protein has not been directly addressed, although Stapleébral., reported an NS2
specific protein species of approximately 40 kDa following -bhigve polyacrylamide gel

electrophoresis (BNWPAGE) analysis of N&&ntaining complexewhich they speculated to be
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Figurel1.8 3D crystal structure of the NS@atalytic domain (aa 94217) in the posicleavage

state.

The domain crystallised as an actsite dimer and the two monomers are showvn blue and
green(Lorenzet al,, 2006b) The activesite is highlightedTwo of the catalytic residues, H143
and E163, are provided by one monomer, the third catalytic residue, C184, and the substrate
sequence is provided by the other monomer. Rdsavage, the ®&rminal leucine, L217, is

coordinated into the activate site.
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NS2 dimergStapleford & Lindenbach, 2011)sing site directed mutagenesis to disrupt the
putative dimer interface, Dentzer and colleaguegDentzer et al, 2009) concluded that
dimerisation was essential for infectivity; however thdig not confirm that the NS2 mutants

disrupted dimerformation.

Thecatalyticdomaincan be further divided intéwo sub-domains;the N-terminal domainthat
contains two" -helixesand the Gterminal domainthat consists of four antparalleli sheets.
The two subdomains areconnected by an extended link@rorenzet al,, 2006b) In relation to

the active site residues;143 andE163are in the Nterminal subdomain and C18#% in the €
terminal subdomain. Another notable featureof the crystal structure was that proline 164
assumed an unusualsconformationwhich heavilycontributed to the active site architecture
(Lorenzet al., 2006b) Mutation of this residuan a monaecistronic J6/H77/JFH virus bl
replication and mutatiorn the bi-cistronic virus reduced infectivity by 10 fold but did not alter
replication(Phanet al,, 2009) This suggests that correct active site architecture is required for

efficient virus assembly, as well as NS2/3 cleavage.

Glycosylation analysis @f vitro expressed NS2 was combined with hydropathy scoring to
generate a 4 TMD topology prediction for N&2amaga & Ou, 200Zigure1.9A). In this
model theN-terminal~140aawere described as forming the membragpanning domain and
both termini were predicted to be orientated to the ER luméramaga & Ou, 2002)n
agreement with previous finding&Santoliniet al, 1995) In this model the fourth TMD was
predicted to be within thecatalytic domain (aa 11247), yet the crystal structure of the

catalytic domain provided no evidence of a TlDrenzet al.,, 2006b)

By analysing the outputs of 6 topology prediction programs, and taking into account the
localisation of the cleavage events that release the mature protein and the 3D structure of the
catalytic domain, Jirasket al., (Jiraskecet al., 2008)produced a 3 TMD model that omitted the
fourth putative TMD defined by Yamaga and @amaga & Ou, 200@&igurel.9B).

Subsequently the8D structure of the Merminal 27 residues of NSPom the Cor isolate
were solved by solution NMR and were found to assuameh -helical conformation in 50%
tetrafluoroethylene TFE (Jiraskcet al., 2008) The structure of this domain was incorporated
into a refined model of NS2 topology based on the output from a single topglogdiction
program(Phanet al., 2009)(Figure1.9C). This model estimated the BMDsto be positioned
between aad-24, aa 30-50 andaa 63-84. More recently 3D structures geptides encoding
residues27-59 and 6@99 from the Conl isolatbave also been solved by solutibiMRand
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Yamaga 2002

Based upon glycosylation,
protease protection and sequence
hydropathy analysis

Jirasko 2008

Based upon topology prediction
and structural information of the
catalytic domain

Phan 2009 (Stapleford 2011)
Based upon NMR structure of aa
1-27 and topology prediction

Jirasko 2010 (Popescu 2011)
Peptide reconstruction of NMR
structures for aa 1-27, aa 27-59
and aa 60-99

Figurel.9 Topology models for NS2.

Model A represents the completdS2 protein; the catalytic domain is not shown for models B

D. Sites of artificial glycan acceptor sites that were glycosylated are shown (green circles). Key
residues are shown. No information was given regarding the position of the luminal loop in

modelC. All topology models predicted thetd&rminus to be luminal oriented.
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shown to form stretches df-helical structure in 50% TR&raskeet al., 2010) This has led to

the proposal of a refined model of NS2 topology, generated from domain reconstruction of the
three peptide sequence@liraskeet al, 2010; Popescat al., 2011)(Figurel.9D). In this latest
model the three TMDsare shown to span residues28, 2948 and 7497. A three TMD
topology is in agreement with recent obsenais of NS2 topology in virus expressing cells
following partial permeabilisation of the plasma membrane. Under these conditions the
catalytic domain was detected in the cytosol and sensitive to protease treatiMatt al.,
2011)

Residue 10 of NS2 is a highly conserved glycine and in the NMR structure of thz7aa 1
peptide it was showrto disrupt theh -helical structure of the putative first TMD. Mutatiari

G10 to alanine was lethal in the Con1/C3 viffeigurel.10), leading to the proposal that this
residue and the role it performs as a flexible joint in the first putative TMD of NS2 were vital
for virusassembly(Jiraskaet al., 2008) However, mutation of this residue in the Jc1 viaunsl
JFHL virus (Figure 1.10) resulted in an attenuated phenotype with extrdlgar infectivity
reduced by 1 logPhanet al., 2009) While different viruses may be the root cause of the
differences it is also important to note that while Jirasko and colleagues observed tiNGD7
cleavage was impaired in this mutant, Phetnal., employed foot and mouse disease virus
(FMDV) 2Aautoprotease toartificially mediate pZNS2 cleavagéPhanet al., 2009) So the
more impaired phenotype observed by Jiragtal may have been a direct result whpaired

p7/NS2 cleavag@liraskeet al,, 2008) at least in the Jcl virus.

Gonservation ofspecific residues ansimall amino acids along one face of the h@imed by

aa 127 led to the speculation that the first putative TMibay form stabibing interor intra-
molecular interactions with other helicqddiraskoet al., 2008) The residues of this helix are
well conserved within genotypes but show significant variability between genotypes
suggesting ceadaptation of this domain witlcorrespondingdomains of NS2 or other viral

proteins.

The second peptide (aa 5R) formed a single, unbrokeén-helical structure between ad7-
49, with polar residues populating one face of the h@liraskeet al., 2010) Thisstructure was
reminiscent of an amphipathic helix and it was noted that in order for this domain to stably
span the membrane it would require neutralisation of the charged residues, potentially by

interacting with another membranspanning domaiiJiraskeet al., 2010)
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HCV IRES 3'UTR
Core E1 E2  p7 NS2  NS3 NS4A NS4B  NS5A  NSSB
JFH1
HCV IRES H775 (G1a) IFH1 (G2a) 3'UTR
HJ3.5 Core E1 E2 p7 NS2  NS3 NS4A NS4B  NS5A  NSSB
HCV IRES 16 (G2a) IFH1 (G2a) 3'UTR
Jel Core E1 E2  p7? NS2  NS3 NS4A NS4B  NS5A  NSSB
HCV IRES Con 1 (G1b) IFH1 (G2a) 3'UTR
Conl1/C3 Core E1 E2  p7? NS2  NS3 NSAA NS4B  NSSA  NSSB
H77S
HCV IRES 16 (G2a) (G1a) IFH1(G2a) 3’ UTR
Mono-cistronic Core El E2  p? NS2  NS3 NS4A NS4B  NS5A  NSSB
16/H77/IFH
H77S  EMCV
HCV IRES 16 (G2a) (Gla)  IRES JFH1(G2a) 3'UTR
Bi-cistronic Core E1 E2 p7 NS2 NS3 NS4A NS4B  NSS5A  NSSB
J6/H77/IFH

Figure 1.10 Schematic representation of the genome organisation of some of the viruses
used to study NS2.

Genome segments provided by each isolate are coloured. The genotypes of donor isolates are
Y2U0SR® ¢KS pQ | it ongi Thedpeirit of geCohiinatidrCin the Jc1 and
Conl/C3 viruses is after residue 33 of NS2.
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The third peptide (aa 699) formed threeh-helical structurs; designatedtrans-membrane
segment TMg 3.1 (aa 6170), TMS3.2 (aa 7386) and TMS.3 (aa 8995). TMS3.1 was
predicted to orientate ifplane with membrane biayers and at right angles to TMS3.2 and
TMS3.3 because of a proline at position 73. A glycine and proline at residues 88 and 89 were

responsible foaloss of secondary structure between TMS3.2 and TMS3.3.

1.8.2 NS2/3 processing

NS2/3 processing essentialfor infection in chimpanzeefolykhalovet al, 2000)and in cell
culture usingwild type (wt) virus (Joneset al, 2007) The insertion of a second IRES between
NS2 and NS3 clearly demonstrated that NS2/3 cleavage was only necessary to correctly release
NS3in cell cultureas mutation of the active residue C184 to alanine in bireistronic virus

had no effect on RNA replication or infectivity of the sirat 72 hours postransfection,
although it displayed delayed kineti¢3oneset al, 2007) This also demonstrated thathile
uncleaved NS2/3 precursor is essential for infectious particle production in BW@dther
Pestivruses this was nbthe case for HCWJonest al,, 2007) As no other target of the N&
protease has been identifiednd catalysis of cleavage of the NS2/3 junction appears to be
required solely to correctly rease NS3; the NS2/3 protease has been described as a positive

strand RNA virus accessory proteéBhibeaultet al., 2001).

Proteolytic cleavage dS2/3precursor moleculs can occurin the absence ofmicrosomal
membranes(Santoliniet al, 1995; Thibeaulet al, 2001)and independently of cellular eo
factors (Hijikata et al., 1993a; Thibeaulet al, 2001) however it does requiranembrane
mimetic detergent (Pieroniet al, 1997; Thibeaulet al., 2001)highlighing the necessity of a
hydrophobic environment to facilitate folding and/or functionality of the proteaEke NS2/3
precursor, identified by truncation analysis as the minimal region required for efficient auto
cleavage, encompasses titerminal domainof NS2 (aa 9217) and theserine protease
domain of NS3 (aa-181) (Thibeaultet al., 2001) Although thisconstrud expressed welin E.
Coliand was cleavageompetent itwas insoluble soequired denaturing, purifyingand re-

folding before it could be analyse@ hibeaultet al,, 2001)

The inhibitionof NS2/3 processing by EDTA and 1, 10 phimaline (Grakoui, 1993b; Hijikata
et al, 1993a; Thibeauket al., 2001) but not by specifidtNS3 inhibitorgThibeaultet al., 2001)
and stimulation of processing by Zp@hplied that NS2/3 cleavage waaried out bya zinc
metalloproteaseand independent oNS3 protease activitHijikataet al, 1993a) It was later
found that the protease domain ddS3contains three cysteine residueacahistidineresidue

which ceordinate a zinc ion and thdbss of zineo-ordination followingmutation of these
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residues inhibited autaleavageof the NS2/3 precursor(Tedbury & Harris, 2007NS3 serine
protease activity also requires zinc coordination IN®2/3 autecleavage activity is more

sensitive to zinc chelation than NS3 protease actifigdbury & Harris, 2007)

NS2/3 processingias efficiently inhibited by expression tife Cterminal 10aa of NS2 as a
peptide (Thibeaultet al., 2001) A mechanism of competitive inhibitida consistent with the
Xray crystal structure of the NS2 catalytic domainstcleavagejn which the @erminus of
NS2wasco-ordinated within the active sit¢Lorenzet al., 2006b) Peptides of NS4have also
been shown to inhibitn vitro translated and bacterially expressétb2/3while enhancing NS3
protease activityDarkeet al,, 1999; Thibeaulket al., 2001)

Recent workdemonstrating thatinefficient cleavagavas possible with as few asa2 of NS3
provided the first evidence that NS2 is an independent protg@aregekt al, 2009) The
role of NS3 is therefore likely one of a structurally importaatfactor involvingco-ordination

of a zinc ion(Dentzeret al, 2009; Schregeatt al, 2009)as protein refolding of the NS2/3
precursor was blocked upon the addition of EDTA to thdolding buffer (Fosteret al,

2010b)

Mutations to residues proximal tadhe cleavagesite were well tolerated by NS2/3 preursor
expressedn vitro. Mutation of the Gterminal residue of NS2, L217, to alanine, argnand
phenylalanine had no effeadn processingn vitro. L217E caused a moderate inhibition of
cleavage and mutation to proline prevented cleavage entifiyowatariet al., 1993; Reedt
al., 1995) Whensimilar mutations were analysed in the context of a fully infectiousdironic
virus, with an IRES separating NS2 and NS8ure 1.10), they were found to be layely
ineffectual towards replication but severely inhibited infectious virus producfidentzeret
al., 2009) Even he relatively subtle mutation of L2171 producadlOfold decrease in virus

infectivity.

Similar to the findings of Jones al., (Joneset al, 2007) mutation ofthe activesite residue
C184 to alanine in adaistronic Jcl virydout encodingNS2 from the H77 isolaiEigurel.10),
had no effect on replication, intrand extracellular core and intrand extracellular infectivity
(Dentzeret al., 2009) However, mutation 0H143 also part of the catalytic triad, to alaniie

a similarbi-cistronic viruscaused a minor decrease in released core but e&21ldgy decrease in
intra- and extracellular infectivityJiraskcet al,, 2008) Examination of the 3D structure of the
catalytic domain suggested th&t143interacts with the two Gterminal leucines and serine

194 from the other monomer and forms a salt bridge with E168he same moleculéLorenz
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et al, 2006b) It was peculated that mutatio of H143 to alaninewould disrupt these
interactions whereas the C184A mutation wagpectedto have little impact(Jiraskoet al,,
2008) Analysis of these two mutations in the NS2/3 precurshowed that while both
mutations impaired protein rdolding; H143A wasignificantlyless folded than C184A and
lacked theh-helical secondary structure characteristics observed in the wt and C184A pre
cursors(Fosteret al., 2010b) Together this demonstrates that, while catalytic activity of the
NS2 potease is not required, correct structural conformation of the catalytic donaaith the
Cterminal leucine governed in part by interactions formed by the actsite residue H143,

are requiredfor infectivity.

As mentioned previously, the pesteavage N& catalytic domaircrystallisedas an activesite

dimer. The potential fortrans cleavage of the NS2/3 junction was initiaitientified by ce
expression of cleavaggeficient (C184A and H143A) truncated NS2/3 precursor molecules
with full-length polyprotén and monitoring for the formation of truncated NY&rakoui,

1993b) This was explored in more dethif characterising the cleavagetimans of a precursor
Y2ftS0dzAZ S f1O01Ay3 (KS t mcldavage sitepP®t M\BeedetratizZSa 2 F
1995) In isolation thenP1t M Q LINGO nizhdhl@ thtatalyse auvtleavage howeverco-
expressionwith a C184A mutant precursor resulted in cleavage, albeit highly attenuated by
comparison to wt precursor molecules. Interestingly;eopression ofiPt M Q g A 0 K | I
mutant precursor produed no cleavage produc{®eedet al, 1995) These experiments were
reproduced by arenzet al.,and denonstratethe potentialfor NS2/3 cleavage imans (Lorenz

et al, 2006b) These experiments corroborate the crystal structure data showing that the
active site cysteine residue and the prospectiveninus are cenrdinated by one molecule,

while the other two active site residues, H143 and E163, are ¢edvby the other molecule
(Lorenzet al., 2006b; Reeeét al., 1995)

Controversystill surrounds tke notion of bimolecular cleavage at the N$233junction asif it

is an obligatory factor for NS2/3 cleavagevould require thecoordination of at least one
nascentpolyproteinat the membrane surface and therefore could impose a rate limiting step
on protein expression and replicatiolt.is interesting to note therefore thateparation of NS2
and NS3 with a second IRES, thereby negating this potentidimatag step, did ot result in

an increase in virus replication kinetidoneset al., 2007) Furthermore, the highly attenuated
cleavage observed itmans suggests that this mechanism is very inefficidnis possible that

the conformationshownin the catalytic domain structurproduced by Lorenat al.,(Lorenzet
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al., 2006b) represents a less abundenbut more stable, conformation that was more

amenable to crystallisation techniques.

1.8.3 tNS2

Several groups have reportelde generation of a truncated form of NS2, termed tN$iEasko

et al, 2008) in experiments involving fuléngth virus. tNS2 appears to be the results of an N
terminal cleavage event as it has been ebgd with antiNS2antiserum(Bosonet al., 2011;
Jiraskeet al., 2010; Stapleford & Lindenbach, 20bL) not Nterminal tag epitopegJiraskeet

al., 2010; Stapleford & Lindenbach, 201tNS2 was detectable in whetll lysates but not in
high molecular weight, NS&ntaining complexes (describ&udefail in sectionl.8.6) purified
from the same sampleStapleford & Lindenbach, 201 Maet al.,(Maet al,, 2011)observed
tNS2only when an IRE®asinserted betweenp7 and NS2 leading the authors to suggest that

is anaberrant initiation product.

The NS2A ofYFVplays an essential role in virus assembly which is mediated by a cleavage
event carried out by the viral proteagblestorowiczet al., 1994) Staplefordet al., (Stapleford

& Lindenbach, 20113¥peculated that the generation dNS2 may operate as a means to
prevent premature particle assembly or a mechanism to dissociate the NS2 complexes prior to
particle formation.It is unlikely to be as straight forwéimas this however, as point mutations
that altered the amount of tNS2 did not correlate with observed decreases in infectivity
(Jiraskeet al,, 2010)

The role and indeed the relevance of tNS2 in the virus cycle remains to be confirmed.
Truncated forms of NS2 have noddn reported usingn vitro translation systemgHijikataet

al,, 1993a; Santolinet al, 1995; Yamaga & Ou, 2002} well as some cellular systems
(Tedburyet al, 2011; Yet al, 2009) This could be for several reasomise absence of the
specific protease from the systems studied, experimental constraints such as protein

resolution and detection or that this cleavage event is not ubiquitous among HCV isolates.

1.8.4 S168

NS2 is a short lived protein with a reportediHife of <30 minutes for DN&xpressedFranck

et al, 2005)and between 36 hours for RNA&xpressed proteirfWelbournet al., 2009) Serine

168 was originally described as being critical for the degradation of NS2 in the genotype la
isolate HCVH via the proteasome as levels of genotype 1a NS2 could be rescued following
treatment with the proteasome inhibite MG132 and clastlactocystini -lactone (Francket

al., 2005; Yet al, 2009) Sequence analissrevealed that serine 168 was part ot@nsensus

casein kinase Il (CKIl) phosphorylation site S/TXXE, where X is any residue. Mutation of S168 to
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alanine in an oveexpression system stabilised NS2 to the same extent as MG132 treatment.
Furthermore treament of cells expressing a féingth replicon with either the CKIlI inhibitor
curcumin or MG132 both resulted in NS2 stabilisatfrancket al, 2005) Similarly NS2/3
precursor levels could be stabilised using MG132 in NS2/3 clealedigéent replicons based

on a genotype 1b isolate, Con 1, suggesting proteasoradated degradationWelbournet

al., 2005; Welbournet al., 2009) However, mature Conl NS2 was insensitive to MG132
treatment (Welbournet al,, 2009) Furthermore, mutation of the 6 lysine residues within Conl
NS2 to arginine had no effect on mature protein stability, suggesting tbgtadlation of NS2

and NS2/3naybe different and mayary between genotype@Nelbournet al., 2009)

Tedburyet al., generatedtwo replicons encoding NS2 through to NS5B (BESPand signal
peptide p7 through to NS5B (SRPB) (Tedburyet al, 2011) (Figure 1.4B). Using these
constructs it was found thailS2 partitioned to a detergesihsoluble fraction in the presence
of p7 and cdocalised with NS3 and 9%6A. While the S168A mutation did not alter NS2
partitioning, it did disrupt celocalisation with NS5/ATedburyet al., 2011) NS2 expresseddm
SPp#B replicons was able to bind NS&Ad colocalise to discrete punceawith NS3 and
NS5A, both of which were blocked the S168A mutabn (Tedburyet al., 2011) Although this
data implicatedS168as vital for the NS2:8BA interactionit was inconsistent wittull-length
virus experiments wherethe S168A/G mutationsvere lethal but did not disrupt NS2
subcellular localisatioiMa et al., 2011) The mechanism of action of the S168 mutations is
further confused by the speculation that their lethal phenotyipdull-length virus was result

of adisruptingco-localisation between NS5A and @2aet al., 2011)

Interestingly the S168A mutation resulted in attenuation of tH&35 virus but the NS2:NS3
interaction was unaffectedMa et al., 2011) Rescue experiments found that second site
mutations in NS2 (L174V) and NS5A (V464L) couldeedafectivity from theHJ35 S168G
virus suggesting thathe CGterminal catalytic domairof NS2 interacts with NS5 i et al.,

2009) The Xray crystal structure of the NS2 catalytic domain shows S168 and V174 to be
positioned on the same solvesmixposed surfacélLorenzet al, 2006b) By supplying NS2 in
trans, it was shown that wt NS2 couldans-complement mutations to S168, in a genotype

specific, or possibly straispecific, manne(Yiet al., 2009)

Mutation of S168 taalanine or glycine in thélJ35 virus (Yiet al, 2009)or to the phosphe
mimetic residues aspartic acid or glutamic aaidthe J& virusseverely attenuated infectious
virus formation and extracellular RNA lev@hanet al, 2009) CKII phosphorylation of S457

of NS5A is essential for virus infectivity, but mutation to the phospiticking aspartic acid
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enables infectivity while conferring resistance to CKIl inhibi(@elinghuiseret al, 2008a)
Treatment of infectious virus clones, containing the S457D mutation in NS5A, with the CKII
inhibitor DMAT(2-Dimethylamine4, 5, 6, 7-tetrabromo-1H-benzimidazolg had no effect on

intra- or extracellular infectivity(Tellinghuiseret al., 2008a; Yet al, 2009) implying that the

role of S168 iphospheindependent.

Analysis of released core demonstrated that infectious particles produced biiBB virus

G SNBE WTI ad deSte m¥@ity of cofedr€leaseKffom the uninfectious progenitor
GANHzZAS | Wo G069 KAOK f I O1a OdzZ GdzNBS I RFLIWGSR Ydzil
(Yiet al, 2009) Surprisingly, the majority of extracellular core produced by the uninfectious
HI356 { mcy DO Ydzi |l yi -@8 RNz S\ dt&ly ZDOD)aCRnsistehtiwithithe

findings using the Jcl1 virugliraskoet al, 2008) the levels of intracellular core faHJ35

(5168G) virus were comparable to the Md35 virus, but extracellular core was dramatically
decreasedYiet al, 2009) This fits with he hypothesis that S168 is involved in a maturation

step is required to confer infectivity and facilitate virus particle release, which, if not
completed, results in degradation of the uninfectious particles, via the proteasome

(Gastaminzat al., 2008)

Together these data advocate the hypothesiat S168 plays a role in virmorphogenesis
prior to release, and that final maturation of virions likely requires the fdroma of

protein:protein interactions between NS2 and NS5A.

S168 is highlyconserved in allgenotypesexcept genotype 4a where it is a threonine.
Interestingly, NSZ'168S was identified asalture adaptive mutation ira genotype 4a/2a
chimeric virus enading coreNS2 from the genotype 4a sequen(®cheelet al, 2008) It is
possible tha the interactng domain of NS5A in genotype 4a viruses may vary from other

genotypes such that it favours a threonine at this site.

1.8.5 Interactions between NS2 and other HCVproteins

Numerous reports have demonstrated physical interactions between NS2 and other viral
proteins (Figure1.11). Stapleford and Lindenbadfenerated several clones of the Jcl virus
with inserted biotiracceptor sites and expressed them & modified Huh7.5 cell line
expressing a codon optimised, secreted fowh the biotin ligase BirA; Huh7.5 (BirA)
(Stapleford & Lindenbach, 2011Ysing this system it was found that biotiagged E2 in the
context of fulllength virus was able to interact with NS2 and NS3 wiiitgin-taggedNS2
interacted with E2 and NSStapleford & Lindenbach, 201 Mutagenesis whereby an alanine

was inserted following aa 16, aa 41 and aa 82 in order disrupt theahtdime of the 3 putatie
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(Unconfirmed)
Interaction Interaction requires
dependent upon p7 $168in NS2

Interaction dependent

Interactioninvolving  ypon E1/E2 dimerisation
putative second TMD

of NS2

Interactioninvolving
aa 74-134 of NS2

Interactioninvolving
N-terminal domains
of NS2 and p7

Figurel.11 Cartoon of the interactions between NS2 and the other viral proteins.
NS2 (green) forms interactions with the other viral proteins. Arrows denoted whether the

interaction was shown to be disrupted by the p7 basic loop mutation (purple) or not (pink).
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TMDs (defined by Jirasket al., 2010)was combined with del&n mapping to suggest that the
E2 interacting domain of NS2 was between aa32.e. within the ptative second TMD
(Popesclet al, 2011)

Interactions between NS2 and NS3 Vvebeen reported ina wide range of other systems
(Dimitrovaet al., 2003; Jirasket al., 2008; Kiiveet al., 2006) Several mutations within the
NS2transmembrane that reduced infectivity also impaired the NS2:N88raction. The
interaction could be partially recovered by compensatory mutations in other proteins that also
recovered infectivity(Jiraskoet al,, 2010) A loss of the NS2:NS3 interaction was noted in the
NLIT @GANMza odzi y2id (GKS p 9 nvinkegastiondsiddlderileént ugodza7a S & (0 /
and perhaps independent of the glycoproteif®tapleford & Lindenbach, 2Q). Interestingly

the interaction was also reduced when NS2 and NS3 were separated by a second IRES
(Sapleford & Lindenbach, 2011NS2 and p7 have been shown to interact directly by
immunoprecipitation studies(Ma et al, 2011; Popescuet al, 2011) and FREFLIM
(fluorescence resonance energy transfer with fluorescence lifetime imaging microscopy)
(Popesclet al,, 2011) The interactiorappears to begenotypeindependent anl it isthe trans-
membranedomain of NS2, not the catalytic domathat interactswith p7 (Bosonet al.,, 2011,
Popescuet al, 2011) Replacement of the coding sequence fm 127 of NS2 in the JFH
viruswith that of the Conl sequenceeduced infectivity andmpaired the ability of NS2 to eo
immunoprecipitateE2, NS3 and NSHAiraskoet al, 2010) However, addition of the E3D
rescuemutation within p7 recoverednfectivity andthe NS2 interactiongroviding further
evidencethat NS2 and pThteract viatheir respecive Nterminal domains. This also suggested
that the NS2:p7nteractionis important for the interaction betweeNS2 and the other virus
proteins(Jiraskeet al, 2010) However, he role of p7 in determining the interactions between
NS2 and other virus proteins is inconeigtas experiments using fdéngth JFH. virus found

the NS2:E2 interaction to be independent of (Popescuet al, 2011) Mutation of the p7
basic loop dramatically disrupts normal protein function akldtcksp7 membrane insertion,
abolshes p7 iorchannel functionStGelai®t al, 2007)and increases the degradation of NS2
and p7(Tedburyet al, 2011) Introduction of the p7 basic looputation into full lengthHJ35

virus was lethal and abrogated the NS2:EE2NS3 and NS2:NS5A interactigqihda et al.,

2011) suggesting p7 maybe stabilise or facilitate the {g&Rein interactiors.

NS2 has been shown to interact with E1 from virus expressing elist al,, 2011; Popesceat
al., 2011) Longterm culturing of a triple chimeric virus, where the NS2 coding sequence was

transposed with that of the H77 isolate in the Jc1 backgro(&iH77/JFH; Figurel1.10),
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produced an adaptive mutation in E1 (A269T), suggesting direct interaction hetzeeand
NS2(Dentzeret al, 2009) However, asruption of E1:E2 heterdimerisation(Ciczoraet al,
2007)abolished the E1:NS2 interaction which is consistent with E1 interacting with NS2 via its
association with E2Stapleford & Lindenbach, 2011n interaction between NS2 and NS4A
has been reported and truncatiomappingrevealed that aa 7434 of NS2 were sufficient to

immunoprecipitate NS4&-lajoletet al., 2000)

NS2 haslsobeen shown to interact with NS5A, although the interaction is weak compared to
other NS2 interactions(Jirasko et al, 2010) Interestingly, it was reported thatNS2
preferentiallybindsthe p56 form of NS5QJiraskcet al, 2010) Confirmationof the NS2:NS5A
interactionis lacking thoughasone study foundhat NS2was able tolP NS5A but that this is
not reciprocalMaet al,, 2011) whileanother graup observed no physical interaction between
the two proteins (Stapleford & Lindenbach, 2011fhis may be a reflection of a weak
interaction between NS2 and NS5A or that thgging methodsisedproducedsteric clashes
(Stapleford & Lindenbach, 2010jhe lattermay be lesdikely asNS2interactionswith E2 and
NS3were consistent across studies using a variety of tagging methibdas been reported

that the NS2:NS5A interaction is dependent updi(Maet al, 2011; Tedburet al, 2011)

Despite the inference of a core:NS2 interaction from an-B&2d rescue mutant of a nen
infectious core mutation(Murray et al, 2007) no physical interaction has been observed

between core and NS2 by numerozsimmunoprecipitation studies.

1.8.6 High molecular weight NS2 -containing complexes

High molecular wight complexes were obtainedoim virusinfected cellsand, following blue
native pohacrylamidegel electrophoresis (BNPAGE)they were found to contaim proportion
of E1,E2 NS2and NS3(Stapleford & Lindenbach, 2011)he formation of high molecular
weight complexes containing both E1 and E2 haween reported previously although the
presence of NS2 was not addresg®kyreset al, 2010) The glycoproteins present within the
NS2containingcomplexes were sensitive to Endayhtcosidas suggesting that they contained
unmodified, highmannose glycans indicative of retention in a {@elgi compartment
(Stapleford & Lindenbach, 201I)his was consistémwith the identification of ERetention
signas within the glycoproteingCocquerekt al, 1999; Cocqueradt al, 1998) The presence
of p7 and NS4A within higiholecular weight NS2ontaining complexes was not determined.
E1l has been shown to interact with cofeo et al, 1996)but core wasabsent fromNS2
containing complexesas wasNS5A(Stapleford & Lindenbach, 20114s not all of the protein

specieswere incorporatedinto these canplexes the core:E1 interaction may well involve a
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different subpopulation of E1such as E1 that is not dimerised with, B2perhaps the core:E1
interaction occurs at a later stage in virion assembly following dissociation from the NS2

containing complges.

Formation of NSZontaining omplexes was impaired by the insertion of a second IRES
between E2/p7, p7/NS2 and NS2/NS3 aafthough replication was not affected by the
introduction ofa second IRES, TGJWas reduced by 2 log$Stapleford & Lindenbach, 2011)

IRES insertiometween p7 and NS2 disrupted the protein:protein interaction of these two
proteins, similarly a reduction in the NS2:NS3 interaction was observed when NS2 and NS3
were separated by an IRERtapleford & Lindenbach, 201 Mutation of residues key to E1/E2
hetero-dimerisation demonstrated that E1 is incorporated into the complexes via interaction
with E2(Stapleford & Lindenbach, 2011 was reported that these complexes did not form in

0 KS dzy Ay F Grlsiisiigeseing p7 plays a key role in complex formation, however
datawas presented to substantiate th{Stapleford & Lindenbach, 2011)

Analysis of previously charactexts NS2 mutations that caused a reduction in virus infectivity
(Phanet al,, 2009)revealed thatk27A, W35A, Y39%nd E45Kseverely reduced or abrogated
the NS2:NS3 interaction, while the mutatiok81A and P89Alisrupted the interactions
between NS2 and thglycoproteins(Stapleford & Lindenbach, 201The Q221L mutation in
NS3andthe A78T mutation in E1, hichrescued the NSK27Aand the NS2K81Amutations
respectively failed to restorethe impaired protein interactions, indeed the A78T mutation in
E1 appeared to further impair the ability of NS2 to interact with the glycoprot&tepleford

& Lindenbach, 2011As this implied that not all of the NS2 interactions were essential for
virion assembly it wadypothesised that NS2 may ordinarily alter the function of the
glycoproteins and protease complexes, but that these compensatory mutakiong about

these alterations in an NS@dependent manne(Stapleford & Lindenbach, 2011)

1.8.7 Role in Replication

NS2 is not required for replication of the viral genome and its inclusion in SGRs had a negative
effect on HCV RNA replication in comparison to -BB3eplicons(Lohmannet al, 1999;
Tedburyet al, 2011) Mutation of 27 highly conserved NS2 residues in a maatonicJcl

virus (Phanet al, 2009)and 14 reglues in both a mono and a-bistronicJGH77/JFHvirus
(Dentzeret al, 2009)found that replication was only inhibited when NS2/3 cleavage was
impaired, providing further evidence that that 82 is unlikely to play a role in genome

replication. The apparent negative regulation of RNA replication by NS2 observed in the
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replicon systems may be resultant of NS2 interacting with the otherstarctural proteins

and directing them to prospectivetes of virus assembly.

1.8.8 Role in Assembly

NS2 has been shown to play a vital role in virus asseifdolyeset al, 2007)and was
hypothesised to form a link between replication complexes and virus fact@fiesitrovaet

al., 2003; Pietschmanat al., 2006) Naturally occurring integenotypic chimeric viruses have
been isoléed from patients where recombination has taken place within &dininaet al,
2002; Noppornpanttet al., 2006) Numeras groups have generated viable chimera in the lab,
based upon the JFH isolate(Lindenbachet al, 2005; Lindenbachkt al, 2006; Mateuet al,,
2008; Pietschmanet al, 2006; Scheedt al, 2008; Yiet al, 2007) A study generating and
characterising chimeric viruses, where the -dFstructural proteins were replaced with those
of another isolate, found that all but one virus (a genotype 3a/2a chimera) prodiicgest
titres when the point of recombination was after residue 33 in F&H2tschmanret al., 2006)
These phenomena have led some to speculate that therhinal domain of NS2 forms
interactions with the structural proteins, while the catalytic domain may form interactions

with the nonstructural proteins.

The exact mechanism by which NS2 contributes to infectivity is poorly understood. It has been
demonstrated that both theransmembrane andcatalytic domains are essential, although
catalytic activity is dispensabl@iraskoet al, 2008; Jonesgt al., 2007) Indeed, many of th
conserved residues within NS2 appear to have roles in efficient virus production independent
of NS2 protease activitiguch as S168¢et, viruses encoding lethalS8 deletiongaa 1062,
aa3296 and aa 9217)can betranscomplementedby SGRs encoding WS2(Jiraskeet al,,

2008)

As mentioned in section1.8.5 the role of NS2 protein interactions remainsiclear. The
delayed virus kinetics observed when NS2 and NS3 were separated by gibieESt al,
2007; Stapleford & Lindenbach, 20Tbuld be resultant of impaired interactions between the
two proteins (Stapleford & Lindenbach, 2011)lo compensatory mutation is known ofath
rescues an attenuated NS2 mutant with an impaired NS2:NS3 interaction, without
concomitantly partially recovering the NS2:NS3 interaction. Tibezethis interaction may be

pivotalto infectious virus production.

NS2 expressed in isolation has a diffuse cellular distribution addcatises with ER markers
(Francket al, 2005; Kirret al,, 1995; Yamaga & Ou, 2002; Yangl., 2006) In virusexpressing
cellsNS2 and E2 elocalise early onvith diffuse, cytosolic distribution§liraskeet al., 2010; Yi
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et al, 2009)with the formation of more punctate structures between 48h and {Rta et al,
2011; Popescet al, 2011; Tedburyet al,, 2011) Asimilar pattern, butwith alower degree of
co-localisation,was alsoobserved between NS2 and NGBraskoet al., 2010) NS2 in these
punctate structures cdocaliseswith lipid droplets D and NS5A, although NS5A associates
with LD independently of NS2iraskoet al,, 2010; Maet al,, 2011; Popescat al, 2011) No
co-localisationhas been observedetween core and NS2 around I(Diraskoet al., 2010;
Popesciet al, 2011; Ykt al, 2009) As core has been shown to accumulate on lipid droplets
(Barbaet al, 1997)it was hypothesised that NS2 facilitates assembly by conveying the
glycoproteins and aspects of the replication complex to sites of virioenady on lipids

droplets.

Exchanging of the putative first TMD of N@izhin the full length JFA isolatewith that of

another isolate reduced infectivity and resulted in the recruitment of E2 and NS3 to LD being
blocked and severely impaired, respectivéliraskoet al., 2010) The ability of NS5A to €0
localise with LD was unaffected. Introduction of rescue mutations restored the association of
E2 and NS3 with LD, suggesting that NS2 mediates the association of these proteins with LDs
(Jiraskeet al,, 2010) Furthermore, deletiorof the TMD of E2, deletion of p7 and mutation of

the p7 basidoop all abolished the localisation of N@&d E2to punctate structures,
suggesting a complex interaction between E2, p7 and (N&R2et al, 2011; Popescet al.,

2011)

It has been proposed that while nucleocapsid assembly may take place on lipid droplets in the
absence of NS@Miyanariet al, 2007) addition of the glycoproteins and particle maturation
may occur at the ER or HlRrived sites in proximity to NS§2iraskoet al., 2010; Stapleford &
Lindenbach, 2011)Assembly defective mutants had markedly less NS2 associated with lipid

droplets, but this association was partially recovered by rescue mutatiraskeet al., 2010)

A recent report observed that core is predominantly localised to lipid droplets in thel JFH
virus, but it celocalises to the ER with the virus glycoproteins and calnexin in the more
infectious Jcl virugBosonet al, 2011) It was discovered that this differential localisation
influences the infectivity of the HCV as letegm culturing of the wt JF virus identified
higher titre mutants in which core was-distributed to ER membranes. €apression of core
protein from each isolate with cofBlS2 from the opposing isolate inverted the core
localisation phenotypes, and further @xpression studies identified NS2 and p7 to be
responsible for cordocalisation This role was shown to be dependent upon interactions

between theGterminal helix ofp7 and aa 3 of NS2Mutation of the p7 basioop blocked
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the influence of p7 and NS2 on coredistribution (Bosonet al., 2011) This evidence favours
the hypothesis that while lipid droplets may be a reservoir for core and other virus proteins,
assembly takes place at the BRcLauchlan, 2009)The mechasim by which NS2 and p7 are
able to modulate core localisation is confusky the reports that NS2 and p7 do not eo
localise with or immunoprecipitate core and that core was not detected in high molecular
weight NSzZcontaining complexegliraskoet a., 2010; Maet al., 2011; Popescet al,, 2011;
Stapleford & Lindenbach, 2011)

1.8.9 Cellular interactions

NS2 appears to impose a generally suppressive effect on prorooterolled gene expression
(Kaukineret al., 2006) Reporter gene expressiaontrolled byhCMV, HBV and simian virgs
40 (SW40) promoters, as wehlisthe cellulartumour necrosis factel (TNFh), ferrochelatase
and nuclear factor®B (NF*B) regionspromoter/enhancersequenceswas inhibited by NS2
expression. Oveexpression of core, E1 and p7 did not inhibit reporter expres@mmoulin

et al, 2003) General inhibition of cellular promoters andigpressbn of gene expression
controlled by the NFB promoterby NS2 compared to empty vector has also been described
by Yanget al., (Yanget al, 2006) Yang and colleaguedso found that NS2 expression reduced
cell proliferation and this was attributed to N&2diated down reglation ofcyclin A(Yanget
al., 2006) However,conflicting data describiniyS2mediatedstimulation of interleukin 8 (Il-

8) production, through activation of the NFB promoter(Oemet al, 2008a) and fatty acid
synthase(FAS)yene expressigras a result of upegulation of the transcription factosterol
regulatory elementbinding protein 1c(SREBBc) by NS3Oem et al, 2008b) have been
reported. As all of these studies were conducted using easgrressed NS2 in isolation from
the other viral proteinshe valdity of these observations in the context ahatural infection

remainsto be demonstrated.

Residues 9939 of NS2 wereshown tointeract with the cellular preapoptotic protein cell
deathinducing DNA fragmentation factor (DFFHik& effector (CIDE} using a yeast two
hybrid system (Erdtmann et al, 2003) NS2 colocalised with CIDB by confocal
immunofluorescencélF) microscopy and it washownthat NSZ2interacts specifically with the
liver-associated CIDE protein and nothe nonhepatic homologueCIDEA. NS2 was shown to
prevent CIDEB-induced cytochromes release from mitochondria, and thus inhibit apoptosis
(Erdtmannet al, 2003) Unfortunately, an attempt to verify thisiieraction invirusinfected

cells by immunoprecipitation of taggedS2 was unsuccessf{@tapleford & Lindenbach, 2011)
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1.9 NS2 in related viruses

HCV NS2 does not appear to have a homologue within Rla@iviruses The sequece
upstream of NS3 in thElavivirusegncodes two proteins termed NS2A and NS2B. Catalysis of
the NS2A/NS2B and NS2B/NS3 junctions is carried out by the NS3 protease. NS2B is thought to
span the membrane twice and acts as the proteasdactor (Falgoutet al, 1991) NS2A is
thought to span the membrane three times and is a vitaimponent of the replicase
(Khromykhet al, 2000) NS2A has been shown to undergo an additional cryptic cleavage
event, mediated by NS3, to produce the NSpotein (Nestorowiczt al., 1994)

The Pestivirusesof which BVDV is the prototype species, are more closely related to the
Hepaciviruseand BVDV NS2 shares common features with HCV NS2-t€hmihus of BVDV
NS2 is cleaved by signal peptidase and NS2 catalyseslaat@age of the NS2/3 junction
(Lackneret al, 2004) however this event requires the coordination of the cellular factor J
domain protein interacting with viral protein (Jiv) at two distinct si(eackneret al, 2005;
Lacknetet al, 2006; Rinckt al., 2001) Efficient cleavage of the NS2/3 junction correlates with
replication and is essential fathe cytopathogenicity of BVDYRincket al, 2001) The
dependence of NS2/3 cleavage on cellular Jpivistal to the establishment of persistent
infectionby B/DV(Lackneeet al., 2005)

In contrast toHCV the NS2 protein Pestivirusegontains the zinc coordination motif rather
than NS3(Lackneret al., 2004) A further difference between the genera is that although
PestivirusNS2 functions in virus assembly,dibes so only as pdrof an uncleaved NS2/3

precursor which is essential for infectious virus productidagapovet al., 2004)

In common with HCV NS2, expression of classical swine fever virus (CSFV) NS2 in isolation was
found to induce ERtress, activate transcriptiomia NF*'B and inducean Sphasecellcycle

arrest by inducing cyclin A degradatiffanget al., 2010) A recent report proposed that CSFV

NS2 containsfour TMDs and contains two signal sequences using a combination of

computational predttion and deletion mappin@Guoet al, 2011)

1.10 Mechanisms for protein targeting to membranes

Nascentmammalianmembrane proteins destined for cellular organelles or the cell surface are
translated at the ER membran&he growing peptide encodes ant&minal signal peptide

that is recognised by the signal recognition particle (SRP) that temporarily stalls translation and
targets the ribosome to the ER membrane. This complex then joins with the translocon to

insert thesignal peptide into the membrane and reinitiate translation of the pepiite the
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translocon, into the ER lumesr the membrane blayer (Grudniket al., 2009; Saraogi & Shan,
1111) The translocon in mammalian cells consists of threefaur copies of the sec6l1
heterotrimer, which form an aqueous pore within the ER membr@daneinet al., 1996) and

the ATPase and pofgating protein BifHammaret al., 1998)

Targeting of nascent polypeptides to membranes independently of a gigpdilde has been
reported in E. coli (Bornemannet al, 2008) although this was speculated to be a
compensatory mechanism for the lack of elongation arrest funciwich is provided by the
Alu domain of the mammalian SRFaraogi & Shan, 2011)

The manner in whicklransmembrane proteins are inserted into thd(REnembrane is thought
to occur by one of two routes. TH&€n mass@hypothesis asserts that all of the TMD of a
nascent polytopic membrane protein ateanslated and held in théumen of the translocon
and released into the membrane as a mature protéBorel & Simon, 19). The spatial
constraints of tharanslocon pore has led some to exclude #e massanodel in the case of
large polytopic proteins; in favour of ather modelthat where TMDs exit the translocon
W3 S| dzSuypdnAfdrmbafiod d@ perhaps upon reaching limit of the translocon pore size

(Motheset al,, 1997)

1.11 Systems for studying protein topology

Determining the topology dirans-membraneproteins is fundamental to our understanding of
their function. Attempts to resolve the structure tfanssmembraneproteins are hampered

due to their inherent hydrophobic nature, making it difficult to achieve the solubility that is
required for crystallisation. Consequently, numerous different biochemical techniques have
been developed to study the topology membrane proteinsA selection of cebased and in

vitro topology investigation techniques are described below.

1.11.1 Topology prediction

Numerous computational programs are available and produce varying forms of topology
prediction based upon database infoation, relative hydropathy values assigned to each

amino acid (Kyte & Doolittle, 198ZAppendix 2) sequence alignment with topolaocally

defined homologues YR Y2 NB 3t 26F f (NI A{a(Hdrthmanset afl, KS WL
1989; Heijne, 1986\hereby positively charged residues are four times more likely to reside

on the cytosolic face of a membrandlore complex modellingalgorithms have been
generated using hidden Markov models (HMM) with Bayesian networks and statistically

averaging the outputs of numerous individual programs. Thasgrams do not take into
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account intraprotein interactions, such as lsaridges, or lipieprotein interactions, such as
dynamic membrane domains or amphipathic heli¢€dt & Lingappa, 2002Prediction of
prokaryote membrane proteins is most accurateedio the number of proteins omhich to
base, confirm and refine predictionBukaryoteproteins have an added diversity in that the
lipid composition of membranes of different cellular compartments varéfscting the pKa of
local protein sidechains(van Klompenburet al., 1997) and this can significantly influence the

topology and targeting dfans-membranes proteingBogdano\et al,, 2005)

The membranespanning domains of viral proteins provide an additional challenge to topology
prediction as they may not follow exactly the same rules as host membrane preteshsas

helix length They may &o be intentionally different in order to manipulate the cellular
SYOANRYYSyYy(d adzOK Fa Ay 3ASySNI (A yrHanylpssiive WYSY o
sense RNA virus familiéden Boon & Ahlquist, 2010)s resllt, these prograrmeare used as a

basis forfurther biochemical analysis.

1.11.2 Fusion with reporter proteins

Reporter proteins such as alkaline phospiaa S o0-BK2F OB 2ARARY aISyRii I C
0 dlac) are commonly used for the determination iwftegral membraneprotein topology
(Bogdanowet al., 2005) Reporter molecules arexpresse as fusiongo the Gterminus of a

series of @erminal truncations of the protein of interesGterminal truncations are typically

used as the orientation of the -Mrminal TMD was proposed to directly influence the
orientation of subsequence TMDs withihe protein(Hartmannet al,, 1989) Enzyme activity

can be monitored by colourimetric or cheominescent assay.

Dual reporter systems involve fusions of two reporters with complementary activity such that
they are active on opposing sides of tterget membrane Alkaline phosphatase requires
oxidation in the periplasm in order to become activehile i -galappears tobecone trapped

in the periplasmic membrane upotmanslocation as dusionto a transmembrane domain
(Georgiouet al, 1988) More recentlyPhoA and -gal have been used as combined fusion
where the PhoA gene is in framéth the | -galactosidasé -subunit of(LacZ). It this system

the LacZ fragment is not toxic to bacteria but is still inactiWeét is localised to the periplasm

as its activity requires complementation with-fragment localised exclusively to the cytosol

(Alexeyev & Winkler, 1999; Alexeyev & Winkler, 2002; Korres & Verma, 2004)

Antibiotics can be used asporter fusion partners. The gene product bla - i lactamase, is
active in the periplasm but not in the cytoplasm. Conversely the product ofc#teeneg

chloramphenicol acetyltransferaseonfers resistance when it expressed irthe cytoplasm
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where there is a source of acety-enzyme A CoA which is required for inactivation of the

antibiotic.

The main limitation of @erminal reporter fusions is thathey do not accommodate the
possibility of long range or intdrelix interactions which may be required for correct topology.
¢ KS Wil y Rér syStenwheidby JeN@porter is inserted into the full length protein
has been found to give a more accurate topoldgrmannet al, 1990) This approach still
suffers limitations as insertion of a namative protein within the protein sequence mayter
protein folding (of both the protein of study and the reporter which could lead to false results)

and membrane insertion.

1.11.3 Glycosylation site insertion

Introducing glycosylation sites is a commonly used method whereby the coding sequence is
altered to introduce the conserved glycosylation sequence -X$Ser/Thr, where X is any
residue except prolineor a peptide loop domain containing a known glycan acceptor Kite
linked glycosylation is highly dependent upon the size of the Iluminal loop as
oligosaccharyltransferase (OS€juires 12 residues upstream and 14 residues downstream
between the Asnacceptor residue and the reticular membrane in order to catalyse the
reaction(Nilsson & von Heijne, 1993) the asparagine (Asn) residue is suitably exposed within
the lumen of the ER itwill be N-glycosylated by the addition of a polysaccharide
(GlgMansGIcNAg) to its amine group bYDST The addition of this oligosaccharide results in a
molecular weight increase that is detectable by SDS PAGE.two N-acetylglucosamine
molecules GIcNA) form the chitobiose core and are fused directly to the -Asneptor
residue.The glycan moiety of a protein trafficked via the Galghundergo maturationwvhere

the highmannose chairis removed and replaced witttomplex or hybrid oligosaccharide
chains. Endoglycosidase H (EndooHRly cleaves within the chitobiose core loigh mannose

and some hybrid oligosaccharid@glaley et al, 1989) Peptide: N-Glycosidase F (PNGase F)
cleaves nearly allypes ofN-linked glycan chains except those containing cote3 fucose
(Tretter et al, 1991)and cleaves between the Aswceptor residueand the chitobiose core
(Maley et al, 1989) As glycosylation occurs exclusively in the ER, this can be used to

determine the orientation of a protein domain about the ER membrane.

1.11.4 Partial membrane permeabilisation
Partial or selectivemembrane permeabilisation can be achieved using a number of
compounds. Digitonin is a detergent producedligitalis purpureavhile streptolysirO (SLO),

a toxin obtained fromStreptococcand Escherishia co(E. colj. Both digitonin and SLO are
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selective for cholesteralich membranesand produce pores of variable sizest the right
concentrationthese toxinsare specific for the plasma membrag®hakdiet al, 1993; Dunn &
Holz, 19830 opimisationis requiredto achieve pores large enough for antibody infiltration

into cells without compromising cellular integrity or intracellular compartments.

Other methods of partial permeabilisation of the plasma membrane include dilute
concentations d detergents suchas TweerR0 or saponin, repeated cycles of freeze thaw

action or other toxins such.colihaemolysin andtaphylococcus aurefistoxin.

Digitonin and SLO treatment has recently been combined with confocal IF microscopy to
examine the toplogy of human papilloma virus (HPV) early protein 5 (E5) which localises to ER
membranes andshownto form a three TMD topologysingthis method (Krawczyket al,,

2010)

1.11.5 Protease protection studi es

Protease protection studiesan be performed using trypsin or proteinase K treatment of
labelled protein expresseith vitro in the presence ofmicrosomal membranes (MM) and with

or without membranesolubilisation Any remaining protein can be visualised by SDS PAGE gel.
This system can be used in combination with N arér@inal truncations to identify the
protected domain. Protease protection wased in a yeast expression systencambiration

with glycosidasdareatment and reporter fusion activity to characterise the unstahégure of

TMD 6 ofthe cystic fibrosis transmembrane conductance reguldtoFTR]Tector & Hartl,
1999)

Proteaseprotection method has twice been applied the study ofNS2 topologyn vitro and

on both occasions the majority of the protein, including the@ninus,was determined tce
oriented to the ER lume(Santoliniet al,, 1995; Yamaga & Ou, 200Zhis method can also be
applied, in combination with selectiveepmeabilisation of the plasma membrane, to eell
expressed proteins resident on intracellular membranmterestingly it has recently been
used to investigate the topology of NS2 expressed from the viral polyprotein and it was found
that in this system themajority of the protein, including the-@rminus, was localised to the

cytosol(Maet al.,, 2011)

1.11.6 Fluorescence protease protection (FFP)
FFP isin combiration with partial permeabilisation and protease digestion; GFP, or
fluorophore derivatives, are expressed as terminal fusions to the protein of interest and

viewed by microscopy(Lorenz et al, 2006a) Cell plasma membranes areselectively
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permeabilised with digitonifiollowing fixationand then trypsin is added. Cells are vielwdath
and withouttrypsin treatmentand iffluorescence remains then thituorophore is inferred to
be luminal oriented. This can be confirmed byimmunofluorescence labelling of control
proteins and fullypermeabilisingcellswith detergent followed by aldition of trypsin,which
should abolish any fluorescencEFPhas been used in the topologgvestigationof vesicle

surface kinase 3 (VSK8anget al,, 2007)

1.11.7 Antibody Epitope insertion

Epitope insertioninvolves the systematic insertion of an antibody recognition sequence
throughout the proteinavoiding potential disruption caused byt&minal deletions and
reducing the potential impact caused by insertion of large reporter enzytmea polytopic
membrane protein the orientation of the epitope about the membrane will determine its
accessibilig to antibody detectiorfollowing selectively permeabilising cells ftemicroscopy.

Using a small epitope that is unlikely to disrupt topology is best. Similar to FFP this technique
requires the selective permeabilisation of the plasma membrane followedindirect IF
detection of the epitope tagwhich can be blocked by proximitpf the epitope to the

membrane bilayer or by protein structure

1.11.8 Specific cleavage motif insertion

A consensusleavagemotif for a specific proteinasesuch astobacco etch virus (TEV)
protease,is systematically inserted throughout the protein. This system is typically imsed
vitro where the protein is translated in theresenceof MM and the enzyme is added either
with or without membranepermeabilisationin order that theorientation of the cleavage site
can be determinedThis method has met with limited succeas acess to the cleavage site

cansuffer the same impedances as epitope insertion ana{j#esndersoret al., 2004)

1.11.9 Trans-Membrane Domain Trapping

Sugancet al., (Sugancet al, 1998)described a method of screening cDNAs for the presence of
transmembraneR2 Y A y a4 ( K| {rangrieSiBraned&idinf 8agdh w3 Qd ¢ KA A Y|
involves the expression of cDNA from a single ORF in frame with a gigptitle and the IE2

receptor alphachain as a detedain epitope. If the cDNA encodesTMD it presergthe IL-2

domain to the extracellular face of the plasma meimbe if not the epitope domainis

secreted into the extracellular media or retained within the c8lirface expression of the-2L

epitope is determined by indirect immunofluorescence microscopy.
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1.11.10 SCAMM

Another techniqueis substituted cysteine accesdityi method for transsmembrane topology
(SCANM™), which involves replacing single amino acids with cysteine resi@gglano\et al.,
2005) Maleimides react with the thiol groups to form a stable thioester bond thatde-
reducible by i -mercaptoethanol or dithiothreitol (DTT). Identification of modified cysteine
containing proteins can be done by various methods based on the principle of fusion of the
maleimide with a radiolabel, a biotitag, a fluorophore oras an appreciablesize increase
following SDS PAG#&nalysis Cytoplasmic cysteine residgsecan be determined by partialy
permeabilising the cell membrane and introducingn@mbrane impermeable thiedpecific
reagent.Direct identification of luminal regions can be achievey duencling thiol reactive
groups (with a thiol reagent that is transparent in the detection phase) in partially
permeabilised cells followed by complete permeabilisation and addition dgtactablethiol

reagent
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1.12 Aims

At the undertaking of this worlittle was known of the membrantopology of NS2n cellsand

that which had beemeported was contradictory to known localisation of the cleavage events
that release mature NS2 from the HCV polyprotdéirnad recently been demonstrated that
deletion of NS2 fromite virus prevented infectious virion production. However, the manner in
which NSZacilitatesvirus particle assemblyand the significance oNS2membrane topology

hasin thisrole, was similarly unknown.

In this study a series of-t€rminal truncationsof NS2 were generated to investigate the
membrane topology of NS2. In response to these findings, and those reported within the field,
afurther set of truncations were generated to investigate the membrane targeting, subcellular
localisation and proteinnteractions of NS2specifically the NS2:E2 interaction and NS2
oligomerisation These studies were carried out é@mammalian cell expression system to
validate and expand uporpreviously publishedn vitro data regardingNS2topology and to
further explae the role of the NS2transmembrane domain informing protein:protein

interactions with the other viral proteins
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2.1 Materials

2.1.1 Bacterial strains and cu lture conditions
Escherichia colE. col)5 | ph 3 SE2 §lack)s & macZyargF) U169recAl endAl

hsd?l?(lj, mk+) phoA supE44thi-1 gyrA96rell M (Invitrogen) were used for cloning.

Bacteria were cultured in LurBertani (LB) liquid medium (1% w/v bagdtgptone, 0.5% wi/v
Bactoyeast extract, 171 mM NaCl, pH7.0) or isolated as single clones on solidified LB
containing 1.5% wi/v bactoagar, at 37°C with sufficient aeration. Cultures stgplemented

with 100ng/ml ampicillin or 50rg/ml kanamycin where appropriate.

Chemically competent bacteria were produced by the Inoue metlS@brook, 200{3ection
2.2.1.12.

2.1.2 Mammalian cell lines and culture conditions

Protein expression was carried out in Huh7 cells, a human hepatocellular carcinoma cell line
susceptible to propagation of HCV subgenomic replicons antkigth vius; and COS7 cells, a
simian cell line endogenously expressing the SV40 large T antigen which increases plasmid DNA

copy number by episomal plasmid replication.

Huh7.5 cells, a derivative of the Huh7 cell line shown to support higher levels of replichtion
replicons(Lohmanret al., 1999) stably harbouring the SGR N and SPpB (Tedburyet al,,
2011)were maintained in 250 ng/ml G418.

Cells were cultured in Dulbecco's Modified Eagle's MediDMEM (Sigma) supplemented
with 10% v/v foetal bovine serum (FBS), 100 U/ml penicillin, riftnl streptomycin and 2
mM L-glutamine and incubated at 37°C in a humelifiincubator with 5% GOCulture

medium for Huh7 cells was additionally supplemented with 1% v/vegsential amino acids

(Cambrex). Huh7 cells used to culture virus were supplemenigd10 mM HEPES

Cells were passaged by washing in phosphate bulfeedine (PBS) pH 6.8 prior to incubating
with trypsinrEDTA solution pH 8 (Sigma Aldrich) to disassociate cells from growth surface. Cells
were mechanically resuspended in culture medium, quantified using a haemocytometer and

seeded ito fresh culture medim at the desired density.

2.1.3 Virus sequences
HCV sequences:

EUHK2 genotype 6a, accessiorumber. Y12083
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EUH1480 genotype 5a, accessiorumber. Y13184
ED43 genotype 4a, accessiorumber GU814265
NZL1- genotype 3a, accessiorumber D17763

JFHL - genotype 2a, accession numb&B047639
HCJ6- genotype 2a, accaonnumber. D00944
JAL6S genotype 1b, accessiarumber. AF054247
H77- genotype 1a, accession numb&F011753
Cont genotype 1b, accessiarumber:AJ238799
QC69 genotype 7a, accession numb&F108306
Canine hepacivirullCHV)accession numbetF744991
GB virus B (GBB), accession numbeAF179612

2.1.4 Plasmids
pSEAPzontrol (Clontech) was used as the source of the secreted alkaline phosphatase (SEAP)
gene and as a control in SEAP expression assays in mammalian calidedt an ampicillin

resistance gene.

pEBBLacZ and pcDNA3.1LacZ were kind giftsromTuthill andDr A. MacDonald and were
dza SR | & G2IyTUIN®R{E 2Gal\BprésSion dgsays. pEBBLacZ was used as the source

of the LacZ gene. They both gaan ampicillin and a neomycin resistance gene.

pJFHL was kindly provided br T. Wakita. It carries an ampicillin resistance gene and was the
source of HCV genotype 2a sequence segments. Culturing of bacteria containinf wasH

carried out at 30°C.

pCRBIunt (Invitrogen) was used as a cloning intermediate for polymerase chain reaction (PCR)

products. It carries a kanamycin resistance gene.

pcDNA3.1+) (Invitrogen) was used for protein expression in mammalian cells. It carries an

ampicillin and a neomye resistance gene.

peGFMN1 and peGFE2 (Clontech) were used for the expression of GFP fusion proteins. Both

encode resistance to kanamycin and neomycin.

The following previously characterised plasmids were ug&I55NS5AFlag (GB virus B)
(Mankouri et al, 2008b) peGFPC1Eps1pSGENS5A (JFH) and pSGENS5AeGFP (JFH)
(Mankouri et al., 2008a) pFBM(JFH)corep7 (Adair et al., 2009) peGFPC1(IBV:otein
(Emmottet al., 2008)
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pFBM(Conl)corp7 was akind gift from DrC.McCormickand peGFPC1(HCV)NS48s a kind
gift from Dr S. Gretton.

2.1.5 Antibo dies
Anti-NS2serum (Rabbit) (A kind gift frobr A. Pausejvas used af.:5,000

Anti-NS5Aserum (Sheeplyas used af.:5,000(Macdonaldet al.,, 2003)

Anti-NS3 serum (Sheep) was used at 1:10@@ubalaet al, 2001)

Anti-E2 AP33 clone (Mouse) (A kind gift fromA. Patel) was used at 1:2,000
Anti-placental alkaline phosphatase (PLAP) (SRHeam) was used at 1:500

Anti-i -galactosidase (RabbitAB1211- Abcam) was used at 100

Anti-GAPDH antibody (Mouse) (AB824&bhcam) was used at 1:30,000

Anti-ICAMI 208 clone (Rabbit) (A kind gift frdbrD. Rowlands) was used at 1:1,000

Anti-FLAGM2 clone (Mouse) (F180aSigmaAldrich) was used at 1:5,000 foréatern blotting

or 1:1,000 for immunofluorescence microscopy.

Anti-neomycin phosphotransferase Il antibo®6{747 - UpState) was used at 1:5,000
Anti-core serum (Sheep) was used 1:5,000

Anti-GFP raised against fld#ingth GFP (S&334- Santa Cruz) wassed 1:5,000

Horseradish peroxidase (HRE)njugated secondary antibodiespaj antirabbit, goat anti

mouse and donkey antiheep(SigmaAldrich) wereused at 1:10,000

Alexafluor conjugated secondary antibodigsvitrogen)were used at 4ug/ml for confocal IF

microscopy

All antibodies were diluted 0.1% viv Tween20, 5% w/v milk powder (Marvghasphate
buffered saline PB$ for Western blotting or 1% wi/v bovine serum albumin (BSA) in PBS for

immunofluorescence staining

2.1.6 Chemicals
Phenol, phenol:.chlaform, phenol:chloroform:isoamyl alcohol (25:24:1), MOR#,18 and
dithiothreitol (DTT) were obtained from BDH.
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Sodium dodecyl sulphate (SD8)agnesium chloride (Mgghnd ethylenediamine tetraacetic
acid EDTAwere obtained from VWR.

Formalydehyde,Triton X100, ZLeulLeulLeual (MG132, ONPG and protease inhibitors
(leupeptin, pepstatin, aprotinin and AEBSF (perfablveye obtained fromSigna.

Sodium chloride NaC), methanol, ethanol, tris (hydroxymethyl) aminomethane (Tris) and

bovine serum albuim (BSA) were obtained from Fisher Thermoscientific.

N-2-hydroxyethylpiperazind\'-2-ethanesulfonic acid (HEPE$ast extract and tryptoneere

obtained fromMelford Laboratories.

PElwas obtained from Polysciences, CDPStar was from Tropix-braimo-4-chloro-3-indolyk

i -D-galactopyranoside (gal)was from AnaSpec.

2.2 Methods

2.2.1 DNAmanipulation

2.2.1.1 Purification of DNA

For plasmid DNA analysis small scale DNA purifications franinclultures were prepared by
alkaline lysis. Bacteria from a single colomgre inoculated into Iml of liquid LB medium
containing appropriate antibiotic and cultured over night at’G7 Bacteria were pelleted by
centrifugation and resuspended in %0 liquid LB medium followed by the addition of 30D
TENS lysis solution (1M Tris, ImM EDTA, 106hM sodium hydroxide, 0.5% sodium dodecyl
sulphate (SDS)) and thoroughly mixed. Lysates were neutralised withul183(M sodium
acetate pHb.3 and cellular debris was removed by centrifugation followed by transferral of the
supernatants to a fresh tube containing 9Q0 ethanol (icecold to aid precipitation)Samples
were mixed thoroughly and precipitateseve collected by centrifugation, resuspension in 500
ul 70% ethanol v/v and repeat centrifugation. The precipitated DNA wa$yfiesuspended in
50 ul of 10ug/ml RNaseA. All centrifugation steps were carried out atA® xg for 5 minutes.

For large scale purifications of 40@ cultures the Qiagen Maxiprep kit was used as per the
manufacturer's instructions. For high purity siinscaleDNA preparations the Qiagen Njnep

kit was used.

2.2.1.2 Quantification of nucleic acids
Quantitation of nucleic acid preparations was performed by comparison of nualdic

sampleswith markers of known concentratiorfMillenium Markers¢ Millipore; for RNA
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samplesand Hyperladder I Bioline;for DNA sampleshy agarose gel electrophoresis or by
measuring the absorbance at 260/ 280n using a NanoDrop 1000 spectrophotometer

(Thermo Scientific) according to the manufact@®enstructions.

2.2.1.3 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was used to amplify regions of the HC¥elftidnce or the
SEAP and-gal genes using the higtdelity polymerase pfu TurbdSfratageng. PCR reaction
mixtures comprised 1.25 mM deoxynucleotide trigiptiates (ANTPs), 4D ng template
vector DNA, 50 nM of each primer, 1.25°fu TurboDNA polymerasé a reaction volume of

50 pl Pfu Buffer §tratageng, 5% v/v dimethyl sulphoxide (DMSQO). Reactions were initially
denatured at 98C for 30 seconds then Isjected to 30 seconds of denaturing at°g@5 30
seconds of annealing at 85 and extension at 7Q for an appropriate length of time. This was
repeated for 20 cycles. An additional extension step of 10 minutes was used immediately prior
to termination of anplification reactions. Gradient PCRs were used for PCR optimisation; the

annealing temperature was varied from §50°C.

2.2.1.4 QuikChange Mutagenesis

Single amino acid mutations were introduced by QuikChange mutagenesis. Complimentary
primers were designed Wi 17-20 nucleotides of homologous sequence flanking -non
homologous nucleotides. PCR was carried out as describsetiion 2.2.1.3 Following PCR
reactions, paretal DNA was degraded by Dpn | treatme2®. Uunits of Dpn | and 10% v/v
Buffer 4 (NEB) to PCR volume were added and samples incubatedGtd71 hour. PCR

reactions were then transformed into competent bacteria as described in seztibh.13

2.2.1.5 Oligo-Cloning

2 KSy 2fA32 Of2yAy3a gt a dzASR O2YLX AYSy il Ne
phosphate modifications and with appropriate ovggingscorresponding to the restriction
endonuclease used in the cloning strategy. #8nnM of each oligo wasdded to annealing
reaction buffer containing 10mM TrisHCI, pH 7.5100 mM NaCl andl mM EDTAand
incubated at 95°C for 10 minutes and allowed to @fjtate to room temperature over 1 hour.
Annealed oligos were then incubated on ice prior to ligatisacfion 2.2.1.1) into pre

digested vector, or stored a0°C

2.2.1.6 Removal of protein from DNA solutions
1 volume of dBO and 2 volumes of phenol:chloroform:isoamylalcohol (25:24:1) (equilibrated

with Tris pH 8.0) were added to Diotein mixtures and vortexed thoroughly. Samples were
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then centrifuged at 16,100 g for 5 minutes and the top, aqueous phase was collected as the

DNA containing fraction.

2.2.1.7 Restriction digestion of DNA

Restriction digests were carried out in volumes of 20 ul containing the recommended buffer
and 10-20 enzymeunits according tahe Y I y dzF I OG dzZNBENDRa 3IdzZA RSt Ay Sa o
for a minimum of 1 hour at the optimal temperature. For double digests using enzymes with
differing optimal temperatures, the digest mix was incubated with the more heat stable
enzyme for 1 hour at its dpnal temperature prior to addition of the second enzyme and

overnight incubation at the lower temperature.

2.2.1.8 Agarose gel electrophoresis

Gels were prepared by dissolving 1.8% w/v agarose in 0.5 x TBB (M Tris, 45mM boric
acid, ImM EDTAor 1 x TAE40 mM Tris,0.11%acetic acid, InM EDTAwith the addition of

10 g/ml ethidium bromide. Gels were submerged in gel running tafs-Rad) containing
either TBE or TAE and supplemented witlrgher 05 pg/ml ethidium bromide. Samples were
equilibrated using TBE loading buff€FBE buffer in 5% v/v glycerol containinga@eG dye)

or TAE loading buffefTAE buffer in 5% v/v glycerol containing bromopherakliye) and
separated though the gel. The size of DNA fragments was determined by comparibon wi
Hyperladder | (Bioline) markers. DNA bands were visualised using Gene Gerimmadhig

System.

2.2.1.9 Extraction of DNA from agarose gels

DNA bands were excised from agarose gels and froze20&€ for 20 minutes. The gel slices
were mashed with a pipettép and twice the volume of phenol, equilibrated with Tris pH 8.0,
was added. The mixture was vortexed and incubateé@@tC for 30 minutes. Thawed samples
were added to % volume v/iv dB and vortexed thoroughly. Phases were separated by
centrifugation at16,100 xg for 5 minutes. The aqueous phase was collected and ethanol
precipitated 6ection2.2.1.1Q. Final DNA pellets were resuspended in aprapriate volume

of dH,0.

2.2.1.10 Ethanol precipitation of DNA

Proteinfree DNA suspensions were precipitated by the addition of 2 volumes-obidel00%
ethanol v/v and sodium acetate pH 5.2 to a final concentration of 100 mM. Samples were
vortexed briefly andncubated at-20°C for 20 minutes. DNA was precipitated by centrifugation
at 16,100 »g for 20 minutes. DNA pellets were washed in 70% ethanol v/v and resuspended in

appropriate volumes of di®.
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2.2.1.11 DNA ligation

Ligation reactions were carried out in 20 plwoles of T4 Ligase buffer (Invitrogen) containing

1 Unit T4 Ligase with a 1:4 molar ratio of vector to insert. Ligations were incubated for 30
minutes on the bench with subsequent overnight incubation at 4°C. 1 ul of ligation mix was
transformed gection2.2.1.1% Ay {2 pn xf | fAljd20 BR®l(s€hosS YA O f
2.2.1.19 following 30 minute and overnight incubations steps, and grown on solidghB

supplemented with the appropriate antibiotic over night at 37°C.

2.2.1.12 Preparation of chemically competent bacteria - Inoue Method

Competent bacteriavere produced usinthe Inouemethodas detailed ifSambrook, 2001)A
aAy3atS oFOGSNRAIE OdzZf GdzNB ¢ & 3OQNHthsaeratibn/ Thisp Y f
starter culture was used to inoculate 250 ml LB medium and grown°&t w&h aeratioruntil

an Oligooof 0.55 was reachedaking approximately 16durs. Bacterial cells were incubated in

an ice water bath for 10 mutes and then collectedby centrifugation at 500 x g for 10
minutesat 4°C. The supernatant was removed and the bactemdlet resuspended in 80 ml of

ice cold Inoue transformation buffer (55 mM Mpd5 mM CsCl, 250 mM KCI, 10 mM
piperazineb X -bis(2ethanesulfonic acidPIPEBt bAH (pH 6.7)). The bacteria were again
pelleted by centrifugationand resuspended in 20 ml ablinoue transformation buffer by
swirling. 1.5 ml of dimethyl sulfoxide (DMSO) (Sigma Aldrich) was added and mixed by swirling.
The bacteria culture was stored on ice for 10 mé@s and the bacteria aliquoted into
LINEmO22f SR YA ONER T dz3 Snapifozes & liqid/ mtrogeny a8 BtdrédiaS &
mya

2.2.1.13 Transformation of Chemically Competent E. coli

Transformation of chemically competent bacteria was carried out according to the Inoue
method described bySambrook, 2001)Briefly, 100 ng of purified plasmid DNA or 1 ul of
ligation reaction mix was added to 50 pl of competent bacteria and incubated on ice for 10
minutes prior to heatshocking at 42°C for 90 seconds. Bacteria were allowed to recover for 1
hour in 500 ul LB medm before spreading out onto E&jar plates supplemented with the

appropriate antibiotic and culturing overnight.

2.2.1.14 Colony Screening

Large scale screening of transformed bacteria colonies was used during plasmid generation.
Colonies were inoculated usingGilson tip into 1@l dH0 in a 0.1ml PCR tube and incubated

on the bench for 10 minutes, after which the tip was transferred to a 1ml culture containing

the appropriate antibiotic and incubated overnight at°87 10>l of dHO was used as the
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template fora PCR reaction which was carried as describeseictibn2.2.1.3. DNA from 1ml

cultures of colonies screening positive by PCR was purified as described in 3gtfich

2.2.1.15 DNA sequencing
All plasmids and constructs were vegdiby analytical restriction digest and sequenced by ABI

3130xI capillary sequencer analysis prior to subsequent use with appropriate primers.

2.2.2 Cloning of DNA constructs
A list of oligonucleotides used for cloning along with their sequences and usagesigeprin

Appendix 1.

2.2.2.1 Generation of NS2SEAPf -gal reporter fusions

The SEAP gene lacking its signal peptide was amplified from the pSBAtRH vector

0/ t2yGSOK0O $A0GK pQ - K2L YR 0Q GCBACCAYSRe(d NA O
amplified region was ligated into pcDNA3.1(+) to generate the nsAP control construct. The
SEAP gene lacking its signal peptide was amplified from the pSEAR2Il vector (Clontech)

GAOUK pQ - K2L YR 0Q !'LIL NBAGNRKOWAEA2FE BFUSR E
YR 0Q 7Tt SBEGGASBGEGGTTGAREECGGAAGChe amplified region was

ligated into pcDNA3.1(+) to generate the intermediate vector pcINBEAP. The LacZ gene

was amplified from the pEBBLacZ vector (a kind gift fromDrdeii KA £ £ 0 6AGK pQ
NBAGNROGAZ2Y aAdS&a yYyR pQ FdzNAy Of SIF @3S &AL
amplified region was ligated into pcDNA3.1(+) to generate the intermediate vector pcDNA
furLacZ. The signal peptide encoded by gEAPZontrol vector was synthesised as an

2f A32ydz0f S2GARS 002YLR2ASRRAFS AN SR Q p QK 2 & ORI &
NEAGNROGAR2Y aArxdGasSa FyR | pQ Y2I-urlaczavécliodz8y OS 0

generate the SP-gal control vector.

NS2 @erminal truncations were amplified from the pJAHplasmid (a kind gift from Dr T.
Wakita). All HCV sequences were amplified using the same forward primer which contained a
Hindlll restriction site, a Kozak sequence and sequence complimentang tGtérminal 23

amino acids of E2 which form a signal peptide for p7. Reverse primers included a Xhol
restriction site and terminated HCV sequence after amino acid 813, 840, 853, 965, 883, 900,
908, 923, 933 or 1030 of the JEHbolyprotein. Amplified regns of NS2 were ligated into the
pcDNAfurSEAP and pcDMNArLacZ vectors to generate the-$Q@ and B110 constructs. The

Nn63 construct was generated using the same forward primer and a reverse primer that
introduced a Xhol restriction site and terminate@¥ sequence at 812 (residue 62 of p7). This

|/ + aSljdzSyO0S ¢l a tA3IFGSR Ayid2 LIO5b! odmdby dz
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Apal restriction sites but lacking; a kozak sequence, furin cleavage linker and signal peptide) to
generate then63 constrict in which SPp7 was encoded as a direct fusion to asecreting
form of SEAP.

The S11, S12 and S13 constructs were generated by Quikchange mutagenesis. Signal peptide
cleavage site was disrupted by mutation of thee@ninal amino acid of p7 from alarénto

proline 6' CGGCAGGCTTEICTCGAGGGELGrhe furin cleavage site was disrupted by
mutation of the consensus sequence-RR) to ARGR &' GAGGGCGGAAEU®
GTCGACGEG

2.2.2.2 Generation of NS2eGFP constructs
The peGHMN1.QC vector was generated byQuikchange mutagenesis 5'(
CACCGGTCGQTACGIE AGCAAGGGEG®vhereby the vectoencoded eGFP translation

initiation codon was mutated resulting in the generation of a unique Sacll restriction site.

Domains of NS2 were amplified from the pdFiector with ® 9 O02wlL FyR 0Q . IY
AAG8a YR pQ Y21 F1 &S| dz&NLOG dectdr e {by drfudicd R A y
G2 FTRRAGAZ2YIE o0Q Oeilz2aAiyS ydzOf S20iARSa dzZJail

gene with a vectoencoded linker of BPPVAT.

2.2.2.3 Generation of NS2FLAG constructs

NS2C[ ! D O2yadNHz2OGA 6SNBE 3ISYSNIrdSR o0& ft-A3GA
digested, FLA@g oligo (FGATCEGGCGGAAGCGGCGGAMBTTIACAAAGACGATGACGACAA
GTAACCGE® ¢KS 2f A2 ¢ a Oz vdihasiBRan faffame: adepiie . | Y
ydzOf S2ARSz | O2ffl3Sy NBLSIG fAYy1SNE GKS C

restriction site. The FLAG oligo was ligated into each of thee®&P fusion constructs to

generate the corresponding N$2AG @nstructs.

2.2.2.4 Generation of eGFRNS2 constructs

Domains of NS2 were amplified from the pMH GSOG2NJ 6 AGK pQ - K2L |y
AAG84 YR pQ OB (2 RA yirdme Yraedtidh vihAthe SEGFP (gene) dnda dzNE
ligated into the peGFE2 vecto in-frame with the eGFP gene with a vectmcoded linker of

SGRTQISS.

The peGHE2STOP vector was generated by QuikChange mutagenesis of the wt vector to
encode a STOP codon as tH:@don after the eGFP sequenge QGGACTCAGATCTCGAGC
TAAAGCTTCGAATTGCAGT Eorresponding to the first codon of the inserted NS2 sequence.
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The NS2 deletion construcis25-50, N25-92 and n51-92 were generated by QuikChange

deletion mutagenesis.

2.2.3 RNA manipulations
All procedures involving RNA were carried out in RNAafditions, by treatment of surfaces

and equipment with RNase Zap® (Ambion).

2.2.3.1 RNasefree water and phosphate buffered saline (PBS)
0.1% v/v diethyl pyrocarbonate (DEPC) was added tg@dbt PBS, mixed thoroughly and
incubated at 37°C overnight with shagirto inactivate any protein present. DEPC was

inactivated by autoclaving.

2.2.3.2 Preparation of DNA template

Plasmids encoding the ffl Sy 3G K | yR {Dwa 2F (GKS WCI nm A2
digestion overnight at 37°C. Xbal was higactivated at 65C br 20 minutes after which

samples were cooled to RT then incubated for 10 minutes on ice. Nucleotide overhangs
LINE RdZOSR o6& fAYSIFENRTFGA2Y ¢6SNB NBEease@®NER) foo & (N
45 min at 30C. Mungbean nuclease was inactivated wite addition of0.1 % w/vSDS and

the DNA purified by phenol/chloroform extraction and ethanol precipitation before being

resuspended in RNase free water.

2.2.3.3 Invitro transcription of RNA

¢CNF YAONRLIIA2ya ©SNB LISNF2NYSR dzRNA Broductiort T w A
{eadsSy 1AG 6t NRYSAFLOVEI | OO2NRAYy3 (G2 GKS YI ydzF
ME wiozza! -u 9ELINB&EA ¢T7 0dFFSNE m >3 2F fAYS
mix and made to a volume of 20 pl with nuclease free waReactions were mixed gently and
incubated at 30°C for 30 minutes. The DNA template was degraded by the addition of 1 U of
RQ 1 RNasfree DNase and incubation for 15 minutas37°C. Protein was removed by the
addition of an equal volume of phenol:chtdorm:isoamylalcoho(125:24:1)pH 4.0 (Sigma)

and vortexed for 1 minute followed by centrifugation at 1®) xg for 2 minutes. The agueous

phase was transferred to a fresh tube and extracted with an equal volume of chloroform,
vortexed for 1 minute andemtrifuged for 2 minutes at 1800 xg. The agueous phase was

again transferred to a fresh tube and RNA precipitated by the addition of 1/10th vohinred

3 M sodium acetatepH 5.2 and an equal volume of isopropanol. Samples were vortexed
thoroughly andincubated on ice for 5 minutes followed by pelleting of precipitated RNA by

centrifugation at 16100 xg for 10 minutes. RNA pellets were washed@ % v/vethanol and
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pelleted again. RNA pellets were air dried and finally recovered ipl ZBNasdree water

(section2.2.3.]).

2.2.3.4 RNA agarose gel electrophoresis

wb! GNI}yaONRLIG&a ¢6SNBE FylrteaSR o0& RSyl Gddz2NAy 3
formaldehyde geklectrophoresis1%g Kk @ | 3 NP &S o6 { A3AYlI m! f RNAOKDO
MOPS buffer (40 mM MOPS, 10 mM sodium acetat@M. EDTA irRNaseree H,O (section

2.2.3.7. Upm cooling, 6.5%/v formaldehyde was added and the mixture was poured into the
casting stand and the comb added. Once set, running buffer (MOPS buffer) was added to the
tank and RNA samples prepared by the akidity 2 F wmn > f %v&forRamidd, o dzF T
10% viv formaldehyde, 6% glycera, i NI OS | Y2dzyi 2F ONRY2LIKSy2
ethidium bromide in MOPS buffer)toxlf 2 F wb! GNI yYAONARLIGI 2N m >
and headed at 65°C for 10 minutes. Gels were run at 0.1 V/ommtil the dye front had

migrated two thirds down the gel, RNA was visualised using the UV transilluminator (Syngene)

bio-imaging system and software.
2.2.4 Protein biochemistry methods

2.2.4.1 TNT coupled reactions

Coupled transcription and translation (TNT) reactions wenmedaoted as follows. 2509 of
purified DNA was added to 8.36f ¢ b ¢u vdzA O1 al aGSNJ aA E106t NBRY
uUCi Trans Label (70% wi/vethionine, 15% wi/wcysteine, [35S]) (MP Biomedicals) and to a
reaction volume of 12.3ul. Reactions were allowetb proceed for 1 hour at 30°C before
termination by the addition of 1J of RNaseA. Samples were added to 9 volumeof 2 x
Laemmlibuffer (10% v/v glycerol, 4% w/v SDS, 20 mM DTT, 0.01% w/v bromophenol blue and
125 mM Tris HCI pH 6,8Jenatured at 65°@r 5 minutes and analysed by SDS PABEiOn
2.2.4.3. Gels were fixed in gel fixing solution (40% v/v methanol, 10% v/v glacial acetic acid)
for 10 minutes followed by incubation in Amplify solutioAnfersham Biosciencggor 10
minutes. Gels were placed in a giying dock Model 583 Gel Drier BioRadl for 1 hour on

top of two sheets of filter paperHsher Scientifjc Gels were exposed téilm for an
appropriate length of time at80C and developed using an automated develo@RXL01A
Autorad- Konica.

2.2.4.2 Acetone precipitation of protein
Concentration of protein suspensions was achieved by acetone precipitation. 4 volumes v/v
acetone wereadded to samples, vortexed and incubated overnight-28°C. Precipitated

protein samples were pelleted by centrifugation at 4,009 for 10 minutes at 4C. Pellets
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were washed in 70% v/v ethanol and finally resuspended in the desired volume of appgopriat
buffer.

2.2.4.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples in Laemmli buffer were boiled for 5 minutes prior to separation by SDS PAGE.
Gels were made with 15% resolving gel (50% 30:1 acrylamidetyimide, 375 mMrisHCI

pH 8.8, 0.1% w/v sodium dodecyl sulphate (SDS), 0.1% w/v ammonium persulphate (APS),
0.01% v/v N,N,N',Netramethylethylenediamine (TEMED)) and 5% stacking gel (16.7% v/v
30:1 acrylamide:biscrylamide, 187.5 mM THACI pH 6.6, 0.1% w/v SDS % .W/VAPS, 0.01%
TEMED) in Mini Protean 3 chambers (BioRad). Samples were run alongside unstained
(Precision Plus BioRad) or prestained markers (SeeBlue Invitrogen) molecular weight

markers to allow estimation of protein size.

2.2.4.4 Western blotting

Speciic protein identification was carried out by Western blotting. Gels were transferred to
polyvinylidene fluoride (PVDF) membrane (Millipore) using a-sieyniransblotter (BioRad) in
transfer buffer (20% v/v methanol, 25 mM TFHECI pH 8.3, 192 mM glycindfembranes were
activated prior to transfer by washing briefly in methanol. Transfers were run for 45 minutes at
15mA. Transferred membranes were then washed in PBS 0.1% v/v Tween20 (PBST) and
blocked for >1 hour in 10% w/v dried, skimmed milk powder rij/dB in PBST at room
temperature on a rotating platform. Blocking solution was removed by washing 3 times for 5
minutes in PBST before incubation over night in primary antibody at 4°C on a rotating
platform. For small volumes of antibody solution, memhk@anwvere sealed in clodéting

plastic wallets. Membranes were washed 3 times in PBST prior to incubation in appropriate
HRPconjugated secondary antibody for 1 hour. Secondary antibody was removed by washing
3 times in PBST and once in,@HThe enhancedhemiluminescence (ECL) system (Amersham)
was used according to the manufacturer's instructions to visualise antibody reactive bands.
Briefly, membranes were soaked in 1ml of ECL (1:1 ratio of Solution 1: Solution 2) for 1 minute
before removal of the EGlolution and overlaying of the membrane with photographic film for

varying exposures. Films were developed using a Konica SRX101 Processor.

2.2.45 Densitometry Analysis
Autoradiographs were scanned in and analyses using ImageJ software. Images were colour
inverted and a fixed area was boxed for analysis. Protein species were analysed for density and

the mean density taken for a fixed area.bhank region of the image adjacent to the area
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under analysis was taken as thackgrounddensity andsubtracted from the rean density

valuesof the sample areas

2.2.5 Tissue culture techniques
All samples were examined with a Zeiss Axioplan 2 fluoresamimescope, using a 63x oll
immersion objective. Images were captured using AxioCam Mrm CCD camera with

Axiovision software.

2.2.5.1 Routine passaging of mammalian cells

Cell lines were cultured in DMEM (Sigma), supplemented with 10% v/6 EBE 3 Y I 111 f R NJ (
U/ml penicillind { A 3 Y X! mMRNA ORAK Y AGNBLIG2YEOAY 64{ A3AYIl T
incubator at 37C. Huh7 cellg SNB & dzLJLJX SYSYGSR 6A0GK mM: Ok@ Y
Huh7 cells for use in virus experiments were further supplemented with 20 mM HEPES
(GIBCO). To passage the cells the media was removed and the cell monolayer washed with
PBS. Cells were incubated 0.5 mg/ml trypsin and 2 mM EDTA in PBS (Sigma) for
approximately 5 minutes at 3T to facilitate cell detachment. Trypsin was then inactivated by

the addition of complete media. Cells were counted using a haemocytometer if required and

seeded at the dased density.

Huh7 cellharbouring stably replicating S&®ere cultured in the same manner, however the
selection of replicon harbouring cells was achieved by supplementing culture media with 250

>3k Yt Dnmy O{AIAYlI ! f RNAROKDUV

2.2.5.2 Electroporation of mammalian cells

{ dzo T O2 y T 7 deSly riionolaydeK weredetached from the growth surface using
trypsin/EDTA solutionas described irthe previoussection resuspended in complete media

and counted.The desired number of cells waelleted by centrifugation at,000 x g for 5

minutes at room temperature the supernatant was discarded and the cells washed twice in
4°C RNasdree PBS. Cells were pelleted a0Q0 xg for 5 mirutes at room temperatureand
resuspended at % 10’ cells/ml for SGR electroporations and2ax 10’ cells/ml for fulllength

virus electroporations.4 x10°OSt f & 6SNB FRRSR (G2 I LINBmOKACT f
cuvette (Geneflow) and @g of subgenomic RNéy 10pg fulHength virus RNAdded directly

to the cells and mixed. Electropofa2 y &1 & OF NNASR 2dzi dzaAy3 |
Volts (V) and 0.950 Farads (F). Cells were resuspeneded in complete media using a fine tipped
Pasteur pipette, and seeded #te desired densityAny equipment that came into contact

with cells electrporated with fulllength infectious virus was treated with 5 % Virkon before

disposal.
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2.2.5.3 Transfection of Huh7 cells

Cells were seeded in 12 well plates af &6lls per well as with passaging and grown to ~80%
confluency. 34 hours prior to transfection culture media was replaced with serum free media
(as culture medium except lacking FBS). Transfection mixture (2 pg/ml DNA, 10 pg/mi
polyethylenimine (PEI), @ptimem (GIBCO)) was prepared by thorough mixing of the DNA and
PEI with the Optimem and the mixture was allowed to equilibrate at room temperature for 15
45 minutes. 250 pl of transfection mixture was inoculated per well and plates were incubated
at 37°Cfor 48 hours.

2.2.5.4 Immunofluorescence microscopy

Cells were seeded onto coverslips in awldll tissue culture platat a low density Samples

were prepared by washing coverslips three times in PBS before fixing -4 3
paraformaldehyde (PFA) for 10 minutesioa prior to a final PBS wash. If necessary, cells were
permeabilised in 0.1% v/v Triton200/PBS for 10 minutes followed by three washes in PBS.
Cells were blocked prior to antibody incubation in 1% w/v bovine serum albumin (BSA)/PBS for
30 minutes. Anbodies were diluted in 1% BSA/PBS and incubated at room temperature for 1
hour followed by removal of unbound antibody with three washes in PBS. Coverslips were
mounted onto slides using Vector ShieWe¢tor Laboratories Incand sealed with nail varnish
(Boots).

Ice-cold PBS was used throughout the procedure; all other reagents werehjiled except

Vector Shield.

2.2.5.5 X-Gal staining

Culture medium was discarded and cell monolayers were washed twice in PBS. Cells were fixed
with 3% paraformaldehyde in PBS for 5min afGt Cells were washed twice in PBS then
overlaid with 25Qul reaction mix (1 mg/mlBromo-4-chloro-3-indolykb-D-galactopyranoside

(XGal - AnaSpec) dissolved in DMF, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 2 mM Mgg@)land incubated overnight at 37°C. Reaction was stopped by washing

in PBS and-%al staining was observethd imaged usinthe 10 x objective lens onraeclipse

TS100 microscopiited with a Digital Sight D&1camera Nikon).
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2.2.6 Cell biology technigues

2.2.6.1 Lysis of mammalian cells
Cells were washed three times in PBS and lysed by the addition of Glasgow Lysis Buffer (GLB
1% Triton XL00, 120 mM KCI, 30 mM NacCl, 5 mM MgC0% glycerol, 10 mM PIRN&OH,

pH 7.2) and incubated on ice for frbnutes.

2.2.6.2 Isolation of post-nuclear cell suspension

6.0 x10° Huh7 cells were seeded into 1Bn dishes 16 hours prior to transfection. 48 hours
after transfection cells were washed three times in-t@#d PBS and scraped into hypotonic
buffer (10mM piperazineb X -bis[2-ethanesulfonic acid] (PIPES)/NaOH pH 7.2, 0.5 mM,MgClI
supplemented with protease inhibitord€upeptin 1 pug/ml, Pepstatin 1 pg/ml, Aprotinin 2
pug/ml, AEBSF (Perfabloc) 0vM). Cells were incubated on ice for 15 minutes to induce
swelling then mechanically lysed on ice by 100 strokes of a Dounce homogeniser grade B. One
quarter volume v/v of salbalancing buffer (10 mM PIPES/NaOH pH 7.2, 600 mM KCI, 150 mM
NacCl, 22.5 mM Mgglsupplemented with protease inhibitors was added ptimmpelleting of

nuclei and intact cells by centrifugation at 3,008 for 10 minutes at 4C. Supernatants were

transferred to a fresh tube.

2.2.6.3 Isolation of membrane -associated proteins

Postnuclear supernatants were transferred to ultraspin centrifuge tulaesl clarified at
100,000 xg for 1 hour. Supernatants were collected and acetone precipitated. Pellets were
resuspended in isotonic buffer (4 volumes v/v of isotonic buffer plus 1 volume v/v ef salt
balancing buffer) supplemented with protease inhibitaaad clarified againPellets were
collected into 2x aemmli buffer (4% w/v SDS, 20% v/v glycerol, 20 mM (dithiothreitol) DTT,
125mM TrisHCI pH 6.8, 0.01% w/v bromophenol blue).

2.2.6.4 Dissociation of membrane proteins

Postnuclear fractions were separated intour ultraspin centrifuge tubes and clarified at
100,000 »g for 10 minutes at AC. Supernatants were collected and acetone precipitated.
Pellets were thoroughly resuspended in either isotonic buffer (1 M NaCl, 100 m@&CNaH

11, 4 M urea) or 1% Triton200 in isotonic buffer and incubated at room temperature for 30
minutes. All buffers were supplemented with protease inhibitors. Samples were clarified at
100,000 xg for 10 minutes at 4C. Supernatants were collected and acetone precipitated.
Pellets wee thoroughly resuspended in the isotonic buffer used previously antlamied.

Pellets were finally recovered in 2x Laemmli buffer.
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2.2.6.5 Immunoprecipitation of exogenous protein

Culture media was removed from cell monolayers and cells were washed three itingss

cold PBS. All residual PBS was removed by aspiration. Cells were bgrsestping ito 200

pl lysis buffer 50 mM TrisHCI pH 7.4, 150nM NaCl, 1mM EDTA 1% Triton XL00)
supplemented withprotease inhibitors(Leupeptin 1 pug/ml, Pepstatin 1 pol, Aprotinin 2

ug/ml, AEBSF (Perfabloc) GriM) and incubated on ice for 30 minutes. 1/10olume was
removed as an input sample and added to 2x Laemmli buffer. The remaining sample was made
up to 1 ml with Tris buffered solutio@B$ (50 mM Tris HGbH 7.4, 150mM NaC) and clarified

at 20,100 >g at 4°C for 10 minutes.

10 ul of GFPTrap_A beadgChromotek)were usedper sample.Beads were washed three
timesin 500ul icecold TBS buffewith centrifugationat 2,700 xg at 4°C for 2 minutes and
aliquoted into fresh microfuge tubes. Clarified lysates were added tenaghed beadsnd
incubated overnightat 4°Con a blood mixerBound protein was collected entrifugation at
2,700 xg at 4°C for 2 minutesSupernatantswvere aspirated off angellets were washed 3
times in icecold TBS buffer. Immunoprecipitated proteins were finally recovered by the
addition of 20pl 2 x Laemmlibuffer andincubating at 98C for three minutesBeads and
insoluble material were removed bgentrifugation at 2,700 xg 2 minutes at room

temperatureprior to analysis by SDS PAGE

2.2.6.6 Acetone precipitation

Samples were added to 4 volumes v/v of acetone, mixed thoroughly and incubated overnight
at -20°C. Precipitates were pelleted by centrifugatiah 20,100 xg for 10 minutes at 2C.
Pellets were resuspended in 70% v/v ethanol and centrifuged again. Pellets were finally

recovered in Z Laemmli buffer.

2.2.6.7 SEAP Assay

For analysis of intracellular SEAP activity, cells were lysed in an appropriate wafiuire
Passive Lysis Buffer (Promegand&genous norspecific alkaline phosphatasewere
inactivated by incubating samples at 65°C for 10 minutegri28f transfection cell lysate or
culture medium in phosphate buffer (10 mM NaCl, 1 mM Mgl@l mMTrisHCI pH 9.5vere
transferred to separate wells of a 96 well plate. The chemiluminescent substrate CDP Star
Ready to useSigma was added to dinal concentration 0f0.125 mM. Light emission was

determined inrelativelight units (RLU) using a FLtED®©ptima luminometer (BMG Labtech).
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2.2.6.8 ONPG assay

90 m of transfection cell lysate or culture medium were transferred to separate wells of a 96
well plate containing 10 x LacZ buffer (500 mM N&a@©b) mM MgCiz mnn -Ya |
mercaptoethanol). An equal volume w/of substrate (10mM orthaitrophenyh -D-
galactopyranoside (ONP&GSigma) in 100 mM sodium phosphate buffer (22 mM sodium
dihydrogen orthophosphate, 22 mM disodium hydrogen orthophosphate, pH 7.5) was added

to each well. The reaction was stopped withirgaf concentration of 250 mM N&Q after 45

minutesand the absorbance was read at 400 and 450 nm.

2.2.6.9 Endoglycosidase H (Endo H) treatment

5x10 cells were seeded into 6 well culture dishes 16 hours prior to transfection and samples
were harvested 48 hourposttransfection. Lysates were prepared by harvesting into 0O

PLB; supernatants were prepared by acetone precipitation of 1 ml culture medium and
resuspensionin10pf t [ . ® {FYLI S& 46SNB JIfted2aiRlIasS (NS
(New EnglandBiolabs (NEB)) instructions. Briefly, samples were made up tpl by the

addition of 10 x denaturing buffering and denatured af®@For 10 minutes. Samples were

made up to 2Qul with 10 x G5 reaction buffer and 500 U of Endo H and incubated for lahour

37°C. Samples were finally recovered in 5x Laemmli buffer and analysed by SDS PAGE.

2.2.6.10 Peptide: N-Glycosidase F (PNGase F) treatment

5x10" cells were seeded into 6 well culture dishes 16 hours prior to transfection and samples
were harvested 48 hours positansfection. Lysates were prepared by harvesting into 0O

PLB; supernatants were prepared by acetone precipitation of 1 ml culture medium and
resuspensionin10pf t [ . ® { I YLX Sa 6SNB 3Ife02aARI &S (NS
(NEB) instructins. Briefly, samples were made up to 15y the addition of 10x denaturing

buffering and denatured at 98 for 10 minutes. Samples were made up tquR®ith 10 x G7

reaction buffer, a final concentration of 1% v/v nonident P40 (NP40) and 500 U of PNGase

and incubated for 1 hour at 37°C. Samples were finally recovered in 5x Laemmli buffer and

analysed by SDS PAGE.

2.2.7 In silico protein sequence analysis

Alignment of the NS2 amino acid sequence from each HCGgesuditype was carried out using
ClustalW2Goujonet al., 2010; Larkiret al., 2007) Hydropathy analysis was carried out using
the AlignMe program(Khafizovet al., 2010)using a window size of 19 and Kypeolittle
scoring.Membrane topology predictions were generatediing 6 prediction programsSosui

(Hirokawaet al., 1998) HMMTOP(Tusnady & Simon, 1998YMpred (Hofmann & Stoffel,
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1993) ConPred I{(Araiet al, 2004) PHDhtm(Rostet al., 1995)and TMHMM (Kroghet al,
2001)

Sosui uses four parameters of primary sequence analysis: theDxgtittle hydropathy scale
(Appendix 2) an amphiphilicity indeXused to determine potential helix capping residyes)

amino acid charges artte length of each hydrophobic domain.

TMpred and PHDhtm make predictions by comparison of primary sequence to those of known
transmembrane protein.The TMpred algorithm uses statistical analysis of the TMbase
database which contains characterised topglomformation of transmembrane proteins.
PHDhtm topology predictions are based ugmmologous protein sequenceBirstly a BLAST
search is performed of the entered sequence against the SWISSPROT dafdraswlly a
prediction is made as to whether the tmed sequence encodes a transmembrane protein by
analysing the highestcoring putative TMD. Finally dynamic algorithms are applied to achieve

the most probable number, position and orientation of TMPlenet al., 2003)

HMMTOP and TMHMM use hidden Markov models with 5 and 7 state types respectively (such
as helix core composition, helix caps, short cytosolic loops, short and lorgytasolic loops)

to predict over all topology. Rather thamst taking into account absolute prediction values for
each residue and segment in turn, these programs generate the most probable model based

on overall sequencéMelenet al, 2003)

ConPredll compiles and averages data from numerous different prediction programs
regarding i) the total number of predicted TMDs and ii) the predicted position of TMDs to
achieve an overall predicted topology. Among others, this software uses outputs from SOSUI,
TMpred, TMHMM and HMMTORP.
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3.1 Introduction

Early studies determined that NS2 igranssmembrane protein which associategith ER
derived membranegSantoliniet al, 1995) Although the structure of the -@rminal sub
domain of NS2 (aa9317), termed the catatic domain, has been solved by-ray
crystallography(Lorenzet al, 2006b) the precise membrane topology of the mature NS2
protein remains unlear, specifically with regard to the number and position of ttens

membrane domainsTMD$ within the N terminal region.

The 92 amino acids comprising theédminal portion are collectively referred to as thmans
membrane domain. Analyses of thifomain, by topology prediction and dissection of the
cleavage events which culminate in the release of mature NS2, provided strong evidence that
aa 192 form three distincTMDs(Phanet al., 2009; Pietschmanet al., 2006) Cleavage of the
N-terminus of NS2from p7 occurs in the ER lumgarrereKremer et al, 2002) whilst
cleavage of the @rminus of NS2 from NS3 is thought to occur in the cytosol as NS3 has been
shown to localise to the cytosol and nuclei of infected c@gingtonet al, 1999)and recruits

NS4A to cleave the downstream viral protein junctiqfaillaet al, 1994; Grakoukt al,
1993a; Tomeet al,, 1993) Orientation of the Nand Gtermini to opposing faces of a lipid-bi

layer to allow the release of NS3 into the cytosol could theoretically be achievedsingla

TMD topology. Similarly, a single TMD would be sufficient if NS2 function was solely
dependent on anchorage to membranes. However, NS2 has known interactions with E1, E2
and p7 which are hypothesised to occur via inftambrane contactgJiraskoet al, 2010;
Popesciet al, 2011; Staleford & Lindenbach, 2011)f this hypothesis is correct, a triple TMD
topology may create a luminal loop capable of interacting with the glycoprotein ectodomains
as well as providing more opportunities for irtn@mbrane protein:protein interactions with

the TMDsof E1, E2 and p7. In contrast to these findings, there & elidence to support a

four TMD composition of N§¥amaga & Ou, 2002)

Work investigating the topology and membrane integration of NS2 from two different
genotype 1 strains (HEBK and HEJ) expressedn vitro, in the presence of canine
microsomal membranes (CMM), showed NS2 membrane association occurred iR a p7
independent, NS8lependent mannei(Santoliniet al, 1995) The group also described a 17
kDa fragment which localised to a protegz®tected environment when NS2 was expressed

in ciswith NS3 or as part of a polypeptide spanning theei@inal domain of E2 through to
NS3. Although these experiments wermprimarily conducted in celfee environments

supplemented with CMM, validation was provided using aluadled system, suggesting that
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the majority of NS2 resides within the membrane or lumen of vesicles or orgaggiesolini

et al, 1995) Subsequently, Yamaga and iamaga & Ou, 200®)und thatin vitro expressed
NS2 from a different genotype 1 strain W) also associated with membranes, even when
expressed separately from other HCV proteins and that thddnfith protein behaved as an
integral membrane proteinln vitro analysis of an NS2 deletion series identified two internal
signal sequences within peptides aaB0and aa 11951, whilst the introduction of synthetic
glycosylation acceptor sites led to the conclusion that residues 3, 50, 179 and 209 were
oriented tothe lumen of the ERYamaga & Ou, 2002from these observations, and a kyte
Doolittle hydropathy plot, a four TMD topology for NS2 was consequently proposed, with
both termini oriented tothe ER lumen and residues-28), (3457), (63110) and (119447)
containing membrane spanning domaif)¥samaga & Ou, 200Z2Jhe 17 kDa protease protected
peptide observed by Santolliat al., (Santoliniet al., 1995)was proposed to correspond to the
Gterminal domain of NS&vhich would correlate with the observations of Yamaga and Ou
(Yamaga & Ou, 2002yho predicted that the largest fragment of NS2 not exposed to
exogenous protease would be the residues aa219. This work has been questioned by the
solution of the catalytic domain by-ray crystélography, which has cast doubt on the
hypothesis of a four TMD topology and the orientation of théeninus to the ER lumen
(Lorenzet al,, 2006b) as discussed in sectidn8.1 In addition, a 17kDa peptide of NS2, based
on the HCWH sequence, would require the protection of either the first 152 residues of NS2 or
the Gterminal 157 residues (calculated) i.e. residue 61 onwards, making a four TMD topology
less likelyMore recently, several studies have proposed models predicting dl&&m three
TMDsbased upon primary sequence analy@ection 1.8.1), however little has work been

carried out to validate these models.

The role of p7 in confeing NS2 topology, as well as the sedlular trafficking of these two
proteins, is poorly understood. The signal peptide capability of tHeri@inal helix of p7
suggests that it may function as such in the HCV polyprotein to facilitate NS2 topology
(CarrereKremeret al, 2002) NS2 expressed alone has a diffuselilERdistribution, whereas
virusexpressed NS2 docalises with NS5A to lipid droplets by a mechanism that is dependent
upon the expression of functional p7 ams (Ma et al,, 2011; Tedburet al, 2011) It was also
demonstrated that NS2 partitioning to a triteresistant compartment was dependent upon
addition of signal peptid@7 to NSZHB replicongTedburyet al, 2011) A subpopulation of

E2p7 precursor has been shown to localise to the surface of isherwood & Patel, 2005)

and p7 is able to alter the pH of intracellular vesigd&zniaket al, 2010) yet the precise

cellular traffcking of p7 has not been described.

82



Chapter 3: NS2 Topology Analysis

A complementary reporter enzyme system utilising alkaline phosphatase (PhoA) -and
galactosidase i (gal) has been widely used in combination with the bacterial plasma
membrane to provide a complementary activity prefifor truncation fusions of bacterial
polytopic plasma membrane proteins. This combination of reporter was used in the initial
identification of many of tharansmembranedomains of the mammalian plasma membrane
proteins TAP1 and TARZoset al., 1999)

Placental alkaline phosphatase (PLAP) is expressed on the surface of mammalian cells and is
anchored to the membrane by a glycosylphosphatidylinositol (GPI) arfthioanovicet al,

1988) Secreted alkaline phosphatase (SEAP) is a modified form of PLAP in which the C
terminal 8 amino acids responsible for covalent additidrihe GPI anchor have been deleted
(Bergeret al., 1988) This results in trafficking of the enzyme to the cell surface and secretion
from the cell. SEAP is a hesble enzyme and several methods are available fa& th
detection of its enzyme activity. Enzyme activity can be determined using substrates that are
converted to colourimetric or chemliiminescent products and specific SEAP activity can be
obtained following heat inactivation of endogenous phosphatases. &#\Fherefore replace

PhoA in a dual reporteiusion system. SEAP possesses one confilNiglycosylation site at
N249(Endoet al., 1988; Le Det al., 2001)(Appendix 3and SEAP maturation has been shown

to be ERdependent as noftytotoxic levels of reagents that induce-B§&function(Hiramatsu

et al, 2006)and deoxynojirimyciDNJ), an inhibitor of the ER chaperone calneiximpair

SEAP enzyme actiyitNortonet al., 2005)

i -gal catalyses hydrolysis of-galactosides into monosaccharideBoth prokaryotic and
eukaryotic -gal is active in the cytosol and inactive in the oxidising environment of a bacterial
periplasm. The activity df-gal when anchored to the luminal face of the ER membrane is
unknown. Ifi -gal is inactive when orientateatthe ER lumen then it will complement SEAP as
part of a dual reporter system for the topological analysis ofrdsRient transmembrane

proteins.

The novel application of a SEARgal dual reporter system to assess the topology of an ER
transmembrane prtein was investigated by expression of a series-td#r@inal truncations of
NS2, in hepatocellular carcinoma (Huh7) cells. Thecslblar trafficking of NS2 and p7 was
also investigated by introduction of a consensus cleavage motithiatrans-Golginetwork
(TGN)-localisedfurin proteasebetween the HCV protein sequence and the reporter fusion

The truncation fusions were designed such that release of the reporter fusion frol@é
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protein sequence would only occur if the reporter was oriented te thmen and theHCV

protein sequence enabled trafficking to the TGN.
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3.2 Results

3.2.1 Sequence based analysis of NS2

The NS2 coding sequence from 9 different HCV isolates encompassing all 7 genotypes were
analysed for sequence homology. The NS2 amino acid seggiemere aligned using the
ClustalW2program(Goujonet al, 2010; Larkiret al, 2007) As the crystiastructure of the €
terminal catalytic domain (aa 9317) revealed no membrane spanning domdinsrenzet al.,

2006b) the attention of this study focused on thetBrminal 100 aaKigure3.1). The most
striking feature of these sequences was their relative hydrophobicity and in particular the
conserved stretches of hydrophobic amino acids (red) from ad34l(a 2987, aa 5157, aa

64-77 and aa 8®2. All domains were too small to form a typieahelical TMD (>16 residues)

in isolation, suggesting that membraispanning domains of NS2 may contain polar residues

which could be involved in intramembrane interactions.

Residues 562 and 7681 contained highly conserved or synonymous residues, indicating that
they may form interaction motifs or key structural features, witlgions proximal to the N
terminus and residue 27 also showing high degrees of sequence conservation. lorafiditi
conserved prolines, with disrupthelical structures, noted at positions 24, 53, 73 and 89 could

represent TMD boundaries.

HCV sequences were also aligned with the corresponding coding sequence from the two
closest genetic relatives to HCV: canhepatitis virus (CHV) and GB virus B (8BWIthough

GBVB NS2 was 9 amino acids shorter than HCV NS2, the catalytic domain showed a high
degree of homology; with H134, E163 and C184 which form the catalytic triad being conserved
across viruseqKapoor et al, 2011) In contrast, despite showing similar degree of
hydrophdbicity, the Nterminal domain of GB¥ NS2 has markedly less sequence homology
with that of HCV. The NS2 coding sequence of the recently characterised CHV sequence
(Kapooret al, 2011)was the same length as HCV NS2 and sequence alignment highlighted a
greater level of sequence homology between these viruses than betweenahilC'GBWB. A

similar pattern of hydrophobic and hydrophilic sections, as well as two small clusters of
conserved residues around aa 26 and 35, were evident withiriréimess-membrane domain of

NS2 from HCV and CHV. It should be noted that to date onlyisoete of CHV has been
submitted to the European HCV databasuti://euhcvdb.ibcp.fr/euhcvdb) so this isolate

may not be representative.

85



la-H77 LDTEVAASCG GVVLVGLMAL TLSPYYKRYI SWCMWWLQYF LTRVEAQLHV
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Figure3.1 Alignment of the NS2 amino acid sequence from a graipepresentative

genotype isolates.

The NS2 coding sequences of 9 HCV isolates from different genotypes were aligned for
sequence conservation. Residues are coloured to denote biochemical properties: hydrophobic
(red), polar (green), acidic (blue) andsia(magenta). Sequence alignment from the closest
genetic relatives to HC¥ canine hepacivirus (CHV) and GB virus B {&Bare also shown.
Circles below residues denote: conserved residue throughout HCV sequences (black), residues
conserved between HCAhd CHV (orange) and residues conserved between all three viruses
(white). Amino acid numbering is shown above the alignments; isolate genotype and reference

name are shown to the left.
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The protein sequence for NS2 was also analysed for hydropé&igyré 3.2) using Kyte
Doolittle scoring (Appendix 2lFrom this analysis it is evident that thetdfminal ~30 residues

form a hydrophobic domain consistea TMD. A second hydrophobic domain is formed by
residues ~350, although this is not sufficiently hydrophobic to be predicted as forming a TMD
by this method as it does not reach a peak hydrophobicity of Th& could be indicative of an
amphipathic lelix i.e. one that lies parallel to the membrane with a mmiar face that
interacts with the membrane and a polar face that is solvent exposed. It is also possible that
this domain forms a predominantly hydrophobiehelix with polar residues that arevnolved

in forming intramembrane interactions. These possibilities have been previously noted for the
corresponding domain of NS2 from the Conl isoldieaskoet al, 2010) A third extended
domain of hydrophobicity was calculated from approximately residue 70 thréoglesidue

110, within the catalytic domain, and forming two distinct shouldéreis domain is long
enough to form two TMDs or, as it extends into the catalytic domain, a single TMD the leads

into a hydrophobic, membranrproximal domain of the catalytidomain.

The amino acidaa)sequence ofIFHL NS2 was used as theference forsequence analysis

The JFH isolate is able to undergo a full round of infectivity in cell culture allowing for the
potential to directly translate observations from protein expression studies into theléuigth

virus systemand so was the focus of this studihe JFH. NS2 amino acid sequence was
analysed using 6 topology prediction programs. The outputs from these programs are
summarisel in Table3.1. The programs use varying methods to prdict protein topology. SOSUI
uses a set of 4 fixed scales to analyse primary sequérdpred and PHDhtm are dely
based upon comparison with known and homologous sequences from charactérdses
membrane proteinsHMMTOP and TMHMM use hidden Markov models taking into account
several factors based on statistical bias determined by analysis of the primary peptide
sequences of characterisalans-membrane proteins. ConPred Il analyses outputs from 5
different programs for eukaryote protein topology, combines the 4 most similar and
dynamically refines a modeif the highest probability. More detail is provided in Meds

section2.2.7.

Every program used predicted NS2 as a polytopic membrane protein comprising three or four
TMDswith the NG SN A y dza 2 NR Sy (itie lextragéllolzi @ Diminakadcediof & ligid 2 y
bi-layer. Consistent with the previous predictioftetailed in sectiorl.8.1 Figurel.9) (Jirasko

et al, 2008; Pharmt al., 2009; Pietschmanet al., 2006) all but one of the programs predicted

a membranespanning domain within aa33. Two less consistently identified sequences (aa
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aa 93 - Start of

catalyticdomain
1 — JFH1 (2a)
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Hydropathy Scale
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NS2 amino acid numbering

Figure3.2 Hydropathy analysis o§FHL NS2 protein sequence.
Analysis was carried out using the AlignMe software using-Bgtdittle scoring(Appendix 2)
and a window size of 19. Stretches of sequence scoring higher than 1.8 are consistent with

membrane spanning domains.

TMD 1 TMD 2 TMD 3 TMD 4
Sosui 7-29 31-53 64-86 96-118
HMMTOP 15-39 69-93 98-116
TMpred 5-24 28-48 62-80
Model |
TMpred 7-26 29-46 60-77 82-98
Model I
ConPred Il 7-27 29-49 65-85
PHDhtm 5-22 29-48 63-86
TMHMM 9-33 64-88 119-140
Consensus |7-27 29-49 63-86

Table 3.1 Defining acomputer modelfor the membrane spanning domains of NS2 using
topology prediction software.

7 topology predictions foJFHL NS2were obtained using programsshown on the left.
Comparable domains pdicted to a section of sequence are shaded. An inferred consensus
computer model for NS2 topologg shown (Consensus). All programs used predicted the N

terminus to be orientated to the luminal/ extracellular face of a membrankayer.
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2853 and aa 6®3) were also predicted to contain membraspanning domains. From these

data aconsensusomputer model(hereafter referred to aghe W2 Y LJdz{l S NJorNSR St Q0O
topologywas inferred, which defined three putativEMDsbetween positions 27, 2949 and

63-86. The computer model was roughly determined lye asamino acid sequences
predicted to form membrane spanning domaify the majority of the programsThe
computermodel placed the Nlerminus on the luminal side dhe ER membrane with the-C
terminus oriented to the cytoso(Table 3.1) The predicted orientation of the termini to
respective sides of the ER membrane was consistent with the known cleavage events that

release mature NS2.

The computer modelpredicted N to form a tight, cytosolic hairpin loop between the first
and secondrMDs Thecomputer modelalso defined a short luminal loop of approximately 15
aa between the second and third predictddDs Half of the programs utilised predicted a
TMD within the Nlerminal portion of the catalytic domain, however the position and length of
the domain was inconsistent. Therefore thbemputer modeldid not include the prediction of

a TMD within the catalytic domain.

The prediction of a TMD within the catalytic doméi some programs was consistent with a
previous report(Yamaga & Ou, 2002nspection of thexray crystal structure of the catalytic
domain suggest it is likely due to misinterpretatiohextended hydrophobic stretches shown
to form ordered structural domain@orenzet al, 2006b) Together, thecomputer modeland
previous experimental observations strongly suggested that NS2 contairied (Figure
3.3A).

3.2.2 Development of an NS2 dual reporter -fusion system

Topology analysis was undertaken using a seriestefriinal truncations of NS2 from the
JFHL isolate expressed as fusions to a reporénzymelt was hypothesised that progressive
Gterminal truncations through a polytopic membrane protein would result in changes to the
orientation of the reporter about the ER membrane as singiéDswere removed from the
sequence Figure3.3B). The activity of a -€@&rminally fused reporter molecule should enable
the identification of NS2 truncations that orientate theirt€@minus to the ER lumen by
assessing thenzymeactivity of thereporter fusion. A complementary dual reporter system
was designed using SEAP angal. t was anticipated thaSEAP would be selectively active if

orientated to the ER lumen andgalwould be selectively active in the cytosol.

Gterminal truncations of NS2 were generated such that they would terminate NS2 sequence

either within or between predictedMDsdefined by thecomputer mode(Table3.1). Reporter
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A B

Cytosol

ER lumen

Figure3.3 Model of predicted NS2 topology and principle oft€rminal truncation mapping.

(A) A cartoon of NS2 modelled onto a lipidldyer. TMDs are shown as cylinders and key
residues arenoted. Residues marking the TMD boundaries are noted (green bofs)
Topology mapping of-€@rminal truncations of a polytopic protein fused to a reporter enzyme
(R.E.) result in rerientation of the Germinus about the membrane. The-t&rminus (N)

remains oriented to one side of the membrane.
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fusions to SEAP (S) brgal (B) were numbered-10 in order of the magnitude of the
truncation being made: S1 contained fldhgth NS2, S9 contained the shortest section of NS2
sequence (the Merminal 27 resdues) and S10 contained no NS2 sequence. A schematic

outlining the NS2 truncation SEARIons is shown iRigure3.4.

Taking into account the ambiguous role of pNS82 topology and subcellular trafficking; the
Cterminal NS2 truncatiolS8EAP fusions were encoded dis with p7 and the ERlerived

cognate signal peptide, collectively termed signal peppdeor SPp{Tedburyet al., 2011)

To determine whether p7 and NS2 traffic via tBelgi,viral protein sequences were separated
from reporters by a cleavage motif specific for furiim more thoroughlycharacterise the
trafficking of p7 within the celithe Cterminal residue of p7 (pA63 was mutated to proline

in the S10 background and the resulting mutant termed FHigufe3.4). In line with this
another mutant of S10 was designed containing a mutation to the consensus furin cleavage
site, whereby the first arginine of the motif-R(R/K}YR was mutated to alanine and the
resulting construct termed S12. A doubteutant was also generatedS13. As it was feasible
that mutations predictedn silicoto abrogate peptidase cleavage may not function accordingly
in tissue culturean additional construct was generated whereby SEAP was encoded
immediately downstream of $F without an intervening furin cleavage motif site and where
the Gterminal amino acid of p7 was also deleted and ternm&@. The p7 trafficking mutants
were not generated in the -gal background as the reporter was predicted to be inactive in

these congtucts.

3.2.3 Characterisation of SEAP control reporters

To verify the use of SEAP as a reporter enzyme it was necessary to demonstrate that wild type
(wt) SEAP, expressed from the pSEAP control vector, was active and secreted from cells.
Conversely it was necemy to confirm that if SEAP is orientated to the cytosol rather than the

ER Ilumen the opposite would be observed. To this end asecreted form of SEAP was
generated by cloning the sequence encoding SEAP but lacking-tdrenMal signal peptide
sequenceinto pcDNA3.I+) ¢ KA & O2y a i NHz28OMBE &SR SINVEIRt AWS Yy
(nsAP) Eigure3.5).

COS7 cells were transfected with pcDNASB)filasmid (vector) aine, pSEAP (wt SEAP) or nsAP

and the reporter phenotypes assessddhe vector pcDNA3.1(+) was used as the backbone for

Fff y2@0St O02yaidNuzOia RSAaONAROSR Ay GKAA OKI L
Ff2ySQ FYR 61 & dzaokBhzyméactivity weS Bdteimingldy a8 ssing\dell
lysates and culture supernatants for SEAP activity by cheminescence assaffifure3.6A).
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Figure3.4 Schematic of NSSEAP fusion truncation series.

Schematic representation of the expression constructs are shown alongside predicted
membrane topology and reporter orientation about the membra@anstructscomprise p7
along with the Ezlerived cognate signal peptidé€SPp7) lflue), NS2 sequencee) and
secreted alkaline phosphatise (SEAP) reporter fusgree(). Terminatingresidue of NS2
sequenceis noted above each construct. FL refers to full length.NB#nenclature of
constructs is noted to the left of each fusion construct. The predicted topology the SEAP
reporter is represented either by an empty ellipsoid (inactive) or a green ellipsoid (active)
denoting the predicted enzyme activity of the reportekpressed from the fusions. Signal

peptidase and furin cleavage mutations (A63P and mfur respectively) are indicated.
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Secreted
Plasma Active
Cytosol membrane
No signal peptide SEAP @
(nsSAP) “%ﬁ
Not glycosylated %@
Inactive %
%

Golgi

Modification of glycan chain
Endo H resistant

Active

ER

Signal peptide SEAP
(wt SEAP)
Glycosylated

Endo H sensitive
Activity unknown

Figure3.5 Schematic diagram showing the maturation of SEAP.

Wt SEAP is translocated the lumen of the ER by recognition of the signal peptide by the
signal recognition particle (SRBjgnal peptidase releases the enzyme domain of SEAP from
the membrane and oliggaccharyltransferase (OST) glycosylates SEAP at asparagingt249
SEAP igafficked to thetrans-Golgi network (TGN) where the glycan group is modified prior to
secretion of the mature protein. Modification of the glycan moiety to a more complex or
hybrid saccharide chain renders it insensitive to endoglycosidase H (Endati)emne. SEAP
lacking an Nerminal signal peptide (nsAP) is not targeted to membranes and is therefore not

posttranslationally modified or functionally active.
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Figure3.6 Enzyme activity of SEAd®ntrol reporters.

SEAP activity was determined by chdmizY A y SAO0OSy O0S | daal e dzaiay3a i
COS7 cells were transfected with 1ug pcDNA3.1(+) (vector), pSEAP (wt SEAP) or pcDNA3.1
nsAP (nsAP). Cell lysates and culture supernatants were edllef@h postransfection.
Endogenous alkaline phosphatases were inactivated by heating of samples at 65°C for 10 min.
(A) Chemiluminescence signal was monitored for 2 hr after addition of substrate. Eatich
intracellular enzyme activities are plottednoopposing axes. Peak enzyme activity was
achieved approx. 220 mins after substrate additionB)f Peak extraand intracellular SEAP
activity. Measurement of cheriuminescence was initiated 10 min (T=10) after addition of the
substrate (T=0) whereby rdmgs were taken every minute for 10 min (T=20). Values
represent mean of values for a sample taken between T=10 and T=20. Where possible, each
sample was assessed in triplicafehe numerical meanare shown and @sitive standard
deviations were calculate and included for each sampl@Oul of culture media or 5% cell

lysate were used. Enzyme activity is shown in relative light units (RLU).
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Cells expressing wt SEAP had high levels of extracellular SEAPwithivityracellular activity
approximately20-fold lower. Cells transfected with empty vector or nsAP showed neither
extra- nor intracellular activity. Monitoring of reactions for 2 hours after addition the substrate
revealed that the intracellular cheruiminescence signal peaked 8 minutes aftabstrate
addition and at 19 minutes after substrate addition for extracellular SEARIre3.6A). To
expedite data collection measurement of chelmininescence was itiated 10 minutes (T=10)

after addition of the substrate (T=0) whereby readings were taken every minute thereafter for
10 minutes (T=20). Values therefore represented the mean of 11 readings per sample taken

from T=10to T=20(Figure3.6B).

3.2.4 Expression of SEAP fusions in mammalian cells

NS2SEAP fusions were initially expressed in the hepatocellular carcinoma cell line Huh7.
However, due to poor expression levels thencations were subsequently expressed in €0OS
cells. COS cells contain the SV40 large T antigen which enables episomal replication of
transfected plasmids that contain the SV40 origin of DNA replication within mammalian cells,
leading to enhanced expssion of recombinant proteins. Analysis of equal amounts of cell
lysate by SDS PAGE and immunoblotting for SEAP revealed that all fusion proteins were
expressed, but at varying levelBidure3.7). This was confirmed by probing for the vector
encoded neomycin phosphotransferase (NPT) as a measure of transfection efficiency, and the
cellular protein glyceraldehyd&-phosphate dehydrogenase (GAPDH) as a loading coNtedl.

levels were relatively constant indicating that the discrepancy did not arise as a consequence
of unequal transfection rates and GAPDH levels demonstrated that protein loading was
consistent and that none of the constructs were noticeably cytotoxie. iector encoding wt

SEAP did not encode the NPT resistance gene. Fusion peptides that included NS2 sequence (S1
S9) were detectable at significantly lower levels than those where NS2 was not presert (

and S16513). Fullength NS2 has a molecular maxfs23 kDa and the SEA®active species

seen for S1 migrated at a slower rate equivalent to an increase in size of approximately 20 kDa
over wt SEAP. The altered migration of the M8&taining fusions in comparison to wt SEAP
was consistent with the regetive NS2 sequences remaining fused to the repoltgsates

were not clarified prior to analysis by SDS PAGE because up to 50% of NS2 has been shown to
associate with detergent insoluble lipidfts when expressed in a replicon also containing

SPpATedburyet al,, 2011)

3.2.5 Expression of NS2-SEAP fusionsin vitr o
Since the consistent expression of NPT had already excluded transfection effiageiog

cause ofdw fusionprotein expression levels se@amsomeof the constructs it wasimportant
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Figure3.7 Expression of NS3EAP fusions in COS7 cells.

COST7cells were transfected with NSZEAP fusion series armlls harvested 48h post
transfection Fusionprotein expression levels were determined by probing for SteA&wving
separation by SDS PAQEansfection efficiency wagugedirom levels otthe vecbr-encoded
neomycin phosphotransferase Il resistance gene (NPT). The cellular protein glyceraleihydes
phosphate dehydrogenase (GAPDH) was used as loading corgoshr alone, wt SEAP and
nsAP were separated on both gels for comparisbhe vector encoidg wt SEAP did not

encode NPT. Molecular weight markers (kDa) are shown to the left.
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to determine whether there weraunequal levels of transcription or translatiacross the

panel of constructsTo investigate this; equal amounts edchplasmid were dded tothe
coupled transcription and translation (TNT) reactions supplemefitesis**Slabel containing

with **S methionineand *S cysteine. Transcription fronthese constructsin vitro was
facilitated by the T7 promoter encoded by the vector. TNT lieastproceeded for 90 minutes

at 30°C before termination through the addition of ribonuclease A (RNasdh®.kevels of
radiolabelled amino acidsicorporatedprotein were determined by separation of samples by
SDS PAGE followed by autoradiograptigure 3.8). The reporter fusions migrated
corresponding to the varying size of the NS2 sequence encoded by each construct. In this
context wt SEAP and nsAP would be expected to run at similar sizes as neither reporter should
be posttranslationally modified, although thigould not be demonstrated. The vector
encoding wt SEAP did not contain a T7 promoter site and so could not be used in this system.
SPp7 should have been present as part of the precursor polyprotein as no signal peptidase or
furin were present inthis sysem. A slightlyretarded migration of the p7SEAP fusions (S10

S13) in comparison to the nsAP control was evidence ofRigsire3.8).

Trans**Slabel includes radidabelled methionine and cysteine which are incorporated in
growing peptide chains and enable their detection by autoradiogragkly of the fusions
appeared to express to similar levels, with the possible exceptions of S2 and S5 which gave less
intense sigals which could not be explained by the different number of methionines and
cysteines encoded by the constructiqure3.8). From this it was concluded that thewo
expressionlevels in COS7 cells of the NS®&tainingfusionsin comparison to the pBEAP
fusionswas not due to poor transcription or translation from the plasmids. Rather it was likely
that observed phenotypes were a result of differential stabilityh® resultant proteins, either
caused by specific targeting motifs present within NS2 or due to recognition of incorrectly

folded proteins by cellular quality control mechanisms

3.2.6 Enzymatic activity of NS2 -SEAP fusions

Cells expressing the NSEAP fusio were assayed for extraand intracellular SEAP activity
(Figure3.9). The fusion peptides examining p7 traffickingd, 811, S12 and S13) are discussed

in section3.2.11 Wt SEAP showed high levels of SEAP activity both exidaintracellularly.

Cells transfected with the nesecreted form of SEAP, nsAP, or vector aloneumakbtectable
enzyme activity. S10.e. SPpSEAP,displayed extracellular levels of reporter activity
comparable to wt SEAP and intracellular levels slightly reduced in comparison with wt SEAP. S9
was the only NS2ontaining fusion that repeatedly showesignificant extraand intracellular

enzymatic activity above that of background i.e. nsAP or vector alone. Atawgining
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Figure3.8 In vitro translation of NS2SEAP fusions.

NS2SEAP fusiawere expessedin vitro using a coupled transcription and translation system

in the presence of°S radiolabelleémino acidsReactions were incubated for 90 min at 30°C.
Samples were separated by SDS PAGE and reaction products detected by autoradiography.
250ngof plasmid DNA was used per reactidolecular weight markers (kDa) are shown to

the left. nsAP and S1 were loaded on both gels for size comparison.
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Figure3.9 Reporter activity of NSSEAP fusions.

COS'ells were transfected with NSEAP fusion series aggtra- and intracellular reporter
enzyme activitydetermined bychemiluminescent assay using CDPStar substrate. Each sample
was assayed in triplicate, numerical means were plotted and standard densatfmwn. Assay
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fusions (S4S9) were expressed at comparable levels, although expression was significantly
reduced compared with S10, nsaRd wt SEAP. In light of these findings, télkative inactivity
of the reporters within the NS2ontaining fusions S$8 compared with S9 cannot be

attributed solely to sukbptimal levels of expression.

Unfortunately, no information regarding NS2 topgio could be inferred directly from the
reporter activity. However, as it is not known at what stage during maturation SEAP becomes
active it is possible that NS2 sequences oriented the reporter to the ER lumen but undefined
trafficking signals preventeddfficking of the fusion proteins through the secretion pathway

and thus prevented activation of SEAP.

SEAP is a characterised glycoprotein and iniidtition of a core oligosaccharide
(GlgMansGIcNAg), to an acceptor asparagine on a nascent protein by
oligosaccharyltransferase (OST), occurs in the ER lumen. Upon trafficking to the Golgi, glycan
chains are modified to produce highannose, complex or hybrid oligosaccharide chains.
Endoglycosidase H (Endo H) removes only high mannose and some hybisdasligoides
whereas PeptideN-Glycosidase F (PNGase F) cleaves nearly all typeknéked glycan chains
except those containing corel-3 fucose(Tretteret al,, 1991). If an NS2 truncation orients the
Gterminus to the ER lumen but prevents trafficking through the secretory pathway, the
reporter should be glycosylated and thus sensitive to Endo H. Therefore the glycosylation
status of wt SEAP and nsAP was assefsethe potential investigation of topology using
glycosidase treatment. To exclude the possibility that any NS2 truncation was enabling
modification of the SEAP glycan chain to an Badesistant form but were still sequestered in

an inactive form; PNGa F sensitivity was also assessed.

3.2.7 Validation of wt SEAP as a glycosidase reporter

The activity of Endo H and PNGase F were confirmed using the HCV envelope glycoprotein E2.
E2 is well characterised and contains 11 potenhdinked glycan acceptor¢Goffard &
Dubuisson, 2003)Lysates from Huh7 cells electroporated with -fatigth JFHL RNA were
treated with both glycosidase$igure3.10A). A protein species at ~58 kDa was detected in
untreated samples (E2) using the aB& monoclonal antibody. Upon treatment with Endo H

and PNGase F this species was lost and replaced byrotgin species equivalent to ~36 (E2*)

and ~34 kDa (Bf, respectively. This pattern corresponds to the cleavage of the 1% high
mannoseN-linked glycans within the core of the chains and the complete removal of the
glycans respectivelStapleford & Lindenbach, 201The 30 kDa protein species was thought

to be a nonspecific host protein.
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Figure 3.10 Functional confirmation of glycosidases and glycosylation state of SEAP
expressed from reporter control constructs.

(A) Functional activity of Endo H and PNGase F was confirmed using HCV E2 glycoprotein.
Huhr cells were harvested 72 hr pesliectroporation with full length JFH virus. Lysates were
denatured for 10 min at 95°C prior to incubation with indicated enzyme for 3 hr at 37°C.
Samples were separated by SDS PAGE and the glycosylation sensitivitgetérE@ned by
immunoblotting with antiE2 antibody (AP33 clone). E2 was completehglgleosylated with
PNGase F (Hpand partially deglycosylated with Endo H (E2*B) (Glycosidase sensitivity of
extra- and intracellular SEAExpressed from control véars. COS7 cells were harvested 48
hours posttransfection. Extracellular proteiwas obtainedfrom acetoneprecipitatedculture
media resuspended in lysis buffe@EAP was detected using aRtiAP antiserum (Abcam).
Lysate from untreated nsAfPansfectedcells was used as a comparator for vector alone (Pos.

C). Molecular weight markers (kDa) are shown to the left of SRSE gels.
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Next, the intra and extracellular glycosylation states of the control reporter enzymes were
determined. SEAP possesses twaitgtive N-linked glycan acceptor sites, although one is
thought to be glycosylated in mammalian celle Duet al, 2001) (Appendix 3. To allow
detection of proteins secreted into the culture media, one quarter volume of culture
supernatant was acetone precipitated and resuspended in lysis buffer in an equivalent volume
to that used for harvesting the cellular fraction. Samples were treated with Endo H and
PNGase F and analysed by SDS PAGE and western blotting for the SEAP reporter using an anti
PLAP antibodyFHgure 3.10B). A SEABpecific species was observed in extracellular and
intracellular wt SEAP samples but only in intracellular nsAP samples. Ne@&iEhie species

was detected in vector control samples as compared with an untreatgdcellular nsAP
control sample (Pos C.). A slower migrating -spacific protein species was observed in
intracellular empty vector samples on higher exposures. Intracellular wt SEAP was susceptible
to both glycosidases whereas extracellular wt SEAP amis deglycosylated by PNGdse

Protein expressed from the nsAP control vector was insensitive to both glycosidases.

The glycosylation and secretion patterns for wt SEAP and neAPBlated to the enzyme
activity data (Figure 3.9) and were consistent witha previous investigation which
demonstrated that secreted SEAP was Endo H resistant but PNGase F s@baitise1993)
Together these observations confirmed that the enzypneduced by the nsAP construct was
not oriented to the ER lumen and consequently not glycosylated (as demonstrated by

insensitivity to glycosidases and a similar migration to glycositteated wt SEAP).

To validate the application of glycosidase treatrneh SEAP to an NSdsion system it was

first necessary to determine the sensitivity of NS@ressed alontéo Endo H and PNGase F. C
terminally FLAGagged NS2 (JFH was expressed in COS7 cells and lysates analysed by SDS
PAGE and western blotting, amdobed using antibodies raised against IFNS2 and the
FLAG epitopeHigure3.11A). Four protein species were detected using the &2 antibody
(Figure 3.11A left panel) but only two prominent protein species were detected when the
same membrane was #grobed for the FLAG epitopd-igure 3.11A right panel), with the

larger species in each casmiesponding to fullengthNS2.

Glycosylation of p7 has not been reported in any context and in the proposed refiosien
system the p7/NS2 jution would be maintained for all NSEAP fusions allowing cleavage by
signal peptidase, thus p7 should not form part of the mature SEAP fusions. Taking these
into account, and combined with the technical difficulties of reliably detecting p7, the

glycosidase sensitivity of p7 was not determined.
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Figure3.11 Glycosidase treatment of fullength NS2.

(A) Expression of@rminally FLA@agged NS2 (JFH. Lysates from untransfected COS7 cells

or cellstransfected with NSFLAG were separated by SDS PAGE and NS2 was detected by
immunoblotting using artNS2 polyclonal antisera (left panel) or M2 aftiAG monoclonal
antibody (right panel).B) Protein species were labelled to the right. Lysates from Q@&7
transfected with NSTFFLAG expression construct were treated with Endo H and PNGase F.
Samples were immunoblotted using rabbit ah&2 antibody (top panel) then-probed with

mouse antiFLAG antibody (bottom panel). Samples were collected 48 pmstdransfection.
Molecular weight markers (kDa) are shown to the leff) Schematic representation of
possible NSELAG degradation products. NS2 sequence (green) with FLAG epitope (blue).
Speculative Merminus of tNS2 was placed at aa 30. Predictedsea for each fusion peptide

are shown to the right.
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The migrations of the four NSecific protein species were unaltered upon treatment with
either glycosidase, indicating that NS2 was Neajlycosylated Kigure3.11B). Thus glycosidase
sensitivity of an NSSEAP fusion could be deduced to be the result of a -SgédHfic
glycosylation event and therefore provide a means of determining ther@inus orientation

of the NS2 sequence within the fusion.

Several groups have reported a truncated form of NS2 (tNS2) detectable using polyclonal NS2
antiserum which migrates at ~18kDa. Corresponding truncations were observed when
expression of tagged NS2 confirmed using aibs directed against-terminal tag epitope

but not against Nerminal tags. The nature of tNS2 has not been determined but it is likely to
be the product of a specific cleavage event in the vicinity of aa 35 of NS2. Furthermore, as NS2
is responsible focatalysing the cleavage of the NS2/3 junction it is possible that NS2 catalyses
the cleavage of nomative sequences i.e. a ndiS3 sequence, from the NSZgdminus. It

was therefore proposed that the four protein species corresponded tadotith NSZFLAG,
full-length NS2, INSELAG and tNSEigure3.110).

Alternatively, as NS3EAP showed no evidence of auteavage Figure 3.7 lane 5) it is
possible that the fusions were subjected to repecific cleavage by cellular proteases within
the linker sequence, causing the pattern describedrigure 3.11C This appears to be a
common phenomenon encountered with reporter fusions and has recently be noted by
Popescuet al., for YFP (Venus yellow fluorescent protehtdgged NS2 anFP Cerulean
fluorescent proteintaggedp7 (Popesciet al,, 2011)

3.2.8 Glycosidase sensitivity of NS2 -SEAP fusion proteins

To investigate whether any NS2 truncations orientated the reporter to the ER lumen, the
sensitivity of the panel of fusion preins to glycosidases were determinegséatesfrom cells
transfected with SEAP reporters were treated with Endo H and PNGdsgure@.12). As

shown previouslyFigure3.10) wt SEAP was sensitive to both glycosidases as characterised by
a reduction in size of ~2 kDa by SDS PAGE corresponding to the removal of a glycan chain,
whereas nsAP results showed no evidence of glycosylation. AEAP fusions (SB13 and

N c)owere sensitive to both glycosidases. Of the NS2 containing fusions only S6 and S9
appeared to facilitate glycosylation of the reporter. Two distinct proteircgggewere detected

in the untreated samples for S6 which migrated to just under and just over 58 kDa respectively
(Figure3.12). Upon treatment with either glycosidaghe protein remained unchanged in size,
although somewhat reduced in intensity. This protein was thought to represent specific

protein as it was also detected in vector only transfected cells. The smaller protein species was
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Figure3.12 Glycosidase sensitivity of NSZEAP fusions.
Lysates from COS7 cells expressing the-B&2P fusions were treated with Endo H and

PNGase FCells were harvested 48h pesansfection. Molecular weight markers (kDaga

shown to the left.
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noticeably shifted down indicating the complete removal of a higgdnnose glycan chain from

all fusion peptides. A third protein appeared upon glycosidase treatment which was smaller
still; however, the nature of this protein was noear. While wt SEAP andc were efficiently
de-glycosylated by both enzymes,-S23 showed varying degrees of sensitivity to Endo H and
PNGase F. All untreated samples contained a single predominant protein species. Two species
of varying prominencevere detected in treated samples: one of a similar weight as the
untreated sample and one slightly smaller, equivalent to a reduction in molecular weight of ~2
kDa. Interestingly, a further species was detected at a low level of expression in the untreated
sanples that corresponded to the prominent dgycosylated form of the reporters. This may
represent an unglycosylated population of the fusion proteins, possibly caused by inefficient

glycosylation of the cryptic glycan acceptor site.

Collectively tle data suggests that NS2 forraghree TMD topology witthe N- and Gtermini
oriented to the lumen and cytosoéspectively anda luminal loopn the vicinity of residue 7.0
The glycosylation of S9 suggests that either the first 27 residues o€a®dtfunction asa
TMD in this system, or thalhe residuedo notcompletelyrepresent the first TMD of NS2.

3.2.9 Analysis of reporter activity in NS2 -1 -galactosidase fusions
To determine whether the use 6fgal as part of a dual reporter system could be extenfied
the study of ERtransmembrane proteins by displaying localisation dependent enzyme

activity; a control reporter construct was also generated where the signal peptide encoded

within the SEAP reporter vector was generated as an -oligdeotide and insrted upstream
ofthewti-3 f O2RAYy3A aSljdzSyOSoi-aKiKaAz @OR2a almN20m T2 N
orientate the enzyme into the ER lumen. The same NS2 truncations used in tHeBER82

fusions Figure3.4) were generated as-terminal fusions td -gal and termed B¢, B10.

NS2i -gal fusions were expressed in COS7 cells and assességsifor protein expression
levels and reporter activity by colorimetridO-nitrophenyh -D-galactopyranoside(ONPG)
solutionbasedassay and-Bromo4-chloro-3-indolyH -D-galactopyranosid€X-gal stainingof
fixed cells Figure3.13). All NS2 -gal fusions showed reporter activity to varying degrees by
both enzyme functionality methods. The specificity of the assaysi fgal activity was
confirmed by a completely negag response from cells transfected withctoralone. Enzyme
responses in the ONPG and)d staining assays appeared to mirror fusmotein expression
levels, which matched the previously described SEAP fusions in that akelj&ihce
containing fusios were detected at lower levels than controls and the B10/S10 fusion.

Unfortunately, as the SRgal control reporter displayed positive enzyme activity in both
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B-galactosidase ONPG assay
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Figure3.13 Expression and reporter activitgf NS2i -gal fusions.

COS7 cells were transfected danplicate with NS2 -gal fusion series48h posttransfection

cells were either; lysed and used to determine reporter activity by ONPG colorimetric assay
(top graph)and fusion expression by immunoblottingniddle three panels)pr; fixed and
incubated with Xgal reagent(bottom row of panels) Lysates were incubated for 10 min in
ONPG reaction mixture at 37°C. Absorbance was read at 420nm. Fustein expression

levels were determined by probing fdr-galactosidaseTransfection efficiency wagauges

from levels ofthe vectorencoded neomycin phosphotransferase Il resistance gene (NPT). The
cellular protein glyceraldehyde®phosphate dehydrogenase (GAPDH) was &seal loading
control. Molecular weight markers (kDa) are shown to the left. Fixed cells were overlaid with
X-gal reagent and incubated for 16h at 37°C. Cells were viewed microscopically and imaged
using a Digital Sight fSM 6 b A {1 2y 0 ® / -Gatadtasidadelnétivityl stath&d b2 NJ |

Representative widdield images are shown.
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formats no further information could be discerned regarding fusion protein topology from

analysis of enzymatic function.

Low resolution sparation of cell lysateby SDIAGE indicatethat SPi -gal ran slower than

wt i -gal. This could represent irregular folding in the ER lumen or anatime post
translational modification, such as the addition of a glycan chain to a cryptic glycosylation site.
As enzyme function was rimtained for it is unlikely that folding differed significantly from wt.

B1 migrated as a doublet with the larger protein appearing to correspond to théength

NS2i -gal fusion, and the smaller possibly representing a cleavage event product near the
NS2/ -gal junction, as it migrated faster than the other fusion peptides and at a similar rate to
SP -gal.

3.2.10 Glycosidase sensitivity of NS2 -1 -galactosidase fusions

i -gal isa cytosolic protein and so is not glycosylated under normal conditions. Analytkis of

i -gal sequence identified 4 possibielinked glycan acceptor siteggpendix 3; two of which

were predicted with a high probablility to be glycosylated of oriented to the ER luifn.
investigate whether this apparent gain in molecular weight was tduthe glycosylation of a
cryptic glycan acceptor site, lysates from COS7 cells transfected with the-¢&bZusions
were treated with Endo H and PNGase F and analysed by SDSHF\@EE3.(14). Samples
were run for longer than in the initial expression profileigure 3.13) to achieve better
separation. As expected wtgal migrated as a single protein that was unaltered by treatment
with either glycosidase. Surprisingly, theiS@al control migrated as two distinct species, and
the more intense larger species was lost after treatment withhbenzymes. Concomitantly,

the smaller protein became more intensgonsistent the SEAP fusion data; the only-Ngal
fusion that displayed sensitivity to glycosidase treatmemas B6 Unlike the corresponding
SEAP fusion, B9 did not show signs of haligen glycosylated. B10, which encodes p7 as a
fusion to -gal with no intervening NS2 sequence, also showed sensitivity to glycosidase
treatment. As with the SP-gal control, untreated B6 and B10 appeared to migrate as doublets
but were reduced to singlprotein species with the loss of the higher molecular weight protein
after treatment with either enzyme. This pattern was indicative of only a-mpulation
having been glycosylated and was consistent with the SEAP fusions, in that truncation of NS2

at residue 70 resulted in orientation of the artificial NS&€ninus to the ER lumen.

3.2.11 Analysis of p7 trafficking
As describedn section3.2.2 a series ofS10derived mutantswere generated to enable the

examination of p7 trafficking. S11 contained a mutation to the signal peptidase cleavage site;
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Figure3.14 Glycosidase sensitivity of NS2gal fusions.
Lysatesfrom COS7 cells expressing the M8l fusions were treated with Endo H and
PNGase FCells were harvested 48h pasansfection. Molecular weight markers (kDa) are

shown to the left.
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S12 contained a mutation to the furin cleavage site, S13 containeld tmottations ands-63
encoded p7 as a direct fusion to SEAP without the intervening furin cleavage linker and
without the Gterminal residue of p7 (alanine 63), which was expected to abrogate signal

peptidase cleavage at this site.

Initially it was found thathe p7-trafficking mutant fusions expressed to similar, high levels
(Figure3.7) and that the reporters were all active and sensitive to both Endo H and PNGase F
suggesting that p7 does indeed orient thet€@minus to the ER lumenF{gure3.12). To
investigate whether any of the constructs showed altered reporter activity theyewe
transfected into cells and the supernatants and lysates assessed for SEAP activity and protein
expression, respectively. Surprisingly, Sl each showed extracellular SEAP activity levels
comparable to wt SEAP, an®3 showed SEAP activity nearly dmuthat of wt SEAPF{gure

3.15). Western blotting of cell lysates following SDS PAGE separation showed all fusions
expressed at similarly high levels, and signifilyanigher than wt SEAFigure3.15).

To further examine whether the increased SEAP activity ofiepeptide over wt SEAP was a
result of higher transfectiorefficiency; the extracellular SEAP activities of each of the
trafficking mutants and the nsAP control vector were normalised to respective NPT expression
levels and represented graphicallyigure3.16). When secreted SEAP activity was shown as a
function of NPT expression it became apparent that all of th&RAP fusion peptides secreted
active SEAP to comparable levgisc and S13 were engineered to possess neitioactional

signal peptidase or furin cleavage sites yet were still able to secrete active reporter. There are
several possible explanations for this observation; i) these fusions were subject to an
additional cleavage event by a cellular protease resultingecretion of the active reporter; ii)

p7 was unable to anchor to membranes and was being secreted as an uncleaved fusion to
SEAP; iii) extracellular activity noted for all-fpgions was the result a population of p7

released from the cell in exosomes

The amino acid sequence for the-BEAP fusions was analysed for the presence ofSign
non-furin cleavage motif. This revealed a consensus motiffiambin cleavage within the-C
terminal domain of p7 but because thrombin is activated from pitorombin in the
extracellular matrix by the prthrombinase complex tvasnot considered to be the cause of
intracellular p?SEAP cleavage. Core protein of HCV is released from E1 by signal peptidase in
the ER lumen and the-t€rminal domain of core is furthgsrocessed within the membrane by

signal peptide peptidase (SRR)cLauchlaret al., 2002) If p7 iscleaved within the @erminal
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Extracellular SEAP Activity
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Figure3.15 Analysis of p7 trafficking mutants.

Constructs encoding SPp7 fused to SEAP without any intervening NS2 sequence were
expressed in COS7 cells and analysed for the levels of active extracellular répprgnaph).
Reporter activity is shown in relative light units (RLLsates were assgd for levels of SEAP,
vectorencoded NPT as marker of transfection efficiency and endogeous GAPDH as a

loading control (bottom panelsMolecular weight markers (kDa) are show to the left.
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Extracellular SEAP Normalised to NPT Expression
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Figure3.16 Normalised activity of secreted reporter enzymes expressed from p7 trafficking
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mutants.
Extracellular SEAP activity values ofSiZAP fusion shown kigure3.15 were normalised to
their corresponding, backgrourslibtracted, NPT expressidevelsand replotted. Reporter

activity was defined in normalised relative light units (RLU).
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helix it would be a credible target for SPP, unfortunately there iknown cleavage consensus

sequence for SPP.

As p7 has a mass of 7 kDa uncleave¢SRAP fusion would be expected to have a retarded
migration by SDS PAGE analysis compared with wt SEAP, yet no such difference was apparent
between any of the p7 traffickinmmutants and wt SEARFiGure3.7). The presence or absence

of uncleaved p7 in lysates, on the cell surface or in precipitated culture supernatants could not

be directlyaddressed due to poor detection of genotype 2aupider these conditions
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3.3 Discussion

Amodelof NS2 topology involving an odd numberTdéfiDshas beemproposed wherebyhe N-
and Gtermini are oriented tothe ER lumen and cytoplasm respectiv@liraskoet al., 2008;
Phanet al, 2009; Pietschmanet al, 2006) (Figure3.17 - Model B). However thismodel
conflicts with experimental datauggesting a fourMD topologywith both terminiorientedto
the ER lumerfYamaga & Ou, 2008igure3.17 - Model A).

3.3.1 Membrane topology of NS2

Comparison of the outputs from 6 different topology prediction programs was used to
generate aconsensusomputer model Figure3.3A, Figure3.17 ¢ Model Q for NS2topology
which defined three putativd MDsbetween positions 27, 2949 and 6386 (Table3.1). The
similarity between thecomputer model Figure3.17 ¢ Model Q and the model published by
Jiraskoet al., (Jiraskoet al, 2008)(Figure3.17 ¢ Model B) are unsurprising as 5 of the 6
programs used were commonb the two studies. Theomputer model Figure3.17 ¢ Model Q
predicted that the fusion of a reporter to aa 52 and aa 70 would result in lalnoirentation of

the reporter as they weremodelledto terminate NS2 sequence after the second TMD and

within the third TMD, respectivelyfable3.1).

Control reporterenzymes where SEAP was expressethmER lumer{iwt SEAP)r the cytosol
(nsAP)were active and inactive respective{lrigure 3.6). These localisations were further
confirmed by glycosidase treatment; intracellular wt SEAP was functionally active and sensitive
to both Endo H and PNGase F, whereas extracellular wt SEAP was activeebsitire to

Endo H treatment. nsAP was insensitive to this treatmértiis pattern of glycosidase
sensitivity demonstrates that secretion of SEAP following final glycan modification in the Golgi
occurs rapidly and efficiently and that activity of SEABe@endent on luminal localisation

(Figure3.10B).

TheO 2 NNB & LIgay dotrglsdproduced active enzyme irrespectivepaddicted reporter
orientation about the ERnembrane Figure3.13). As a result, topological information tife
NS2truncationscouldnot be gained from thenzyme activity ¥  dgkl SeriesHowever, the
apparentN-3f @ 02aefl GdA2y 2F | ONR LI A QalwastladisldchtetlA y S
G2 GKS 9w -galzvighng 3.1d) {ehabled comparative charactert&n of the

glycosylation states of NS2 fusions to bogporters

The extracellular and intracellular reporter activities of the MEAP fusions were determined

by chemiluminescent assay-{gure3.9). Of the NSZontaining fusions only fusion of SEAP to
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the first 27 amino acids of NS2 (S9) resulted in the secretion of active reporter. The relatively
low extracellular reporter activity of S9 (nearly 5 fold down anSEAP) could have been due

to instability or inefficient secretion of this fusion compared to wt SEAP and th8EAP
fusions S1@ S13 Figure3.7). The inability 6a fusion to secrete the reporter would have led

to accumulation of intracellular active SEAP; however intracellular reporter activity followed a
similar trend with only S9 showing levels markedly above backgrdtigdré3.9). S6 displayed

a small but reproducible level of SEAP activity albeit only 3 times that of background. These
data suggest that only the first 27 residues of NS2 orient the reporter to the ER lwiere it

subsequently becomes activated and secreted from the cell.

Consistent with the enzyme activity assays intracellular S9 and S10 were sensitive to both
glycosidasefigure3.12). Interestingly, S6 also displayed sensitivity to both enzymes. A similar
pattern of apparent glycosylation was noted for the NS@al fusions Figure3.14) with SP -

gal, B6 and B10 all displaying sensitivity to both enzymes, although corresponding

glycosylation of the reporter encoded by B9 was not detected.

Thecomputer modelFigure3.17 ¢ Model C) for NS2 predicted that a reporter fused to the C
terminus of aa 52 would be orientated to the ER lumen. Glycosylation analysis of the SEAP and
I -gal fusions suggestedat this was not caseF{gure3.12 and 3.14). This could be due to
incorrect assignment of the second TMD within tbemputer modelor that fusion of the
reporter immediately proximal to the -€@rminus of the second TMD impeded the ability of
residues 152 to stably form asecondTMD. The glycosidase sensitivity of S6 and B6 {@@)1

was concurrent with the predicted phenotype in thiaiappeared to orientate theeporter to

the ER lumen. Theomputer modelpositioned residue 70 within the-drminal half of a 24 aa
TMD, spanning residues &®. Truncations either side of S6 (S&a 87, St aa 52) were not
glycosylated implying thatheir respective @ermini were oriented to the cytosol. Taken
together, the glycosylation data for S/B5, S/B6 and S/B7 describes NS2 topology in that
residues 152 are sufficient to form only one stable TMD, ad@QlLform two TMDsand that
residues 187 ae capable of forming 3 TMDs. This proddiem evidence for the presence of a

luminal loopin NS2 between residues &7.

The glycosylation profile of S9 was inconsistent with tdwenputer modeland previous
experimental data identifying this sequencentains the first TMD of NSQiraskecet al., 2008;
Pietschmanret al, 2006; Yamaga & Ou, 2008) that fusion of a reporter to the-@rminus of
the first 27aa of NS2 appeared to orientate NS2 to the ER lumen. Due to the poor expression

and low SEAP activity of the S9 fusion it was not possible to discern whether all fusion
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molecules or only a supopulation oriented their reporter to the lumen. Attempts to
determine whether aa 227 could be recovered in the extracellular medi@re unsuccessful
(data not shown). Furthermorelimited resolution of the S9 and S10 fusions by SDS PAGE
analysis meant that it was not possible to investigate the presence of uncl€g@edsion
molecules Figure3.7). The disparity between S9 and,BShereby S9 was sensitive but B9
insensitive to glycosidase treatmenvaslikely caused by disruption to the correct tofomy by

one of the reportersaand thusprevented definitive characterisation of the topology of ad7.

As the reporters encoded by S6 and B6 were oriented to the ER lumen, yet S6 displayed little
to no SEAP activit either intra or extracellularly, it is likely that thet&fminal 70 residues of

NS2 were capable of retaining the fusion protein in ap@&N compartment as trafficking to

the TGN would have resulted in cleavage by fufime lack of extracellular repier activity

also suggests that NS2 is not secreted from the Egju¢e3.9).

Several membrane proteins including HCV NS4B and p7 have been speculated to assume
multiple topologies(Isherwood & Patel, 2005; Lundi al., 2003)with their Gtermini able to
orientate to both sides of the ER membranBwo distinct topologies for NS2 have been
predicted in which the @erminus is oriented to opposing sides of the ER membrane, while the
N-terminus is always predicted as lumin&idure3.17). Numerous inconsistencies have been
noted between the studies carried oun vitro and those examining NS2 as part of the viral
polyprotein. The studies that led to the generation of the 4 TMD md#éjure3.17 ¢ Model

A) were principally conductedn vitro and it was reported that the Germinus of NS2 is
oriented to the ER lume(Yamag & Ou, 2002)More recently, experiments employing partial
membrane permeabilisation in combined with confocal IF microscopy or protease treatment
showed that the @erminus of NS2 in virdexpressing cells to be oriented to the cytogidla

et al, 2011) In the present study either S1 nor B1, encoding the fishgth NS2 protein,
displayed anyglycosidaseensitivity.This study combined withthe workof Ma and colleagues
(Ma et al, 2011) demonstrates that NS2likely forms a single topologyn cellswith the G
terminus oriented to the cytosolt is possible that th@bserved difference ithe localisation

of the Gterminus of NS2 between cdlased andin vitro studies could bedue to a

requirement fora cellular chaperon¢o achieve correct topology

Together, the data presented here enablédubtgeneration of an experimentally defined model
topology of NS2 topologyF{gure3.17 ¢ Model B). As discussed, NS2t€&minal truncations
displayed phenotypes cors$ent with a three TMD topology. The difference in glycosidase

sensitivity between S9 and B9 meant that no clear conclusions could be made regarding its
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Figure3.17 Models of NS2 Topology.

Model A - 4 TMD topology defined based upon glycosylation, protease protection and primary
sequence analysi&¢ramaga & Ou, 2002)lodel B- 3 TMD topology based on predictions from

6 different prograns (Jiraskoet al., 2008) Model C- Consensus computer model defined in
Table3.1. Model D - 3 TMD topology compsition following 3D structure determination of
three distinct peptides (aa-27, aa 249 and aa 69) by solutiorNMR (Jiraskecet al., 2008;
Jiraskoet al, 2010) Model E - Generated from the experimental data described in this
chapter. Model F - Predicted posibn of TMDs based upon experimental data and
computation Model CResidues marking the predicted boundaries of TMDs (green boxes), the
position of Gterminal truncation points (red boxes) or both (green and red box) are ndteel.
means by which the modelisere derived are notedNS2 sequence within fusions S6 and B6
was terminated at residue 70. Thet&minus in each model is localised to the ER lumen. The

catalytic domains are not shown.
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orientation about the membrane. In this model, aa 27 itstsown as positioned on the
cytosolic face of the ER membrane in accordance withctraputer model(Figure3.17 ¢
Model Q.

Since the commencement of this work solutionMR structures for three peptides
representing the Nerminal 99 residues of NS2 from the CGbrisolate have been published
(Jiraskeet al,, 2008; Jirasket al, 2010) Residues-27 synthesised as a peptide were shown
G2 | R2 LI -heljtal @ogbBnddor ifi 50% TFE and the authors proposed that residues
3-22 form the first TMD of NS2. As with the first TMD, peptides spanning the predicted second
(aa27-59) and third (aa 6@9) TMB were expressed as peptides and shown to asstime
helical conformabns in 50% TFE. Analysis of the second putative TMD revealed that it formed
a single helix spanning residues-2 and possessed characteristics of an amphipathic helix
i.e. one that interacts with the membrane interface rather than penetrating the hyllobg

core of the membrane. The authors noted that charged and polar residues along the spine of
the helix would need to be neutralised by residues in a complementary domain to enable a
stable, membrane spanning conformati@iraskoet al., 2010) It is therefore possile that in

the full length protein aa 52 is oriented to the ER lumen and that polar maesmbrane
residues are not stabilised when NS2 sequence is terminated at aa 52, but are when sequence

is terminated at aa 70.

The third peptide formed three small heal domains with the Nerminal domain predicted to
lie parallel to the membrane with the other domains forming a third putative TMD between
residues 74€5 (Jiraskeoet al,, 2010) A reconstruction of the three separate peptide structures
is shown irFigure3.17 ¢ Model E The positions of the first and second putative ThBSned

in Model Emap closely to those modelled based upon the current wéikure3.17 - Model

D). The most significardifference between Model D and Model Eis the position of the €
terminus of the putative third TMD. Jirasko al. modelled this TMD as terminating at residue
95 (Jiraskeet al,, 2010) whereas truncation analyspgesented in the current workuggested
that aa 87 was oriented to the cytosdnother difference between the two models tise
positioning of the @erminal boundary ofthe second TMD. From the NMR structure data it
was calculated thalt -helical structure ended at residue 49iraskoet al, 2010) However, in

the present study aa 52 was not oriented to the ER lumen.

By combining the experimentally determinétbdel Dwith the computermodel Figure3.17 -
Model Q; a more detailed model for NS2 topology was defirfeidyre3.17 - Model F. Model
F defines three TMDs between residue®27, 3554 and 6386 andprovides a more detailed
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experimentally developedmodel for future investigations to more precisely map NS2

topology.

3.3.2 P7 topology and trafficking

The N and Ctermini of p7 are thought to localise to the ER lumen as cleavage of p7 from
adjacent proteins (E2 and NS2) is facilitated by signal peptidase in the ER(Qamere
Kremeret al., 2002) Purified p7 spontaneously inserts into lipiddyers and was proposed to
form two membranespanning domaingGriffin et al, 2005; Rvlovicet al, 2003; StGelaist

al., 2007)and p7 expressed without a signal peptide is functionally a¢@re&fin et al,, 2005;
Joneset al, 2007; Woznialet al, 2010) The p7 monomer has been solved by solution NMR
and shown to assume a hain structure in methanol with twd -helical domais separated

by a short, basicharged loogFosteret al,, 2011; Montserreet al,, 2010)

S10 encoded a polypeptide of SPp7 and SEAP separated by a furin cleavage linker. Cells
transfected with S1@nd Slederived mutantssecretal high levels of active SEARgure3.7).
Treatment of cell lysates with Endo H and PNGase F caused a decrease in the molecular weight
of the SEAP reporter, such thigs migration was equivalent to nsAP; consistent with it having
been glycosylated Higure 3.12). Together these observations confirm previous work
characterising th orientation of the @erminus of p7 to the ER lumeand therefore that p7

likely forms two TMDs in a hairplike topology.

Analysis of the extracellular reporter activity expressed from theSRAP trafficking mutants
revealed that they all secreted dfi levels of active reporter~{gure 3.15). The amount of
active reporter released from S4%13 was comparable to the wt SEAP control vector and the
Nn63 showed significantly more secreted active reporter, albeit to varying levelssdver,

when extracellular reporter activities were normalised to levels of the veetmoded
resistance gene NPT, there was no discernible difference in levels of active reporter secretion

caused by mutation of the two potential cleavage sitéig(re3.16).

While it is possible that the fusion proteins were undergoing an additional cleavage event,
possibly mediated by SPP, it is interesting to note thaacelluar SEAP protein levels of the

p7 mutants were far in excess of the wt SEAP conFEiglufe3.15), yet extracellular reporter
activities were comparable between the VBEAP control and the p7 mutantigure3.15).

This implies that either only a population of the reporter was secreted from cells transfected
with the p7 mutants, otthat the specific activity of the fusion reporter compared to the wt
SEAP was much lowewhile both hypotheses are testable by chemical inhibition, time

constraints prevented further investigatiorit was not possible to distinguish between
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whether p7 isretained in the ER where the fusion protein was cleaved and secreteédaba

population of p7 is secreted from the cell in exosomes.

122



Chapter 3: NS2 Topology Analysis

3.4 Conclusions

The topology analysis of a series of NS2r@inal truncations has provided evidence that the
N- and Gtermini of NS2 are oriented to the ER lumen and the cytosol respectively.
Furthermore, termination of the NS2 sequence at aa 70 resulted in glycosylatithe C
terminal reporter, while truncation at aa 52 and aa 87 did not result in reporter glycosylation.

Taken together, these resulovide conclusive evidentbat NS2 forms thre@MDs

The confirmation that NS2 forms luminal loop regiorenabled the generation o& more

defined model of NS2 topology providindirm basis for precisenappingof the TMDsf NS2.
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4.1 Introducti on

The extent to which a peptide domain interacts with membranes i.e. whether it forms a TMD
or an peripheral association via an amphipathic helix, can be determined by chemically
treating isolated cellular membranes with high molarity NaCl, urea or aékaiarbonate to
selectively remove peripherally associated proteins or detergents like Tritd®0X to
solubilise lipids and integral membrane proteifiaijikiet al, 1982; Matsunagat al., 2002)

NS2 is an integral membrane protein as its association with microsomal membranes cannot be
disrupted posttranslationally by washing with 4.5M urg&antoliniet al., 1995) highmolar

salt or alkaline carbonatéramaga & Ou, 2002)S2 is capable of independently inserting into
membranes and deletion mapping indicated the presence of two internal memkeageting
sequences within residues 3@ and 119151 (Yamaga & Ou, 2002The presence of these
sequences, and whether they confer an integral or peripheral membrane association, has not
been explored in a celbased system. Furthermore, although expression of NS2 alone has been
known to celocalise with ER markers by confocal IF micros¢bmncket al., 2005; Kirret al,,

1995; Yamaga & Ou, 2002anget al., 2006) the domains responsible for this sabllular

targeting have not been determined.

Prior to the completion of the studies described in Chapter 3 a solution NMR structure of the
N-terminal 27 aa of NS2 was publishétiraskoet al, 2008) This structure described the
putative first TMD of NS2 as spanning residu&84Based upon this evidence the computer
model of NS2 topology described in the previous chapiable3.1) was refined. Using this
refined model a series of NS2 truncations were designed to functionally dissect NS2
membranetargeting, subcellular distribution and membrane aity in the absence of other

viral protein sequence.
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4.2 Results

Concomitantly with the @erminal truncation analysis described in Chapter 3; the computer
model Figure4.1A) was altered to take into account the publication of the solution NMR
structure for aa 423 (Jiraskoet al, 2008)which was proposed to form the first TMD of NS2.
The refined computer modelF{gure 4.1B) described three TMDs spanning residue34
(rather than residues-27 as defined in the original computer moddtigure3.3A), 2949 and
63-86. A novel series of NS2 truncation and deletion constructs were generatedaams XE
terminal fusions to eGFP and age@minal FLAGagged fusions i.e. eGIN52, NS2GFP ad
NS2FLAG. NS2 truncations were defined based upon the description of three distinct sections
within the transmembrane: aa 24 encompassing the first putative TMD; aa-5fb
encompassing the second putative TMD; and a®5tomprising the remainder ohé trans-

membrane domainKigure4.2).

These NS2 fusion constructs were generated, without any additional HCV protein sequence, in
order to further characterise theote of the transmembrane domain with regards to NS2
membranetargeting, topology and subcellular distribution. To facilitate direct comparison
with the work presented in the previous chapter and the potential for translation of findings
into the fully inkctious virus system, the constructs were generated usinglJ@dnotype 2a)

coding sequence.

4.2.1 Generation and expression of eGFP and FLAGtagged NS2 fusions

The NS2 constructs were cloned into the pe®HPvector to generate the NSEGFP series.
Howeverwhenlysates from transfected celNgere probedwith antibodies to GFP and the NS2
catalytic domaint was found that theGFP and the NS&#oteins were detectable as separate
proteins as well as the expected fusion protei@fppendix 4. Detection of GFPlane
suggested that the fusion proteins were either being cleaved or that eGFP was being
translated from a second mRNA transcript. To eliminate the chance of secondary initiation of
eGFP alone, the vectoencoded initiation sitewhich enableghe use of this plasmid as an
eGFP expression control vecteras mutated from ATG to GCG by QuikChange mutagenesis

generating a mutant form of the vector and termed pe@¥FRQC (QC).

To confirm the mutation at the protein level the parental (wt) and Mmit§dQC) peGFR1
vectors were transfected into Huh7 cells and analysed for exogenous protein expression and
direct eGFP fluorescence 48 hours pwansfection. Confocal IF microscopy of cells

transfected with wt and QC vectors and stained with anti GRiB@iy demonstrated that the
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Figure4.1 Refined computer model of NS2 membrane topology

(A) The original computer model describedkigure3.3. (B) A refined computer taking into
account the description of the first putative TMD of NS2 by solution NMR te284 Jraskecet
al., 2008) Residues marking theredicted TMD boundaries are noted (green boxeddpte the
altered prediction of the first TMD from aaZ7 to aa 423.
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Figure4.2 Cartoon of NS2 peptides generated as fusions to eGFP or withear@inal FLAG

tag.

A series of Nerminal and @erminal truncations and detion peptides were generated.he
Residues encompassed by each peptide are noted at either end except for the three deletion

peptides where the residues deleted are noted.
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QC vector produced protein that lacked direct fluorescence but reacted with the a@BEP
antibody figure4.3A). Analysis of the wt and QC vector by western blot revealed that the
mutation did not prevent the expression of a G$jpecific species migrating at the rate as
mature eGFPHjgure4.3B). A second GF§pecific protein species migrating cldsethe 17 kDa
marker was also detected in cells transfected with the QC form of the vector. The next-ATG in
frame with the eGFP ORF is approximately 240 nt downstream. Translation initiated from this
ATG would produce a severely truncated eGFP moleculeamitestimated mass of 18. 5 kDa

(wt eGFP is 26.9 kDa). This could explain the 17 kDa protein species noted inNieGEP
expressing cells. As a protein species of comparable size to mature eGFP was detected in cells
expressing the mutant vector it is mible that translation iframe with the eGFP ORF was
being initiated from a nofATG codon proximal to the native eGFP initiation codon as no
examples of GCG initiated translation could be found. It has been shown that-tienihal
residues of GFP aretafi for its direct fluorescence, to the extent that deletion of a# 2
abrogated the fluorescent activity of the proteiipopf & Horiagon, 1996} reasonable to
assume any nomnative Nterminal region of eGFP would not possess fluorescendeitgctThe
NS2eGFP constructs generated in the pe@®HAPQCvector were carried forward as aberrant
initiation products could be differentiated from fusion molecules by SDS PAGE and the lack of
fluorescence from these aberrant products would enable conrfficarescence studies of the

fusions.

The majority of Nterminal fusions of NS2 to eGFP expressed to low levels or were
undetectable in whole cell lysatdsom multiple, repeated transfectionsTherefore lysates

from transfected cells were immunopreciated prior to SDS PAGE analysis using e
beads to confirm expressiofrigure4.3C). However, even under these circumstancesZ37Y)
eGFP expression was unddext Despite mutation of the vector encoded eGFP start site; all
of the NS2eGFP fusions, with the exception 0fq2) eGFP, expressed a protein which reacted
with the GFP antibody and migrated at a similar rate to eGFP alone. As discussetian
3.2.7, it is possible that those fusions that contained the catalytic domain may have been
capable of cleaving the junction between the NS2 sequence aadr@nal repoter. However,

this GFFspecific species was present in all other fusions it is more likely that it is the result of

cleavage of the fusions by a cellular protease.

A linker comprising the FLAG epitope followed by a stop codon @SJA) was cloned into
the NS2eGFP following the NS2 sequence to generateNB@FLAGconstructs Expressiorof

the NS2FLAG fusions Huh? cellproduceda further pattern of protein expression/stabilities
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Figure4.3 Expresion of NS2GFP fusions

(A) Huh7 cells transfected with the wild type peGRP vector (wt) or the Quik@ange mutant
(.QC) were assessed by confocal IF microscopyBrichmuno-blotting. For IF cells were fixed
and permeabilised 48 hours pesansfectiin and eGFP expression was determined directly by
observing direct fluorescence (green) or by indirectly using an &P antibody (red).
Representative images are shown. Scale-d&nm. For immunéblotting cells were harvested

48 h posttransfection, amalysed by SDS PAGE and transferred to PVDF membranes.
Membranes were probed with a polyclonal GFP antibody and a GAPDH antiBddiyh{ cells
were transfected with the NS@GFP fusions. 48 hours pdsinsfection cells were lysed in 1%
triton and immunopecipitated using the GFPrap system prior to analysis by SDS PAGE and
subsequent immunoblot. Molecular weight markers are shown to the left of each immunoblot

panel. Molecular weight markers are shown to left and lane numbers are given below.
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(Figure4.4A). All peptides could be detected to some degree excef24(LFLAGwhich was
never detected following multiple, repeated transfectionsSimilarly consistent was the
detection of a second protein speci@dS2FLAG; described in sectioB.2.7) using the anti

FLAG antibody in lysates of cells transfectednwitie fulllength NSZFLAG fusion which
migratedat the predicted molecular weight ¢25-217) FLAG. Both (8117) FLAG and (Z8L7)
FLAGmigratedas single protein species suggesting that they are not susceptible to cleavage.
This could be due to lackinbe cleavage site as a result of the truncationddferent folding

of the cleavage site.

Gterminal fusions of NS2 to eGFP were generated in the p&zFRector and typically
expressed to detectable levels, with the exception of-92% and §51-92) Figure 4.4B).
Thethree smallest eGFRS2 fusions (24), (2550) and (5192) were expressed to markedly

higher levels than the other fusions.

4.2.2 Membrane -targeting of NS2 truncation fusions by membrane fractionation

In vitro studies of NS2 (described in Chapter @gniified the presence of two distinct
membranetargeting domains withirresidues30-74 and 119151 (Yamaga & Ou, 200ZJo
confirm these findings in a cdlased system the membrane targeting of NS2 truncations were
assessed by membrane fractionation. By analysing all three fusion sets any phenotype
observed for a given peptide of NS2 was mdtelyi to be a result of the specific NS2 sequence
involved. Huh7 cells were harvested and mechanically lysed in hypotonic buffer 48 hours post
transfection. Poshuclear supernatants were subjected to centrifugation at 100,0@0for 1

hour (Figure4.5). Membraneassociated proteins were pelleted under these conditiolly (
whereas soluble proteins remained in the supernatai®. (The endogenous integral
membrane proten intercellular adhesion molecule | (ICAMand the soluble protein
glyceraldehyde8-phosphate dehydrogenase (GAPDH) from mock transfected Huh7 cells were
found exclusively in the membrane and soluble fractions respectiveguie4.5 right hand

side western blot panels)The fractionation of GAPDH exclusively to the soluble fraction
demonstrates that this method of homogenisatiodid not result in the formation of
microsomes that could engulf soluble cytosgiimtein leading to misinterpretation of their

membrane association.

4.2.2.1 Membrane-targeting: NS2-eGFP fusions
FulHlength NS2GFP associated entirely with membranes. However, the truncated form of the
fusion, tN&-eGFP, was predominantly solubkgure4.6). When thetranssmembranedomain

(aa 192) and the catalytic domain (aa-237) were analysed separately thanss-membrane
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Figure4.4 Expression of NS2 peptides witht€&minal eGFP or FLAG fusions

25-50
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(A) Huh7 cells were transfected withither NS2FLAG truncation panel oB) the eGFINS2
panel. 48 hours postransfecton lysates were collected anfdision peptide expression was
detected by probing for the appropriate fusion reporter following SDS PAGE analysis
Molecular weight markers are shown to the left, the epitope probed for is noted to the right

and lane numbersra provided beloweach panel.
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Huh7 cells harvested 48h post-transfection

l

Cells incubated in hypotonic buffer for 30mins on ice

l

Cells mechanically lysed on ice using a Dounce homogeniser

l

Nuclei and intact cells removed by centrifugation twice at 3,000 x g, 10mins, 4°C

MEMBRANE TARGETING ‘/\‘ MEMBRANE DISSOCIATION

Post-nuclear supernatant clarified at 100,000 x g Post-nuclear supernatant divided between 4 tubes and
for1lhat 4°C clarified at 100,000 x g for 10mins at 4°C

U A1l
N !

Clarified supernatant Pellet washed re-pelleted
collected - (S) fraction  and collected - (M) fraction

Pellets resuspended in dissociation buffers and incubated at
RT for 30mins

U U Untreated 1M Nacl 0.1M Na,CO; pH11 1% triton X-100
Huh? l
cells Suspensions clarified at 100,000 x g, 10mins, 4°C
80-| T ICAM-I Clarified supernatant Pellet washed, re-pelleted and
collected - (S) fraction collected - (M) fraction
30- == | GAPDH i N
Huh7 cells

Un NaCl Na,CO; Triton
P S PS P S P S

e = = o 1cAam-I

80 -

1 2 3 45 6 7 8

Figure4.5 Flow diagram outlining the membrane targeting and dissociation procedures

The membrane targeting (Left) and membrane dissociation (Right) experiments are ééscrib

in brief. Control blots for each procedure using mock transfected Huh7 cells are shown below
each procedure. Membrane targeting experiments: (M) membrane fraction (S) soluble
fraction. Membrane Dissociation experiments: (P) pelleted fraction (S) solubtgion.
Colouring is used as a visual aid. Molecular weight markers are shown to the left of each panel

and lane numbers are given below
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domain was not expressed to sufficient levels to permit detection, whereas as majority of the
catalytic domain was detected in the soluble fraction. Dissection oftthes-membrane
domain showed that peptides {80) and (2592) were predominantly or ently soluble. This
pattern was mirrored when the individual putative TMDs were expressed individually: the
majority of (£24) was not entirely membrane associated although a modest portion pelleted
with membranes, (2%0) was entirely soluble and (2R) wa mostly soluble. Interpretation

2F GKS f140GSNDa FNI O A 2y I-specificyproteiiNgpeEiastaSsimiar & K |
size to the fusion protein. Due to a lack of detectable protein expression in these experiments,
it was not possible to determé the effect of aa 592 on membrane targeting of the catalytic
domains as (5217) and fi51-92) fusion peptides were. Interestingly 247) displayed the
same phenotype as the fdkngth fusion (3217) whereas j(25-50) showed disrupted
membranetargeting comparable to the catalytic domain alone -&1¥), yet the more severe

deletion peptide (125-92) was recovered in the membrane fractidriqure4.6).

AAAAA

The uBELISOG SR LIK S y50) ansl hJB ®2) cddd bé explgined by their predicted
topologies. As residues Z® and 5192 were predicted to encompass the second and third
ta5a8X AG Aa LRaairoftsS GKI G &®SSFReSutted iiikcdriect 2 F |
orientation of the catalytic domain to the ER lumen, which in turn acted to destabilise the
membrane interactions. Whereas the deletion of two TMDs fromdhe #93) eGFRonstruct

produced the correct orientation of the-terminus about the ERiembrane.

The ability of (1224) and (2817) to partially target to membranes indicated the presence of

two distinct membrandargeting sequences within NSRigure4.6).

4.2.2.2 Membrane-targeting: eGFP-NS2 fusions

FulHength eGFINS2was detected as a singteotein specieshat associated with membranes
(Figure4.7). In contrast withthe NS2eGFP fusions; eGEFR92) was detectable and found
the membrane fraction. Fractionation of eGFP-g4¥) was inconsisteniVhile other fusions
gave reproducible phenotypesf the four timeseGFP (9217)was examined it was recovered
in either one or the other fractions or not detected at alt was not clear why this
inconsistency was observed, howeverchuse of this it was omitted from the analysis. Both
(25-217) and (51217) were able to associate completely with membranes. Further trumcati
analysis of thdransmembranedomain revealed that (P4) and (250) may be involved in
membrane targeting as individually they both evenly distributed between the soluble and
membrane fractions while as a single polypeptide5Q) they were fully alel to target to

membranes. (5B2) was also evenly distributed when expressed in isolation but was not able
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Figure4.6 Membrane targeting of the NS2GFP fusions

Truncationsof NS2were expressedn Huh7 ellsas Gterminal fusions to eGF&nd analysed
for their abilities to target to membranesrhose fusions able to target to membranes were
found in the pellet fraction (M) following centrifugation of lysates at 100,006) ¥usions
unable to target to memianes were recovered in the supernatant (B)sions were detected
by immunaoblotting for the eGFP fusiorhe reporter protein expressed in isolation is shown
in the top left panel and fullength NSZ2GFP is shown in the middle at the top. Two distinct
protein species were seen for the fldingth fusion: fullength NS2 (FL NS2) and ateNninal
truncation (tNS2) (black arrow heads). Two protein species were detected f&0]§252550)
SDCt O66KAGS FNNBg KSI RO | yTReN® Bagitefic® andlyBaditin

each blot panel is shown above.
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Figure4.7 Membrane targeting of the eGFRS2 fusions.

Truncatiors of NS2vere expressedn Huh7 cellsasN-terminal fusions to eGF&nd analysed

for their abilitiesto target to membranesThose fusions able to target to membranes were
found in the pellet fraction (M) following centrifugation of lysates at 100,00f) ¥usions
unable to target to membranes were recovered in the supernatantHi®ionsvere detected

by immunablotting for the eGFP fusionThe membrane targeting of the reporter protein
expressed from the wild type vector (peGFP.C2.wt) is shown in the top left panel. The
phenotype of the reporter protein following introduction of a ST@Ean at the site of NS2
sequence insertion is shown in the top right panel. -lnigth NS2GFP is shown in the

middle at the top.TheNS2 sequence analysed in each blot panel is shown above.
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to influence the targeting of (250) to membranes as (282) was similarly evenly distributed.
A second slightly faster migratimgotein speciesvas observed in the soluble fraction of (51
92); this secondprotein speciesvas not consistently observdalit probably corresponded to
WT NSRR®The only deletion peitle to be detected from this panel wagZ5-50) which fully

associated with membraned-igure 4.7). This wasni stark contrast to the equivalent-C
terminally eGFRagged peptide (2550 eGFP) Figure 4.6), which was predominantly

soluble.

The ability ofeGFP (50) and eGFP (8117)to both completely target to membraneszas
evidence of two distinct membrangrgeting sequences within NS2. Evidence in support of
three membranetargeting sequences was given by the partial targeting éf4(1 (2550) and

(51-92) which were recovered to a similar degree in both fractions.

4.2.2.3 Membrane-targeting: NS2-FLAG fusions

The NSFLAG fusions were similarly analysed for their abilities to target to membFager¢
4.8). As noted previouslyF{gure4.4A) two FLAGspecificspeciesvere detected in lysates from
cells transfected with the fulength NSZFLAG peptides The top protein species
corresponding to fullength NSZFLAG pelleted in the membrane fraction while the lower
speciesgcorresponding to the truncated forfiNS2) was more evenly distributed between the
two phases Figure4.8). As with the previous fusion sets; spectfiencations or deletionsof

NS2 with @erminal FLAGags were assessed for their ability to associate with membranes.

Thetransmembranedomain(1-92) was found exclusively in the membrane fraction while the
catalytic domain (9217), although mostly detected in the membrane fraction, was also
present in the soluble fraction. This pattern was mirrored by theefihinal truncations (51
217) and (2817) and the deletiorpeptided o-pm{p | y-IR). Of thegeconstrucs
SyO2RAyYy 3 (GKS OF G t-@)i shdwedRsgivificanyy impairéd&mendorapem
targeting. Examination of the#kans-membrane domain revealed that-80) and (250) were
entirely membrane associated whereas (93) and (5192) were evenly distributed between
the two fractions. Despite being able to independently target to membraneS(@5vas not
able to influence the targeting of (842), as seen by the similar targeting of {28) and (51

92). Consistent with the initial expression blots,-Z4) FLAG was not detectable in the

membranetargeting experimentsHigure4.8).

The detection oboth (1-50) FLAG and (8217) FLA@ the membrane fraction demonstrated
that each of these domains contains a distinct membréargeting sequencegFigure4.8).

Interestingly, dissection of these peptides revealed the potential for three membrane
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Figure4.8 Membrane targeting of the NSELAG panel.

Truncationsof NS2were expressedn Huh7 cells withGterminal FLAGtagsand analysed for
their abilitiesto target to membranesThose peptides able to target to membranes were
found in the pellet fraction (M) following centrifugation of lysates at 100,00 Reptides
unable to target to membranes were recovered e tsupernatant (S). Peptides were detected
by immunablotting for the FLAG epitopeTwo distinct protein species were seen for the-full
length fusion: fullength NS2 (FL NS2) and arteNminal truncation (tINS2) (black arrow

heads) TheNS2 sequence anabd in each blot panel is shown above.
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targeting sequences within NS2 @5-50) FLAG and (9817) FLAG could targefficiently to
membranesand a significant proportion of (592) FLAG was also recovered in the membrane

fraction.

4.2.3 Analysis of subcellular localisation by confocal IF microscopy

Membrane targeting analysis sugged the presence of multiple ghal sequences within NS2.
In order to discern whether these sequences were also responsible for theedubar
localisation of NS2 Huh7 cells exmieg the NS2 fusion sets were analysed 48h -post

transfection by confocal IF microscopy.

4.2.3.1 Subcellular localisation: NS2 -eGFP fusions

The subcellular localisation of the N8GFP fusions was assessEdj(re4.9). Some fusions
showed no direct eGFP fluorescence. Fusion expression from these constructs was determined
indirectly by staining cells with an a#@FP antibody and imaged in red. Those witect eGFP
fluorescence were imaged in green. GFP expressed from the wild type vector showed typical
staining Figure4.9 - top right frame) whilst a GFéhtibody-reactive species was expressed
from the mutant vector that lacked direct fluorescence and had a differentcaliolar
distribution to the wt protein Figure4.9 - top left frame). Fulength NSZ2GFP (217)
showed a diffuse, nonuclear fluorescence pattern, reminiscent or ER staining. When the two
domains of NS2 were assessed in isolaticAQ)Lgave a similar pattern of eGFP fluorescence
to the fulHlength NS2 fusionThis was in contrast to (98L7) which showed a dramatically
disrupted staining pattern. The less severeteNninal truncation (53217) also showed
disrupted staining and was only detectable using the -&H®P antibody. Subcellular
fluorescence similarotthe fultHength fusion was achieved when only the first TMD of NS2 was
lacking in the case of the (ZBL7) fusion [Figure4.9). Of the deletion mutantsn@5-50)
showed staining comparable to fdiéngth NS2 whilen25-92) and 51-92) showed a mixed
phenotype of significant diffuse distribution combined with bright punctae, but not the extent
of aggregation seen for (9317). Dissection of th#zans-membranedomain slowed that each

of the three subdomains expressed in isolation disrupted the direct fluorescence of the eGFP
reporter molecule. Expression of two of the putative sigmains in tandem, either as-80)

or (2592) resulted in either wildype staining or tle formation of aggregates similar to those

seen for (9217) respectivelyHigure4.9).

No interpretation was made of those fusions lacking direct eGFP fluorescentes asas

possibly due to mi$olding of the reporter protein which could result in fusion peptides being
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Figure4.9 Subcellular localisation of the NS2GFP fusions.

The NS2GFP fusions were expressedHuh? cells and fixed 48 hours paésinsfection and
visualised for eGFP fluorescence (green). Expression of those fusions that displayed no direct
reporter fluorescence was confirmed by permeabilisation of fixed cells and detection of the
fusions by ingtect IF using an anGFP antibody (redeGFP expressed from the wild type
peGFPN1 (wt) vector is shown in the top left panel. The vector into which the NS2 truncations
were cloned (peGFR1.QC) which contains a mutation within the vector encoded eGFP
initiation codon is shown in the top right. Cells transfected with this mutant empty vector
displayed no direct eGFP fluorescence.-leagth NS2GFP is shown in the middle at the top.

Representative images are shown.
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targeted to protein recycling pathway Thus any apparent subcellular localisation of these

fusions may not have been determined solely by the NS2 sequence involved.

Analysis of those constructs that displayed direct eGFP fluorescence suggested the
transmembrane domain as the domain respdbisi for NS2 sulgellular localisation as {32)

eGFP displayed a wt pattern, whereas the localisation of2(d3 eGFP was disrupted
compared with the fullength fusion(Figure4.9). Furthermore, the putative first and second
TMDs may be responsible for NS2 localisation aS0j1leGFP also displayed localisation

comparable to wt.

4.2.3.2 Subcellular localisation: eGFP-NS2 fusions

eGFP expressed from the wt and mutant STOP p&2Fvectors were diffuse and displayed
characteristic nuclear staining. As described earlier, the mutant STOP vector encoded an
additional STOP codorpreventing translationof the multiple cloning sitgMCS)as a €

terminal extension to the eGFP molecslile

The nonnuclear, diffuse staining observed for fldhgth NSZ2GFP was corroborated by the
fusion of eGFP to the-tdérminus of NS2 which produced a similar staining patt&igyre4.10
(1-217)). Removal of the catalytic domainr92) did not alter the subcellular distribution of the
eGFP reporter. However, fusion of eGFP to the catalytic domain alone resulted in the
accumulation of eGFP in small cytoplasmic f&irprisingly (5217) and (2817) both
displayed a more exaggerated disruption to-falhgth NS2 staining than (28L7), as didj(51-

92). Further investigation of theeanssmembranedomain revealed that (560) was able to
target eGFP in a similar pattetto fulHength NS2 while (292) showed a large degree of
fusion peptide aggregation in addition to the more typical diffuse staining. None of the three
sub-domains in isolation were able to produce a fluorescence pattern similar tdefigth
NS2: (124) had a pattern more similar to wt eGFP, in that it was present throughout the cell,
but also appeared to be aggregating in nuclear or -pedlear compartments; (250)
produced a distinctive punctuate distribution somewhat similarji6192); while (5192) was
diffuse throughout the cytoplasm as well as in large aggregates, akin {125 The staining
pattern observed for{25-92) was comparable to (93817) but the less severe deletion25-

50) was like fullength NS2Kigure4.10).

Consistent with the NS@GFP fusionHigure4.9), this data set also indicate that theans
membrane domain mediates NS2 localisation as eGFI2)(kubcellular distribution was
indistinguishable from fullength eGFP NSEifure4.10). eGFP fused to the @ytic domain,
eGFP (9217), showed a partially disrupted pattern of fluorescence compared to the full
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Figure4.10 Subcellular localisation of the eGHW¥S2 fusions

The eGHRS2 fusions were expressedHinh7 cells and fixed 48 hours pdgsinsfection and
visualised for eGFP fluorescence (greea@FP expressed from the wild type peGP (wt)
vector is shown in the top left panel. The vector containing a stop site corresponding to the
site of NS2 sequendsasertion (peGHE2.STOP) is shown in the top right.-farigth NS2GFP

is shown in the middle at the top. Representative images are shown.
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length fusion. While ((60) eGFP also displayed localisation comparable to wt, it maybe that
the first putative TMD (aa 124) is more important for achieving correct localisation than the
second TMD (aa 250) as eGFP (ZR) and (2817) showed disrupted localisation but eGFP
(n25-50) was comparable to wE{gure4.10).

4.2.3.3 Subcellular localisation: NS2 -FLAG fusions

The NSFLAGusionswere generated in th peGFN1.QC vector background whidisplayed
no direct fluorescence Kigure 4.3B). Indirect detection of the FLAG epitope enabled the
analysis of the NSBLAG fusions. The ability of NS2 to determine its owncslblar
distribution in spite of fusion to other proteins was confirmed (4217) FLAG had a nen
nuclear diffuse staining patternFigure4.11), although the staining appeared to be more
discrete when directly compared to N8BFP Kigure4.9) and eGHRNS2 Figure4.10). This
discrepancy may be due to the respectiheorophores and technigues used to identify the

three fusion sets.

Analysis of the NSBLAG fusion revealed that the only FHAGYed peptides to show a similar
staining pattern to fulength NSZFLAG were (2317) and 2550) Figure4.11). (125-92)
FLAG was similarly diffuse but lacked the defined perinuclear staining observed in the full
length protein. The only consistent feature of these three fusions wasc#talytic domain,
which expressed on its own, (237 FLAG, showed a disrupted phenotype. Surprisipgli- (

92) showed a more disrupted phenotype than the more extensive deletion pegi2le92)

(Figure4.11).

It was not clear from the NS2LAG fusions which domains of NS2 were necessary to confer

wild-type NS2 sufgellular localisation, in the absence of the other viral proteins.

4.2.4 Affinity of th e membrane interactions of NS2 truncation fusions

To investigate whether any of the fusions were forming integral or peripheral membrane
associations; the membrane affinity of the fusion peptides was determined following
treatment of the membrane fractiomith isotonicbuffer, 1 M NaCl, 100 mM NaQ pH 11.5

and 1% Triton A 00 Figure4.5). When this procedure was applied to metknsfected Huh7
cells the endogenousprotein intercellular adhesion molecule 1 (ICAMwas found in the
pellet fraction following treatment of the membranes with isotonic buffer, high salt and
alkaline carbonate. ICAdMwas fully recovered in the soluble fraction only following treatment

with detergent Figure4.5).
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Figure4.11 Subcellular localisation of the NS2LAG fusions.

The NSZFLAG peptidesvere expressed in Huh7 cells and fixed 48 hours -prasisfection.

Cells were permeabilised and tagged NS2 peptides were visualised following indirect
immunofluorescence (IF) labelling of the FLAG epitope (green). Where necessary, nuclei are
outlined (whit rings). Fullength NS2GFP is shown in the middle at the top. Representative

images are shown.
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