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Abstract

Infection with the hepatitis C virus (HCV) has a big impact on global health. It is

estimated that approximately 3 % of the world’s population carry HCV, putting more

than 200 million people at risk of developing severe liver disease, including chronic hep-

atitis, liver cirrhosis and hepatocellular carcinoma. The HCV encoded viroporin p7

forms ion channels that are crucial for the assembly and secretion of infectious viruses,

making it a potential drug target. Its hydrophobic nature makes p7 notoriously difficult

to investigate in an untagged native form. A previously determined 16 Å electron mi-

croscopy single-particle reconstruction in detergent showed a hexameric, flower-shaped

p7 protein. In conjunction with one hexameric and several monomeric p7 solution state

NMR structures published, this constitutes the currently available structural informa-

tion framework. An E. coli expression system is introduced, which is especially adapted

to express isotopically labeled p7. For the first time, suitable solution-state NMR condi-

tions at physiological pH and temperature were identified that gave rise to high quality

spectra suitable to interrogate iminosugar drug interactions with untagged isotopically

labeled J4 p7 (C27S) solubilised in Cyclofos-6. A novel secondary structure topology

was observed and preliminary iminosugar binding sites were determined. Further, a DIB

(droplet interface bilayer) system to analyse p7 ion channel function was established,

which is suitable to elucidate how inhibitors act on p7 genotypes and how different lipids

influence the ion channel function of p7. The p7 oligomeric state was further investi-

gated using native gel analysis, showing that isolates representing HCV genotypes 1 -

6 form oligomeric complexes. An ion channel defective dibasic mutant implicated in

severely compromising viral fitness is also shown for the first time to form an oligomer,

implicating that it is not an assembly problem that leads to the abrogated function.
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Chapter I

Introduction

I.1 Hepatitis C Virus

I.1.1 HCV Pathology

Infection with hepatitis C virus (HCV) has a big impact on global health. It is estimated

that approximately 3 % of the world’s population carry HCV, putting more than 200

million people at risk of developing severe liver disease, including chronic hepatitis, liver

cirrhosis and hepatocellular carcinoma (reviewed in[1, 2]).

I.1.2 HCV virology

HCV displays high genetic heterogeneity and is currently classified into seven genotypes

(gt 1-7) and more than a hundred subtypes[3]. It is a small, enveloped virus with a

particle size ranging between 40 - 100 nm in diameter and it harbours a 9.6 kb positive-

sense, single stranded RNA genome ((+) ssRNA). HCV was initially discovered and

described as non-A, non-B hepatitis in 1975[4]. It was identified as HCV in 1989 in a

screen of a random-primed cDNA library, constructed from HCV-containing plasma[5].

Within the Flaviviridae family[6], HCV is the type species of the Hepacivirus genus, with

an assignment to a viral order still pending. The hypothesis that non-human primates

are the source of HCV infection in humans is in discussion but controversial[7]. Other

non-primate mammals have recently been found to be susceptible to hepaciviruses. One

study found that non-primate hepacivirus (NPHV) causes pulmonary infections in dogs,

1
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which was later also identified in horses. The latter are thought to be the true host

of NPHV with sporadic cross-species infections to dogs ([7, 8], reviewed in[9]). RNA

viruses in general and HCV in particular have a high in vivo mutation frequency, with

HCV showing about 2.5 x 10−5 mutations per nucleotide per genome replication[10]. It

is suggested that HCV like other RNA viruses exists as quasispecies, which are diverse,

genetically-close variants linked to a master sequence, i.e. a genotype sequence[11].

I.1.3 The HCV genome

The HCV genome is composed of a 5’-UTR (untranslated region), which includes an

IRES (internal ribosome entry site), an ORF (open reading frame) that encodes struc-

tural and non-structural proteins, and a 3’-UTR[12, 13]. It is translated via the 5’ IRES

as a polyprotein, which is co- and post-translationally cleaved by cellular and viral pro-

teases to produce ten viral proteins (excluding an alternative translation product, see

below)[12–14]. The amino-terminal part of the polyprotein consists of the structural

proteins that make up the virion and include the capsid-forming core (C) protein and

the two envelope glycoproteins E1 and E2. They are followed by the p7 viroporin and the

non-structural proteins NS2 cysteine protease, NS3 serine protease and RNA helicase,

the NS3 cofactor NS4A, the membranous web-inducing factor NS4B, the phosphoprotein

NS5A and the NS5B RNA-dependent RNA polymerase[12–14] (Figure I.1). An alter-

native translation product referred to as F (frameshifted) protein or ARFP (alternative

ribosomal frameshift protein) can be expressed through a ribosomal frameshift within

the capsid-encoding sequence[12](Figure I.1). Its function is largely unknown but it is

suggested to play a role in hepatocellular transformation in HCV patients ([15], reviewed

in[16]).

I.1.4 HCV protein function

I.1.4.1 Core

Core is a dimeric, predominantly α-helical protein with a molecular weight of 21 kDa

and a part of the HCV virus particle, with the paramount function to assemble into

the viral capsid[17, 18]. Core is likely implicated in hepatic steatosis and carcinoma as

shown in mouse studies, both of which are suggested to be caused by perturbation of cell
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Figure I.1 – The HCV genome. a) The HCV genome contains an ORF (open reading
frame, blue), with a 5’ and 3’ UTR (untranslated region), a start and stop codon flanking
its ends (AUG and STOP, respectively). Binding of hepatic microRNA miR-122 (green)
to the 5’ UTR is shown in the left insert. The 5’ UTR contains an IRES (internal ri-
bosome entry site), via which translation of the polyprotein is initiated, that is co- and
post-translationally processed into ten viral proteins (bottom). The structural proteins core
(C) and glycoproteins E1 and E2 together with p7 and NS2 make up a module required
for virus assembly. The F protein, whose function is largely unknown, is depicted below
the core protein. The replication module for RNA replication consists of the remainder
of the non-structural proteins, i.e. NS3, NS4A, NS4B, NS5A and NS5B. Cleavage of the
polyprotein occurs via cellular signal peptidases and viral proteases. C-terminal cleavage of
core signal peptide occurs via SPP (signal peptide peptidase, grey triangle) and SP (signal
peptidase) cleaves core-E1, E1-E2 and E2-p7 (green triangles). The autocleavage of NS2-
NS3 is highlighted by a red triangle. NS3-NS4A cleavage sites in NS3, NS4A, NS4B, NS5A
and B are indicated by blue triangles. b) Membrane topologies and major functions of the
HCV polyprotein cleavage products are shown. Single or multipass transmembrane helices
connect most HCV proteins to intracellular compartments. The core protein and NS5A are
tethered to the membrane via amphipathic helices, which do not span the membrane but
rather dock on the lipid headgroups. NS5A is shown as dimer. All other proteins are de-
picted as monomers, while most if not all HCV proteins form homo- (core) or heterodimers
(E1-E2), or oligomers (p7) (Figure adapted from [13, 14]).
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proliferation regulation[19, 20]. Core consists of two distinct domains (D1 and D2) and

an E1 signal sequence at its C-terminus[21, 22], which together make up an immature

core protein of 191 aa (amino acids)[17, 18, 23]. The E1 signal sequence is cleaved

off the E1 N-terminal end by SP (signal peptidase) and then gets further processed

by SPP (signal peptide peptidase), via intramembrane proteolysis, which leads to the

mature core protein of about 173 - 179 amino acids[12, 24, 25]. The highly basic D1

(aa 1-117) contains an RNA binding domain[26, 27], which also shows RNA chaperone

functions[28, 29], e.g. enabling HCV 3’-UTR dimerisation[28, 30]. A solution NMR

(nuclear magnetic resonance) structure of an N-terminal fragment (aa 2-45) was solved

and shows a helix-turn-helix motif involving amino acids 15-41, several α-helices[22] and

the immunodominant antigenic region of core (unpublished, see PDB (Protein Data

Bank) entry 1CWX [M. Jolivet, M. F. Penin, P. Dalbon, L. Ladaviere, and X. Lacoux,

patent application EP 1015481, WO 98/39360, 1997]). In isolation, the N-terminal core

protein (aa 1-82) is suggested to be intrinsically unstructured, explaining its ability to

interact with several host proteins[22, 31]. The C-terminal D2 domain (aa 118 to about

177) is hydrophobic and consists of two amphipathic α-helices (comprising aa 119-136

and 148-165) that are suggested to interact with the bilayer and thus tethering core to

it[13, 22, 32]. The two helices are connected via a short and flexible loop (aa 137-147),

which are suggested to interact with LDs (lipid droplets)[21, 23, 32, 33]. D2 is also

crucial for the correct folding of full length core following SPP cleavage[32, 34].

I.1.4.2 E1 & E2

HCV envelope type I transmembrane (TM) glycoproteins E1 and E2 were first described

in 1990[35], and contain an N-terminal ectodomain (between 160 and 260 aa) and a

C-terminal transmembrane region of approximately 30 aa[22, 36]. E1 and E2 play im-

portant roles in the HCV life cycle, including particle assembly, HCV entry, and fusion

with the endosomal membrane (reviewed in[37]). During maturation in the ER (endo-

plasmic reticulum), the C-terminus of the core protein acts as a signal sequence, which

is responsible for the translocation of the E1 ectodomain into the ER lumen. There,

both E1 and E2 are modified post-translation via N-linked glycosylation[38], with the

glycosylated residues being crucial for correct protein folding and HCV entry[39]. After

cleavage by SP, the TM domains change their orientation with the C-terminus facing the

cytosol[40]. E1 and E2 form heterodimers that are noncovalently linked and suggested to
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be the main components of the viral envelope[18, 33]. Dimerisation is dependent on the

transmembrane components of E1 and E2[41]. Virion-associated E1 and E2 form large

complexes via disulphide bridges between highly conserved cysteine residues[42]. HCV

envelope protein maturation and folding thus involves ER chaperone folding, glycosyla-

tion and disulphide bond formation[22]. E1/E2 complexes are suggested to be displayed

on HCV particles, which was shown by an elegant EM study that employs affinity-tagged

E2 to purify and characterise HCV particles[43]. E2 shows an overall globular structure

consisting mostly of β-strands and two short α-helices. It also includes regions lacking

proper secondary structures, such as random coils and disordered loops (PDB entries

4MWF[44] and 2GSI[45]). A structural feature in the stem region of E2 (aa 322-332)

comprises an α-helix and unstructured areas (PDB entry: 2KZQ), which are suggested

to be essential for HCV cell entry[22, 46]. The observed immunoglobulin fold of E2, its

compact structure and inability to oligomerise[44, 45] suggest a different mechanism to

canonical class II fusion proteins[47]. The HCV fusion mechanism might be either based

on E1 alone or on the E1/E2 heterodimer[45].

I.1.4.3 NS2

HCV NS2 was first described in 1993[48] and contains a cysteine-protease domain[49, 50],

which cleaves the HCV polyprotein at the NS2/NS3 junction[22, 51]. It consists of a

transmembrane domain, which is made up of three transmembrane segments (aa 4-23,

27-49, and 72-94) and an α-helix (aa 61-70), for all of which structures have been solved

by solution-state NMR (PDB entries 2JY0, 2KWT and 2KWZ)[52, 53]. In its active

form, NS2 is a homodimer, with its catalytic triad, i.e. histidine/glutamic acid/cysteine,

being split between two monomers[49]. The crystal structure of the NS2 catalytic domain

(PDB entry: 2HD0) shows a dimeric protease with two composite active sites[49]. In

each site, the histidine and glutamic acid residues are situated on the same monomer,

with the cysteine being contributed by another monomer[49, 50]. As a cofactor, NS2

requires the first two amino acids of NS3 for basal proteolytic activity and the NS3

Zn2+-binding domain (NS3 aa 81-213) for enhanced proteolytic activity[50]. NS2 plays

an important role in HCV particle assembly and interacts with structural and non-

structural proteins, including E1, E2, p7, NS3 and NS5A[53–55]. Both, the NS2-E2

interaction and NS2 subcellular localisation rely on a part of the E2 transmembrane

domain, which shows that NS2 functions can be independent of its protease activity[56].
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NS2 also interacts with gene promoters to inhibit cytokine gene expression and to down

regulate host cell antiviral responses[57].

I.1.4.4 NS3 & NS4A

NS3 is a polydomain and multifunctional 70 kDa protein, with a chymotrypsin-like

serine protease at its N-terminus (aa 1-180) and an NTPase/superfamily 2 DExH/D-

box RNA helicase[58, 59] at its C-terminal part (aa 181-631). The protease region is

composed of two β-barrel subdomains separated by a cleft containing the active site, in

which the catalytic triad is formed by His57, Asp81, and Ser139 and an α-helix (α0,

aa 12-23), the latter tethering NS3 to intracellular membranes. It is also suggested to

be responsible for subcellular localisation of the whole NS3/NS4A complex[13, 60–63]

(Figure I.2). A Zn2+ stabilises the C-terminal NS3 protease subdomain (NS3 Zn2+

binding domain, aa 81-213). It is coordinated by Cys97, Cys99, Cys145, and His149[22]

and aides in processing of the NS2/NS3 cleavage site[50]. The N-terminal protease

part of NS3 is non-covalently complexed to a 54 amino acid NS4A polypeptide, which

acts as a cofactor[22, 64–68](Figure I.2). Functions attributed to it include stabilisation

of the NS3 protease and completion of the substrate recognition site by incorporation

of a β-strand (aa 21-32) into the N-terminal NS3 β-barrel. It also interacts with the

NS3 helicase and other proteins involved in HCV RNA replication, such as NS4B, and

in assembly, such as NS3[13, 22, 69]. Like other helicases in its family[58, 59], the

NS3 helicase hydrolyses ATP (adenosine triphosphate) and unwinds double-stranded

or single-stranded RNA with extensive secondary structure content. The helicase is

essential for HCV RNA replication[70] and particle assembly[71]. The exact function

of NS4A, its role in the viral life cycle and why it is physically linked to the protease

domain, are still being discussed[22].

I.1.4.5 NS4B

NS4B is a hydrophobic, polytopic and integral transmembrane protein of 27 kDa com-

prising 261 amino acids. Its transmembrane region (aa 70-190) is predicted to be com-

posed of four transmembrane segments, an N-terminal part (aa 1-69) consisting of two

amphipathic α-helices, designated AH1 and AH2 (aa 3-45 and 42-66, respectively) and
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Figure I.2 – Structure and membrane topology of HCV NS3-4A. A schematic depiction
of the HCV NS3A-NS4 genomic region of the HCV polyprotein is shown (top). The NS3
serine protease is depicted in blue and the helicase in grey. The cofactor NS4A is shown in
orange. Cleavage sites are indicated by arrows (the white arrow indicates the NS2 cleavage
site and the black arrows NS3-4A cleavage sites, respectively). The three catalytic residues
of NS3A are shown in red (i.e. H57, D81 and S139). The amphipathic NS3 anchor helix (α0)
is shown in green. The stabilising zinc ion is depicted as a white circle. The NS3-4A complex
is shown in a modelled POPC (1-palmitoyl-2-oleoyl-3-sn-glycero-3-phospholcholine) bilayer
(bottom). Bilayer headgroups are shown in yellow with the tails shown in light grey (Figure
adapted from[13, 22]).

a C-terminal portion (aa ∼91-261)[22, 72–74]. NS4B is involved in HCV RNA repli-

cation and suggested to be the main inducer of membranous web formation[75–78].

AH2, as well as post-translational modifications in the C-terminal domain (i.e. palmi-

toylation) were identified as major determinants for NS4B oligomerisation, which is

suggested to form a scaffold for the membranous web[74, 79, 80]. The membranous web

is a membrane-associated multiprotein complex, i.e. the sum of vesicular membrane

alterations harbouring viral replication sites, including all non-structural proteins which
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are associated with ER-derived membranes[79, 81, 82]. An NMR structure of an am-

phipathic α-helix extending from amino acid 42 to 66 was solved using solution state

NMR (PDB entry: 2JXF)[78], but no structure of the full length protein is available to

date[22].

I.1.4.6 NS5A & NS5B

NS5A is a 447 amino acid phosphoprotein, with important roles in HCV RNA replication

and particle assembly[13, 22, 83, 84]. It consists of an N-terminal amphipathic α-helix

(aa 1-27) and three domains (D1 - D3; aa 28-213, 250-342 and 356-447, respectively),

separated by two low-complexity sequences (LCS1 and LCS2)[85]. The N-terminal he-

lix acts as a membrane anchor[86], whose structure was solved by solution state NMR

(PDB entry: 1R7E)[87]. It suggests that the helix is embedded in-plane in the cy-

tosolic leaflet of the ER membrane, burying a hydrophobic side in the membrane and

presenting a polar side to the cytosol[87]. The anchor enables NS5A to interact with

phospholipid monolayers, i.e. LDs or the LD-ER interface [22]. D1 and D2 play a role

in HCV RNA replication and D1 also in LD binding[88–90], with D3 being implicated

in core interaction[89, 91]. A crystal structure of D1 (PDB entry: 1ZH1)[92] reveals a

dimeric structure with a groove facing away from the membrane that is suggested to

accommodate either single- or double-stranded RNA[92]. It was suggested that NS5A

binds zinc via a fully conserved quadruple cysteine motif[85], which was also seen in

the D1 crystal structure, revealing a novel zinc binding motif at Cys39, Cys57, Cys59

and Cys80, respectively[22, 92]. A different crystal structure of the same domain was

solved, revealing virtually the same monomer structure but a different dimer configura-

tion, suggesting possibly different functions in RNA binding[13, 93]. HCV NS5A can be

found in a basal phosphorylated (p56; 56 kDa) and hyperphosphorylated (p58; 58 kDa)

form, with phosphorylation being mediated by several cellular kinases[84, 94–96]. It is

suggested that the two different phosphorylation states of NS5A are modulating HCV

RNA replication via regulation of replication and assembly host factors[13, 97, 98].

NS5B is a 591 amino acid RdRp (RNA-dependent RNA polymerase) of 65 kDa and the

key enzyme in HCV RNA synthesis[13, 22, 99, 100]. It contains a C-terminal anchor

(aa 570-591), a large N-terminal domain and a 40 amino acid linker in between[22],

with the C-terminal anchor being disposable for enzyme function in vitro[79]. Sev-

eral crystal structures of NS5B have been solved (PDB entries 1O55, 1CSJ, 1C2P and
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1QUV)[93, 101–103]. All show the catalytic domain to be located in the N-terminal

domain[100] and all share RdRp characteristic right hand structural organisation di-

vided in fingers, palm, and thumb subdomains[13, 22, 79, 99, 100, 104].

I.1.5 The HCV life cycle

The HCV life cycle is a complex process and is currently not fully understood. The

current accepted consensus is that it comprises HCV particles entering the cell[37],

translation and polyprotein processing[105], viral RNA replication[79], virus particle

assembly and release[106].

I.1.5.1 The HCV particle

The HCV particle is 40 - 100 nm in diameter. It consists of envelope glycoprotein E1

and E2 heterodimers that are embedded in a lipid bilayer. This surrounds a nucleo-

capsid composed of core protein and the single-stranded RNA genome[43, 107]. Patient

sera and supernatant of cultured virus show that HCV RNA is found in low and high

density fractions, i.e. at around 1.06 g/ml and 1.25 g/ml, respectively[108, 109]. HCV

found in low density fractions shows a greater specific infectivity than HCV in high den-

sity fractions[110–112]. Virus derived from the infectious cell-culture system (HCVcc),

which uses a genotype 2a genome (isolate JFH-1; Japanese fulminant hepatitis-1) and

hepatoma Huh7-based cell lines[111], shows higher densities than sera-derived virus (1.15

- 1.20 to 1.03 - 1.16 g/ml, respectively)[112, 113]. This can be explained by the impaired

VLDL (very-low-density lipoproteins) assembly pathways in Huh7- cell lines[114]. HCV

particles are referred to as LVPs (lipoviroparticles), which was coined on the their ap-

pearance as large, spherical particles containing apoB (apolipoprotein B), HCV RNA

and core[114, 115]. Viral particles also associate with other apolipoproteins, including

apoE (apolipoprotein E)[116]. In general, HCV particles lack an icosahedral shape,

which is caused by their association with host cell lipoproteins, i.e. LDL (low-density

lipoprotein) and VLDL, such as apoB and apoE[14, 115, 116]. HCV particles also vary

in their properties, depending on the host cell in which they are produced (reviewed in

[18]), causing an innate heterogeneity in their appearance.
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I.1.5.2 HCV cell entry

HCV entry and infection requires a minimal set of four host cell proteins, i.e. SRB1

(scavenger receptor class B member 1)[117], the tetraspanin CD81[118], claudin 1[119]

and occludin[120], the latter two being tight junction proteins (Figure I.3). Other pro-

teins and receptors have been identified which aid entry and infection (reviewed in

[37, 121]), including the Niemann-Pick C1-like 1 cholesterol absorption receptor[122].

It is suggested that HCV spreads via cell-free and cell-cell routes in vitro[123], with

the latter being proposed to be the possible predominant route in vivo[37]. After suc-

cessful attachment, HCV employs a host cell mechanism and enters cells via clathrin-

mediated endocytosis[124], followed by genome release into the cytoplasm where trans-

lation occurs[14].

I.1.5.3 Translation of the HCV polyprotein

HCV protein translation occurs in the rough ER in a cap-independent manner through

the use of an IRES in the 5’ UTR, which directly recruits the 40S ribosomal subunit to

the viral RNA without the need of other cofactors[125] (FigureI.3). The translated HCV

polyprotein is co- and post-translationally cleaved by cellular proteases (signal peptidase

and signal peptide peptidase) and the viral NS2-NS3 and NS3-NS4A proteases to release

ten HCV proteins[9, 12, 14, 22] (FigureI.1). The hepatic microRNA miR-122, which

normally regulates genes in hepatic host cholesterol and lipid metabolism (reviewed in

[126]) binds to the HCV 5’ UTR[127] (Figure I.1 a) and has a stabilising and stimulatory

effect on HCV genome translation[128, 129]. Furthermore, miR-122 protects the HCV

genome from degradation by host exonucleases[130] and shields the genome from innate

immune recognition[131].

I.1.5.4 HCV RNA replication

HCV viral RNA replication is catalysed by NS5B, an RNA-dependent RNA polymerase[79,

100] and takes place in ER-derived membrane vesicles, referred to as the membranous

web (Figure I.3). It is composed of ER-derived single-, double- and multimembrane

vesicles and LDs that assemble with HCV replication proteins as a complex, suggested

to harbour the HCV replication sites[79, 81]. RNA replication is supported by the host
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protein cyclophilin A, which is a petidyl prolyl isomerase[132]. Its function in the repli-

cation process is still unclear but it has been shown to interact with NS5A domains D2

and D3[133–135] and is suggested to support proper NS5A folding[13].

I.1.5.5 HCV assembly and release

HCV particle assembly is tightly linked with host cell lipid synthesis. It can be distin-

guished between an early nucleocapsid formation phase and a late envelopment and lipid

incorporation phase[18, 106]. HCV particle assembly is located at LDs[21, 136]. LDs are

lipid metabolism storage organelles that are composed of a monolayer of phospholipids

harbouring a triacylglycerol and cholesterol ester core[18, 88, 108]. DGAT1 (diaglycerol

O-acyltransferase) triggers a transfer of ER membrane bound core to the surface of LDs,

with nucleocapsid formation involving core and NS5A[137]. NS5A associates to LDs via

an amphipatic helix and interacts with core via D3 [22, 87]. Delivery of HCV genomes

to the assembly site is suggested to be facilitated by the close proximity of RNA replica-

tion with assembly and budding sites[14, 18]. NS2 is crucial in HCV virion assembly by

orchestrating protein-protein interactions to recruit other important components needed

at the assembly site, i.e. E1/ E2[55], p7[138–141], NS3[71] and NS5A[53]. It was also

shown that apoE interaction with NS5A is crucial for virus assembly[142]. It is suggested

that HCV hijacks the VLDL pathway of its host cells to release mature HCV particles,

which resemble TRLs (triglyceride-rich lipoproteins), which consist of apolipoproteins,

a phospholipid monolayer and a neutral lipid core[18, 106, 143–145] (Figure I.3).

I.1.6 Antiviral strategies

I.1.6.1 Ribavirin and interferon

There is currently neither a prophylactic nor therapeutic HCV vaccine available (re-

viewed in[146]). In cases where HCV infection does not spontaneously clear, treatment

with antiviral drugs is necessary. The previous standard treatment of care was a com-

bination of pegylated interferon-α and ribavirin, with greatly varying response rates

ranging between 36 % and 76 %, heavily depending on disease progression, the viral

genotype and type of pegylated interferon used[147]. Also several host factors affect

therapy outcome, including HLA (human leukocyte antigen) type, ethnicity, gender, age
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Figure I.3 – The HCV life cycle. (1) Binding of an HCV virus particle to SRB1 (scav-
enger receptor class B member 1) and CD81 triggers downstream interaction with the other
two entry receptors CLDN1 (claudin 1) and OCLN (occludin), which leads to (2) uptake
via clathrin-mediated endocytosis. (3) Following release of the HCV RNA genome into
the cytoplasm and translation in the ER, the resulting HCV polyprotein is cleaved by viral
and host proteases. (4) Viral and host cell proteins induce the membranous web (MW),
consisting of lipid droplets (LD) and several types of membrane vesicles (single-, double-
and multi-layered). (5) After RNA synthesis in the replication complexes (see insert) (6)
assembly occurs at LD/ER membranes and viral particles bud into the ER-lumen (7). Ma-
ture HCV is suggested to be released via the VLDL secretory pathway (Figure adapted
from[13]).

and obesity[14]. Recently, treatment success of interferon therapy has been shown to be

dependent and predictable on a single-nucleotide polymorphism upstream of the IFNL3

(interferon, lambda 3) locus, which is linked to the innate immune response (reviewed

in[148]). Genotype 1 patients only respond in about 45 % of cases successfully to in-

terferon and ribavirin treatment[13, 149]. Interferons are cytokines that form part of

the human cell-mediated immune response especially directed against but not acting

directly on viruses[150]. Virally infected cells release interferon in order to alarm neigh-

bouring cells, which then reduce protein synthesis to halt viral replication and spreading,

creating an antiviral state within the cell and its neighbours[151, 152]. Ribavirin is a

synthetic nucleoside analogue that interferes with viral RNA metabolism by resembling
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purine RNA nucleotides. It is capable of incorporation into RNA, where it creates am-

biguous basepairing, mimicking either guanosine or adenosine, successfully pairing with

both cytidine and thymidine[153]. Ribavirin is suggested to act primarily by inducing

mutations into the viral RNA genome, referred to as mutagenesis and error catastrophe

or lethal mutagenesis, in which too many genome errors accumulate and start to be

deleterious to the virus population[151, 153], which is supported and predicted by the

quasispecies theory[11]. Its 5’ mono-, di- and tri-phosphates, moreover, are inhibitors of

viral RNA-dependent RNA polymerases. Other routes of action being discussed include

direct inhibition of HCV replication, inosine-monophosphate-dehydrogenase inhibition

and immunomodulation[151, 153] (reviewed in[149]).

I.1.6.2 Direct acting antivirals

The low efficacy against the common genotype 1, long treatment duration and undesir-

able side effects of interferon treatment make the development of interferon-free regimes

desirable and necessary[13]. The goal of current HCV drug development is to establish

an easy administrable, highly pan-genotype effective, interferon free therapy[149, 154].

The recently introduced HCV NS3/4A serine protease inhibitors, boceprevir[155] and

teleprevir[156] (Figure I.4 b and c) are first generation, direct acting antivirals (DAAs)

approved for treatment of genotype 1 patients. They increase sustained virological re-

sponses (SVRs) in combination therapy with pegylated interferon-α and ribavirin in

previously unresponsive patients to up to 79 %[150], however, monotherapy with either

compound leads to HCV escape mutants[157, 158], with implicated resistance residues of

HCV NS3/4A being Val36, His57, Thr54, Val55, Asp81, Gln80, Ser139, Arg155, Ala156,

Asp168 and Val170 (Figure I.4).

Besides different classes and second generation NS3/4A inhibitors, nearly all other HCV

proteins are heavily implicated in drug development efforts, most prominently NS5A

and NS5B, but also NS3[159], NS4B and p7[13, 154]. Second-generation NS3/4A in-

hibitors are required to have a high-resistance threshold, activity against HCV variants

that are resistant to first generation compounds and activity against different HCV

genotypes[154]. This definition can also be applied more broadly to inhibitors of other

HCV proteins[160, 161]. There are three classes of NS3/NS4A protease inhibitors. i)

Linear peptidomimetics that covalently but reversibly bind the enzyme active site, to

which class both boceprevir and telaprevir belong, ii) linear noncovalent peptidomimetic,



Chapter I. Introduction 14

and iii) macrocyclic noncovalent peptidomimetic inhibitors, both of which do not form

covalent adducts (reviewed in[154]). There are two classes of NS5A inhibitors, which

are non-symmetric or palindromic inhibitors. An example for a palindromic NS5A in-

hibitor is daclatasvir (BMS-790052), which counts as a first generation inhibitor[160]

(Table I.1). NS5B inhibitors have being categorised in nucleoside/nucleotide and non-

nucleoside inhibitors[154]. Sofosbuvir (GS-7977) is the most advanced of NS5B nu-

cleotide inhibitors, currently in a phase III trial[149]. There are a multitude of other

inhibitors in development and in clinical trials including host-targeted agents (HTAs)

(Table I.1)[149].

Table I.1 – DAAs and HTAs in clinical development (adapted from[149]).

Compound Target Manufacturer Trial Phase in 2013

Telaprevir NS3/4A protease Vertex & Janssen Approved
Boceprevir NS3/4A protease Merck Approved
Simeprevir NS3/4A protease Janssen III
Faldaprevir NS3/4A protease Boehringer-Ingelheim III
Danoprevir/r NS3/4A protease Roche/Genentech II
Vaniprevir NS3/4A protease Merck II
Narlaprevir/r NS3/4A protease Merck II
Asunaprevir NS3/4A protease Bristol-Myers Squibb II
Sovaprevir NS3/4A protease Achillion II
GS-9256 NS3/4A protease Gilead II
GS-9451 NS3/4A protease Gilead II
ABT-450/r NS3/4A protease Abbott II
MK-5172 NS3/4A protease Merck II
Sofosbuvir NS5B RdRp Gilead III
Mericitabine NS5B RdRp Roche/Genentech II
Tegobuvir NS5B RdRp Gilead II
Filibuvir NS5B RdRp Pfizer II
Setrobuvir NS5B RdRp Roche/Genentech II
BI207127 NS5B RdRp Boehringer-Ingelheim II
ABT-333 NS5B RdRp Abbott II
ABT-072 NS5B RdRp Abbott II
VX-222 NS5B RdRp Vertex II
Daclatasvir NS5A Bristol-Myers Squibb II
PPI-461 NS5A Presidio II
GS-5885 NS5A Gilead II
BMS-824293 NS5A Bristol-Myers Squibb II
ACH-2928 NS5A Achillion II
SCY-465 (HTA) Cyclophilin Scynexis II
Miravirsen (HTA) miR-122 Santaris Ib
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Figure I.4 – The NS3 protease/NS4A activation domain and binding of boceprevir
and telaprevir. a) A ribbon diagram of the NS3 protease domain (PDB entry: 1CU1) with
the central NS4A activation domain (yellow) is shown[60]. The NS3 catalytic triad (His57,
Asp81 and Ser139) is indicated as red stick representations. Residues giving rise to resistance
mutations against NS3-4A inhibitors (i.e. boceprevir and telaprevir) are highlighted and
represented as coloured van der Waals spheres (Val36, His57, Thr54, Val55, Asp81, Gln80,
Ser139, Arg155, Ala156, Asp168 and Val170). b & c) Boceprevir (top) and telaprevir
(bottom) are shown in complex to the NS3 active site (surface representation) and their
chemical structures are depicted in the inserts, respectively. The residues of the catalytic
triad are highlighted in red and residues Arg155, Ala156, Asp168 and Val170 are shown
as van der Waals spheres (PDB entries 2OC8 and 3SV6, respectively) (Figures adapted
from[13]).

I.1.7 Viroporins

I.1.7.1 Viroporin topology and function

Viroporins are small, hydrophobic proteins able to oligomerise in membranes to form

ion-conducting pores. They are involved in viral genome replication, assembly, as well as

virus particle entry into and release from infected cells (reviewed in[162–164]). Examples

of viroporins include influenza M2 (matrix protein 2)[165–167], HIV-1 Vpu (human

immunodeficiency virus-1 viral protein U)[168–170] and HCV p7. Nieva et al. proposed

a classification system based on viroporin structural characteristics, i.e. classes IA, IB,

IIA and IIB[163]. Class IA viroporins have a single transmembrane domain with lumenal
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N-termini, examples include M2[171, 172] and Vpu[170, 173]. Class IB viroporins have a

cytosolic N-terminus and Class IIB cytosolic N- and C-termini[163]. Class IIA viroporins

are characterised by helix-turn-helix hairpin motifs that span the membrane and have

ER lumenal N- and C-termini, with HCV p7 being an example[163] (Figure I.5).

Viroporin functions are numerous[162, 163]. Functions carried out at the cell plasma

membrane include alteration of host cell homeostasis and membrane depolarisation, but

also roles in viral particle assembly and release. Intracellular effects include alterations

of Ca2+-homeostasis at the ER, dissipation of H+ gradients in the Golgi membrane

remodelling to house replication sites (Figure I.6) (reviewed in[163]).

Figure I.5 – Viroporin classification based on membrane topology. Class I viroporins
have a single transmembrane domain, with A and B subclasses having the lumenal and
cytosolic termini on the opposite sites. Class A has a lumenal N-terminus, whereas class B
has a cytosolic N-terminus and vice versa for the C-termini. In addition, class IA members
are usually phosphorylated at the C-terminus. Examples for class IA viroporins include
influenza A virus (IFA) M2, human immunodeficiency virus (HIV) Vpu, and coronavirus
(Cov) E. Class IB members are human respiratory syncytial virus (HRSV) SH, and poliovirus
(PV) P3A. Class II viroporins have two transmembrane domains which are characterised by
helix-turn-helix hairpin motifs. Class IIA members have lumenal N- and C-termini, whereas
members of subclass B have cytosolic N- and C-termini. Examples of Class IIA are HCV p7
and Sindbis virus (SV) 6K. PV P2B is an example for class IIB (Figure adapted from[163]).

I.1.7.2 Influenza M2

Influenza is an enveloped virus and has a negative -sense, single-stranded RNA genome

((-) ssRNA), which is made up of eight segments. Influenza belongs to the Orthomyx-

oviridae family and there are three serotypes (A, B and C). Influenza A viruses are

further characterised by the subtype of their surface glycoproteins, hemagglutinin (HA)

and neuraminidase (NA). The influenza A particle shows a round to oval shape and is

approximately 90 nm in diameter[174]. The viral membrane contains M2. M2 is a pH-

regulated, highly selective proton channel, which is encoded on the seventh RNA segment
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Figure I.6 – Viroporin functions in host cells during the viral life cycle. Cellular
organelles that are targeted by viroporins are depicted, including the nucleus and surrounding
ER in blue, mitochondrion in magenta, intermediate compartments in purple and the Golgi
apparatus in green. a) At the plasma membrane, several viroporins have been shown to
alter homeostasis of the cell and to cause membrane depolarisation, i.e. IAV (influenza
A virus) M2, HCV p7, HRSV (human respiratory syncytial virus) SH, HIV-1 Vpu, ARV
(avian reovirus) p10 and JCV (JC polyomavirus) agnoprotein. b) In the ER, viroporins
cause leakage of Ca2+, thereby altering Ca2+ homeostasis that can decrease the inner
mitochondrial membrane potential (↓∆Ψ m) and lead to cytochrome C release, which in
turn can trigger apoptosis. Implicated viroporins are listed in the blue box, such as RV NSP4
(rotavirus non-structural protein 4) and SV 6K (sindbis virus 6K). c) Other viroporins induce
changes in intracellular membranes to create an environment suitable for viral replication
(viroplasm). In case of HCV, this is triggerd by NS4B, which is not a viroporin (Figure I.1).
d) Proton gradient dissipation in the Golgi which leads to decreased pH in the Golgi and
other acidic vesicular compartments aiding inhibiting glycoprotein trafficking, is induced
by IAV M2 and also suggested for HCV p7 and SARS-CoV 6V (severe acute respiratory
syndrome corona virus 6V). e) Several viroporins are suggested to play a role in viral assembly
and budding (Figure adapted from[163]).

together with the matrix protein 1 (M1) and generated by alternative splicing[163, 174–

176]. M2 is a 97 amino acid, class IA viroporin and consists of three domains, i.e. an

N-terminal ectodomain (aa 1-23), a transmembrane domain (aa 24-42) and a cytoso-

lic tail (aa 43-97), which contains an amphipathic helix (aa 47-62). The cytosolic tail

harbours a phosphorylation site[177, 178] and is needed for infectious virus production,

genome packing[179] and interaction with M1[180]. The transmembrane domain is re-

sponsible for forming an M2 homotetramer and channel formation[181] and also harbours

interaction sites for inhibitors such as amantadine and rimantadine[176]. Activation of

M2 channel activity occurs via acidification of the endosome, which leads to opening of
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M2 channels, allowing protons to pass from the endosome to the virus interior. This

leads to release of viral RNA into the host cell cytoplasm enabling replication of the viral

genomes[182]. It also avoids acidification of the trans-Golgi to enable adequate matura-

tion of HA proteins, and it is implicated in membrane bussing and scission by generating

negative membrane curvature[183–185]. Several structures have been solved employing

various techniques, including solution[171] and solid state NMR (ssNMR)[186] and x-ray

crystallography[172] (reviewed in[187–189]). All structures of the M2 transmembrane

domains show a tetrameric pore, with side chains of highly conserved residues, His37

and Trp41 facing the pore lumen. The histidine can be protonated and is involved in

proton flow, whereas the tryptophan can block the channel at neutral pH[163]. Several

structures obtained at different pH suggest that the aromatic residues function as a

gate, being open at low and closed at neutral pH[171, 172, 190]. The interaction site

with adamantane inhibitors has also been identified and mapped to a cluster around

Ser31[171, 172, 191]. It is unclear which of the first solved structures is most similar to

the native M2 structure. The solution state NMR structure harbours a C-terminal part

of M2 (aa 47-62), which the other two structures are lacking. The amphipathic segment

(aa 47-62) together with the transmembrane domain is referred to as the conductance

domain. An MD analysis of all three initial structures suggested that the X-ray structure

is the most stable during MD simulations, mainly in its tri-protonated form, with the

solution NMR structure being the least stable, which however can be partly attributed

to the added C-terminal region[189]. Newly solved structures show a greater agreement

for the backbone of the TM region and a similar position of the amphipathic helix with

near consensus achieved in the closed state[192] (Figure I.7). Recent efforts are put

into solving structures of the N-terminal ectodomain and the C-terminal cytoplasmic

tail[187].

I.1.7.3 HIV Vpu

Human immunodeficiency virus (HIV) is a Lentivirus of the family of Retroviridae. There

are two HIV viruses characterised, HIV-1 and HIV-2. HIV-1 has a single-stranded, posi-

tive sense RNA genome ((+) ssRNA), which encodes nine proteins. Vpu (viral protein U)

is translated from a bicistronic RNA and only found in HIV-1[195]. Vpu is a class IA vi-

roporin (aa 77-86), with an N-terminal domain facing the ER lumen[163]. It further con-

sists of a single transmembrane and a cytosolic domain made up of two short amphiphatic
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Figure I.7 – Influenza M2 structures solved by different techniques and in different
conditions. a) An overlay of three recent M2 structures is shown with the backbone
as a helical ribbon and the His37 and Trp41 sidechains as stick representations. The
yellow structure (PDB entry: 2KWX) depicts the conductance domain and was obtained
by solution NMR spectroscopy (aa 18-60; TM plus C-terminal part) in detergent micelles
at pH 7.5[193]. The green structure (PDB entry: 2L0J) was obtained by ssNMR (solid
state NMR spectroscopy) on the M2 conductance domain (aa 22-62) in liquid crystalline
lipid bilayers at pH 7.5[194]. The pink structure (PDB entry: 3LBW) was obtained by
X-ray crystallography on the TM domain (aa 22-46) in an octylglucoside environment at
pH 6.5[190]. The superimposed TM helices of the ssNMR and X-ray structures are very
similar, with a slight deviation at the C-terminus. The tilt of the solution NMR TM helix
is significantly less than in the other two structures. Relative to the ssNMR structure, the
amphipathic helices in the solution NMR structure have a different location with regard
to both depth in the ’membrane’ environment and lateral position. The His37 and Trp41
sidechains are shown for 2L0J. b) shows a comparison of the positioning of the histidine
sidechains in the three M2 structures displayed in the overlay as viewed from the amphipathic
helix side (C-terminal end). The view direction is indicated by a grey arrow in a) as is the
height in M2 by a grey line. The His37 sidechain torsion angles for 2KWX are similar
to those for 2L0J (green circle), but the imidazole-imidazolium hydrogen bonds are not
formed. As such the His37 sidechain conformations in 2KWX appear to be unstable due
to charge repulsion (yellow circle). The His37 sidechain conformations in 3LBW provide an
alternative, but more limited mechanism through cation-π interactions for charge dispersion
and for structural stabilisation (pink circle) (Figure adapted from[192]).

α-helices (aa 33-49 and 57-70) connected by a short loop[195, 196]. Vpu has two primary

functions, i.e. CD4 receptor downregulation and tetherin antagonisation[195, 197]. Vpu

is suggested to form an oligomeric channel via its transmembrane domain[198, 199]. Al-

though structures of the TM helix have been solved by solution and ssNMR[173, 200],

no full length structure besides a molecular model is available to date[201].
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I.1.8 Viroporin inhibitors

Viroporins are important for the viral life cycle. As it is possible to screen for inhibitory

compounds that block their membrane-permeabilising ability, viroporins are attractive

targets for antiviral drug development[163], with a number of compounds in development

to prevent channel activity or formation (Table I.2).

I.1.8.1 Adamantane compounds

The first drug studied that inhibited a viroporin was amantadine. It was used to block

the activity of influenza M2[202]. Early reports show the rapid emergence of viral escape

mutations[202], also against the very similar drug rimantadine[203], highlighting that

both compounds are unsuitable for influenza monotherapy (Figure I.8). Amantadine

was also suggested to be useful in treating HCV infections, as it was found to block

p7 ion channel activity[204, 205], albeit with conflicting efficacies reported[141, 206].

Amantadine also showed no benefits in HCV combination therapy with interferon and

ribavirin[207].

I.1.8.2 Acylguanidine compounds

HMA (5-(N,N -hexamethylene) amiloride) was shown to inhibit HIV Vpu[208] and p7[209].

BIT225 (N -[5-(1-methyl-1H -pyrazol-4-yl)-napthalene-2-carbonyl]-guanidine (Figure I.8)

was identified as an inhibitor against p7 ion channel function[210] and has since been

shown to inhibit Vpu[211], in a manner which is not based on interference with tether-

ing antagonism[212]. It also shows an inhibitory effect on E protein of coronavirus[213].

There is also a report indicating that BIT225 inhibits the RdRp of coxsackievirus B3

(reviewed in[214]), which suggests that the antiviral mechanism of action of BIT225 is

still not fully elucidated and might be multifactorial.

I.1.8.3 Long-alkyl chain iminosugars

N N-DNJ and N N-DGJ (N -nonyl-deoxynojirimycin and N -nonyl-deoxygalactojirimycin,

respectively) are long alkyl iminosugar derivatives. Iminosugars are sugar analogues with

the cyclic oxygen being replaced by nitrogen. Derivatives include the glucose analogue



Chapter I. Introduction 21

Table I.2 – Viroporin inhibitors with respective test systems (Table adapted from[163]).

V iroporin(virus) Inhibitor(class) Testsystem

M2 (IAV) Amantadine and rimantadine
(adamantanes)

Artificial membranes, Cell
culture[172, 191, 221]

Vpu (HIV-1) HMA (acylguanidines) Cell culture[208]
BIT225 (acylguanidines) Cell culture[211]

p7 (HCV) Amantadine Artificial membranes, Cell
culture, Clinical studies[204–
207]

HMA Artificial membranes, Cell
culture[206, 209]

N N-DNJ and N N-DGJ
(long/alkyl chain iminosug-
ars)

Artificial membranes, Cell
culture, Clinical study[215,
222–224]

BIT225 Artificial membrane, Clinical
study[210]

E (SARS-CoV) HMA Cell culture[213]

HMA (5-(N,N -hexamethylene) amiloride), BIT225 (N -[5-(1-methyl-1H -pyrazol-4-yl)-
napthalene-2-carbonyl]-guanidine, N N-DNJ (N -nonyl-deoxynojirimycin), N N-DGJ (and N -
nonyl-deoxygalactonojirimycin), E SARS-CoV (E protein severe acute respiratory syndrome
coronavirus)

deoxynojirimycin (DNJ) and the galactose analogue deoxygalactonojirimycin (DGJ),

with alkyl chains of varying length added to their ring nitrogen (Figure I.8). N N-DGJ

and N N-DNJ both inhibit HCV p7 in vitro[141, 215]. The glucose analogues (DNJs) also

inhibit host ER-resident α-glucosidases, which prevents proper maturation of envelope

glycoproteins, wielding antiviral activity against a wide range of viruses[216–220].

I.2 HCV p7

I.2.1 HCV p7 topology and function

HCV p7 is a small hydrophobic, endoplasmic reticulum (ER)-resident protein[225], en-

compassing 63 amino acids, which form two transmembrane α-helices[226] connected

by a short basic loop, with the N- and C-termini facing towards the ER lumen[227].

It is assumed that HCV virions assemble at the ER membranes (i.e LD-ER membrane

interface) and bud into the ER lumen, however, it is not yet clear if p7 is incorporated

into the viral envelope[206, 228]. HCV p7 is critical for the assembly and secretion of
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Figure I.8 – Inhibitors of HCV p7. The two adamantane compounds, amantadine and
rimantadine are shown at the top. The middle row shows the acylguanidine compounds
HMA and BIT225. The bottom row shows two glucose based iminosugars. The short-
chained NB-DNJ, which shows no p7 inhibitory effects, and the long-alkyl chained NN-DGJ,
which inhibits p7. The IUPAC names of each compound are listed in parentheses.

infectious viral particles in vitro and in vivo[139–141, 229–231], but it is neither cru-

cial for viral genomic replication[232, 233] nor for entry[141, 231]. HCV p7 is a class

IIA viroporin (Figure I.5), which are small, hydrophobic proteins able to oligomerise in

membranes to form ion conducting pores (reviewed in[162, 163]).

I.2.2 HCV p7 structure

The structure of p7 has been characterised using most available structural methods,

including EM (electron microscopy) and NMR. EM studies using GST-tagged HCV

J4 p7 (gt 1b) show that p7 oligomers can exist as hexamers in artificial unilamellar

vesicles of composition not described by the authors[204] and as heptamers in PA and

PC (1:1, phosphatidic acid and phosphatidylcholine) liposomes[234]. In the absence of

high-resolution structural information, an early modelling study used only secondary

structure predictions and a computational hierarchical methodology to generate a hex-

americ p7 assembly[226]. Electrophysiological measurements using Cu2+ showed that
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the divalent cation is chelated by the single histidine residue located in the N-terminal

transmembrane domain of HCV strain H77 p7 (gt 1a) - thereby blocking the activity

of the channel - indicating that the N-terminal helix is pore lining[235]. An EM study

by Luik et al. determined the first three-dimensional structure of full-length p7, using

single-particle electron microscopy, random conical tilting and negative staining[236].

The chemically synthesised, DH7PC (1,2-diheptanoyl-sn-glycero-3-phosphocholine) sol-

ubilised, HCV JFH-1 p7 (gt 2a) monomers assembled into a complex of 42 kDa. The

structure with a resolution of 16 Å reveals a flower-shaped, hexameric protein architec-

ture with protruding petals oriented toward the ER lumen, the latter being determined

with p7 N- and C-terminal specific antibodies. A model was fitted into the EM volume

and showed that 97.3 % of the atoms are located within the EM volume[236] (Figure I.9

a).

Several studies address the secondary and tertiary structure of monomeric p7. Using

solution state NMR, Montserret et al. solved structures of TM1 and TM2 of HCV p7 J

(C27S; gt 1b) in 50 % TFE (2,2,2-trifluoroethanol) and used molecular dynamic simula-

tions in POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayers to assemble

a high-resolution structure of monomeric p7. Shown secondary structure elements in-

clude an N-terminal α-helix, an unstructured cytosolic loop and a C-terminal helical

region[237] (Figure I.10). In a later study, using this monomeric p7 model, oligomeric

complexes with four to seven subunits were simulated in hydrated POPC bilayers, which

match the thickness of ER membranes. HCV p7 oligomers are shown to have a bias to-

wards six or seven subunits in the assembled complexes, with tetrameric and pentameric

stages suggested as intermediates[238]. These results support unpublished data showing

the coexistence of hexa- and heptameric HCV JFH-1 p7 (gt 2a) in PC:PE (phosphatidyl-

choline:phosphatidylethanolamine; 4:1) membranes (Zitzmann et al., unpublished). The

same study showed the adaptability, fluidity and ability of p7 to align itself from the

flower shaped, bent EM structure in the shorter chain DH7PC detergent micelles[236]

into the cylindrical, upright complex observed in longer chain POPC bilayers[238] (Fig-

ure I.9 b), which more closely resembles the membrane thickness encountered in the

ER. A study employing solution state NMR showed a p7 secondary structure consist-

ing of two transmembrane segments each containing two helical segments, separated

by a loop. Using magnetically aligned 14-O-PC/6-O-PC (1,2-di-O-hexyl-sn-glycero-3-

phosphocholine) phospholipid membranes it was possible to determine helix tilt angles
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by solid state NMR[239]. The secondary structure boundaries are overall similar to the

previously mentioned NMR study, except kinks in TM 1 and TM 2[237] (Figure I.10,

bottom). The same group published the first full-length three-dimensional structure of

monomeric p7 using (1,2-dihexanoyl-sn-glycero-3-phosphocholine) solubilised HCV J4

p7 (C27S; gt 1b) with a final backbone root square deviation of 2.18 Å, at a pH of

4.0 and 50 ◦C. They found a structure that consists of two transmembrane domains,

which are further split into two dynamic and two stable helical segments[240] (Figure

I.10). The secondary structure is in close agreement with previous secondary structural

studies, besides details in helix boundaries, tilt angles and position of kinks[237, 239].

A recently published monomeric structure of FLAG-tagged HCV J4 p7 (C27S, gt 1b)

in methanol shows similar secondary elements as previously reported, with a small helix

in the loop region and a TM 1 which shows no kink in His17 (PDB entry: 3ZDO[241])

(Figure I.10, bottom).

OuYang et al. reported the first three-dimensional structure of oligomeric p7 using

200 mM Fos-Choline-12 (DPC) solubilised HCV EUH1480 p7 (T1G, C2A, A12S, C27T,

C44S; gt 5a) with a final backbone mean square root of 0.79 Å[242] (Figure I.10). The

structure was supported by Fos-choline-12 solubilised and negative stained p7 EM parti-

cles of the same genotype and with the same mutations, although using a low (i.e. 3 mM)

detergent concentration[242]. The particles looked similar to the ones seen in the previ-

ously mentioned single particle reconstruction EM study[236]. The secondary structure

observed varies greatly from previous reports[237, 240] and the oligomeric subunit as-

sembly is more complex than previously found in oligomeric p7 simulations in DH7PC

micelles[236] and in POPC bilayers[238]. The structure reported by OuYang et al. is

characterised by three helical segments in which the loop region that in other studies

clearly separates the transmembrane helices, becomes part of a helical segment (Figure

I.10, H2, yellow). There are also no intra-monomer helical contacts but rather inter-

monomer contacts between helices of different monomers[242]. The final NMR structure

was fitted with an inverted orientation of the termini into the Luik et al. EM envelope.

The C-terminus is membrane buried in the hydrophobic interface of the Fos-choline-12

micelle[242].
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Figure I.9 – EM single particle reconstruction of HCV JFH-1 p7 (gt 2a). a) Fitting
of simulated HCV JFH-1 p7 monomers into the hexameric EM volume is shown. Atomistic
models of HCV JFH-1 p7 monomers were fitted into the EM density with their C- and
N-termini oriented toward the petal tips. The monomers are depicted in alternating colours
(blue and purple). In each model, three neighbouring monomers are surface represented; for
the other three, the peptide backbones are shown. b) EM-fitted hexameric model derived
from the solution NMR structure of HCV J p7 (C27S) in a DH7PC bilayer with a thickness
of a DH7PC micelle, and POPC lipid bilayer are shown in side views (ribbon representation).
The p7 monomers are depicted in green. The model DH7PC and POPC bilayer (labeled
DH7PC micelle and POPC membrane, respectively) are described by means of a stick
representation (light grey), with phosphorus and nitrogen atoms displayed as orange and
green van der Waals spheres, respectively (Figures adapted from[236, 238]).

I.2.3 HCV p7 as a drug target

HCV p7 is a viroporin and forms cation-selective ion channels when reconstituted into

planar lipid bilayers, which can be inhibited by several compounds (reviewed in[138]),

including amantadine[204, 223, 237], rimantadine[206], HMA[209, 237], BIT225[210] and

long-alkyl chain iminosugars (N N-DNJ and N N-DGJ)[215, 218, 223], whereas short-

chain iminosugars (i.e. N B-DNJ and N B-DGJ) show no inhibitory effect against p7[223]

(Figure I.11). HCV p7 was first shown to be able to conduct ions across membranes in

BLM (black lipid membrane) experiments, either as a tagged fusion protein[204, 234, 243]

or untagged[209, 215, 235, 244]. Liposome based assays also showed p7 ion flux[205, 237]

and experiments with extracted intracellular membranes from cells expressing a FLAG-

tagged p7 suggest that p7 is able to conduct protons[229, 245] (Figure I.11). Biotin-

tagged HCV H77 p7 (gt 1a) ion channel function could be completely blocked in vitro

using long-alky chain iminosugars at concentrations of 105-180 µM[243]. IC50 values,
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Figure I.10 – Comparison of solution NMR structures of HCV p7. The top table shows
first author names of p7 NMR structural data publications (current in 2013)[237, 239–242].
The p7 isolate, genotype, construct mutations and sample conditions used, are listed. All
structures were solved using solution NMR. The Montserret et al. structure is an MD
simulation of three separate NMR structures of p7 peptides spanning full length p7[237].
The topology shows the similarities between the monomeric structures but also highlights
the differences in some of the boundaries. See for example the helical segment in the Foster
et al. loop region, or the C-terminal, small helix in the same structure[241]. The hexameric
structure is upside down with regards to the other structures depicted[242]. A comparison
of all secondary structure elements is shown in the bottom panel. Where feasible the
colour code from the structures has been mirrored. For comparison, a HCV J4 p7 (C27S)
psipred prediction is added at the bottom. The cytoplasmic loop between aa 32-38 in the
monomeric structures becomes a structural feature in the hexameric structure of helix H2
(yellow).
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which are the half maximal inhibitory concentration, of N N-DNJ and N N-DGJ on HCV

H77 p7 (gt 1a) were 31 and 36 µM, respectively. Complete blockage of p7 was reached at

concentrations ranging between 80-100 µM. Cell-culture experiments also showed a 60

% - 80 % reduction of HCV infected cells when treated with 50 µM N N-DGJ and N N-

DNJ, respectively. Further, HCV RNA copy numbers dropped 50-fold when passaged

in the presence of 5 µM N N-DGJ[223]. Limited genotype dependence could be shown

using p7 genotypes 1-3, with a less efficient inhibition of HCV 452 p7 (gt 3a)[206]. This

was later suggested to be caused by a single mutation in the HCV 452 p7 sequence,

i.e. F25A[224], which is found in genotype 3 virus sequences only. HMA was found to

be cytotoxic in cell-culture assays[206], whereas BIT225 is currently in phase II clinical

trial against HCV and HIV co-infections.
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Figure I.11 (previous page) – Electrophysiology of HCV p7. a) Three BLM experiments
of HCV H77 p7 (gt 1b) in POPE:POPC (4:1, w:w) membranes are shown. Short (NB-
DNJ) and long-alkyl chain iminosugars (NN-DNJ and NN-DGJ) show different inhibitory
capabilities. NB-DNJ shows no effect up to an inhibitor concentration of 3 mM (top). Both
NN-DNJ and NN-DGJ show p7 inhibition at much lower concentrations, i.e. 105 and 210
µM, respectively. The closed state is shown as a solid, black line. Scale bars are depicted at
the bottom. A positive voltage of 100 mV was used as the holding potential[215]. b) A BLM
experiment of HCV H77 p7 (gt 1a) in a POPE:POPS:POPC (5:3:2) bilayer is shown with
the addition of HMA leading to complete inhibition at 100 µM (bottom). The closed state
is shown at a solid, black line. Scale bars are depicted below[209]. c) A BLM experiment of
HCV H77 p7 (gt 1a) in POPE:POPS:POPC (6:3:1) bilayers is shown with BIT225. Com-
plete block of conductance is reached at 100 µM BIT225[210]. d) Amantadine inhibition of
HCV JFH-1 p7 (gt 2a) is shown in a BLM experiment using DOPC:POPS:POPE (4:1:1) bi-
layers. Full inhibition was reached at a concentration of 1 mM and is showed at the bottom,
indicating that amantadine is not an efficient p7 inhibitor. The closed state is shown at a
solid, black line. Scale bars are depicted at the bottom[223]. e) Single-channel recordings
of HCV J p7 (gt 1b) in asolectin liposomes showing different conduction states are shown.
Several conductions states can be distinguished, which are suggested to represent multiple
copies of assembled p7 channels[237]. f) Shows a representative trace of HCV JFH-1 p7 (gt
2a) in PC:PE (1:4) membranes, highlighting two main and one sub-conductance state[246].
g) An I/V curve showing the current-voltage relationship of HCV J p7 (gt 1b) in asolectin
liposomes is depicted. The arrows indicate the application direction of the applied voltage
ramp. The I/V curve below shows HCV J p7 (gt 1a) after addition of HMA, showing a pos-
itive correlation of decreasing slope with increasing HMA concentration[237]. h) Shows an
assay depicting the pH change in vesicle pellets isolated from HEK-293FT cells, which were
transfected with either FLAG-tagged HCV J4 p7 (gt 1b), HCV JFH-1 p7 (gt 2a), the mu-
tants stated or a control. All vesicles are loaded ex-vivo with a pH-dependent fluorophore.
FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), a protonophore inducing
proton leakage, is used as a further control. Experiments highlight that both FLAG-tagged
HCV p7 isolates lead to proton leakage, suggesting that p7 is a proton channel. The two
double mutants (FLAG HCV J4 p7 (K33A/R35A) and FLAG HCV JFH-1 (R33A/R35A)
show no activity, both being at level with the control[245]. (POPE - 1-palmitoyl-2-
oleoyl-3-sn-glycero-3-phospholethanolamine, POPC - 1-palmitoyl -2-oleoyl-3-sn-glycero-3-
phospholcholine), POPS - 1-palmitoyl -2-oleoyl-3-sn-glycero-3-phosphoserine , DOPC - 1,2-
dioleoyl-sn-glycero-3-phosphocholine) (Figures adapted from[209, 210, 223, 237, 245, 246]).

Amantadine inhibition of p7 is a field of on-going controversial discussion. His- tagged

HCV J4 p7 (gt 1b) was shown to be completely blocked by 1 µM amantadine, whereas

GST-His-p7 of the same genotype was not affected by concentrations up to 1 mM[204].

GST-FLAG HCV J4 p7 (gt 1b) could be inhibited in liposome release assays with con-

centrations as low as 10 µM, showing an IC50 of 2 µM[205]. The same study shows an

even more potent inhibitory effect of rimantadine in the liposome assay[205], which was

confirmed by cell culture studies[206]. Another study using HCV H77 p7 (gt 1a) in BLM

experiments shows a bi-phasic inhibition curve for amantadine, with IC50 values of 69

and 253 µM, with near complete p7 blockage at physiologically irrelevant 1 mM. The

same study observed a monophasic behaviour of long-alkyl chain iminosugars N N-DNJ

and N N-DGJ[223]. HCVcc cell culture experiments also show that amantadine has no
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effect on HCV H77 p7 (gt 1a), HCV J4 p7 (gt 1b) and HCV JFH-1 p7 (gt 2a) at con-

centrations of 50 µM[206, 223]. A study employing a liposome assay looking at residue

determinants of HCV p7 ion channel function found that neither the two helices nor loop

regions are determinants of amantadine and rimantadine sensitivity[247]. However, a

more recent study suggested an adamantine binding site at L20 in a HCV JFH-1 p7 (gt

2a) context, showing adamantane resistance conferred by mutation L20F[224]. Mutat-

ing the strictly conserved dibasic motif (residues 33 and 35) in the p7 loop region shows

that it is necessary for ion channel function of FLAG-tagged HCV J4 p7 (gt 1b)[247].

The same residues are also implicated in infectious virus production. Using HCV JFH-1

p7 (gt 2a) mutants K33Q and R35Q, a 100 and 1,000 fold decrease of total infectivity

could be observed, respectively[141, 228]. The double alanine mutant R33A/R35A in

JFH-1 (gt 2a) was also used in a cell culture assay to show that influenza M2 or J4 p7

(gt 1b) could restore infectious virus production, suggesting the proton channel func-

tion of p7 being solely responsible for it[229]. It was previously suggested that aberrant

processing of E2-p7-NS2 could also be the cause for the effects observed linked to this

mutation[141, 248]. M2 substitution is controversially discussed, with some studies re-

porting its ability to substitute for p7[229, 249], whereas others using the HCVcc system

show the opposite[230]. The solution NMR structure of FLAG-tagged HCV J4 p7 (gt

1b) confirmed the previously reported adamantane binding site clustered around leucine

20 using rimantadine titration[241]. The NMR study by Opella and co-workers, looking

at HCV J4 p7 (C27S, gt 1b) in DH6PC micelles, suggests that N N-DNJ and aman-

tadine bind to the terminal ends of p7, whereas HMA binds preferentially to the loop

region[240] (Figure I.12).
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Figure I.12 – Chemical shift perturbations of HCV p7 inhibitors using solution NMR.
All plots show chemical shift differences plotted as a function of residue number. Changes
in chemical shifts are observed when different p7 inhibitors are added and interact with p7
and change the chemical environment of the interacting residue. The top graph shows the
addition of 10 mM amantadine in H2O to HCV J4 p7 (C27S, gt 1b) at a concentration
of 0.5 mM. Perturbations are mainly visible in the N- and C-terminal part depicted by the
large black bars. The graph below shows the addition of 10 mM NN-DNJ solubilised in
DMSO (dimethyl sulfoxide) to 0.5 mM HCV J4 p7 (C27S, gt 1b). Again, most chemical
shift perturbations are visible at the termini. HMA at a concentration of 10 mM in H2O
was added to HCV J4 p7 (C27S, gt 1b) in the experiment below. Perturbations are visible
at the C-terminus but mainly in the loop region, the latter being defined by the monomeric
HCV J4 p7 (C27S, gt 1b) structure in DH6PC micelles[240]. The graph at the bottom
depicts FLAG-tagged p7 of the same genotype, lacking the C27S mutation. It shows a two
molar excess addition of rimantadine at a p7 concentration between 0.3 and 0.6 mM. The
biggest perturbations are visible at W30 and W48. Using a L20F mutant, interaction with
rimantadine could be prevented, i.e. no shifts were observed (data not shown). Chemical
shift differences were calculated using the formula depicted next to the y-axis (Figures
adapted from[240, 241]).
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Nuclear Magnetic Resonance

II.1 Basic Resonance Theory

NMR is a form of spectroscopy that can detect certain nuclei absorbing and reemitting

electromagnetic radiation in an applied magnetic field (B0). NMR spectra appear at low

frequencies in the range of about but not exclusively 10 to 1000 MHz, which correspond

to radiofrequency wavelengths of 30 m to 30 cm, respectively[250]. Nuclear spin is an

intrinsic form of angular momentum in atomic nuclei, the latter being composed of

neutrons and protons. The spin quantum number I of NMR-active nuclei is defined as

I6=0. A non-zero spin is always associated with a non-zero magnetic moment (µ) via the

relation, µ = γI, where γ is the gyromagnetic ratio of the nucleus, which is the ratio of the

nucleus’ magnetic dipole moment to its angular momentum. It is specific to each isotope

and arises from the structure of the nucleus[251–253]. The non-zero magnetic moment

allows the observation of NMR absorption spectra, caused by transitions between nuclear

spin levels. When an external magnetic field, usually denoted as B0, is applied to these

nuclei, their magnetic dipoles align in spin states I = 2I + 1 relative to B0 and they

precess at the Larmor frequency ω, given by ω0 = γ0 with γ being the gyromagnetic ratio

of the respective nucleus and B0 the applied magnetic field in Tesla. The gyromagnetic

ratio dictates the sensitivity of the nuclei. A higher gyromagnetic ratio results in larger

energy level differences for a given B0 that is caused by larger population differences

between ground and excited state (α and β). In protein NMR, the most studied nuclei

are 1H, 13C and 15N, which have spin of 1⁄2, which results in only two energy levels and

the observed spectra are thus relatively simple[252–254] (Table II.1). The Boltzmann

31
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distribution function explains that in B0, spin systems exist at equilibrium of differing

energy levels. The two possible states are the upper and ground state (Figure II.1 a).

At equilibrium, there is excess in the ground state and a fraction of the spins will align

with the external field B0 along the z-axis. The spins give rise to the bulk magnetisation

referred to as Mz (z magnetisation, longitudinal) (Figure II.1). The spins precess around

the magnetic field with the Larmor frequency (ω = γB0,), which is proportional to the

magnetic field. This equilibrium can be perturbed by application of a radiofrequency

field (B1), which leads to a redistribution of populations and transitional magnetisation

along the xy plane (Mxy, xy-magnetisation, transverse), which is followed by the return

of the spins to their equilibrium state, referred to as relaxation (Figure II.1 c to b).

Figure II.1 – Representation of precessing magnetic moments µ. a) In a magnetic field
B0, aligned along z, the magnetic moment µ of a spin 1⁄2 system can take up two possible
energy states, the low energy state aligned with B0 and the high energy state aligned
against it. Angular momentum and fixed Θ make µ precess around B0. The population of
the two cones along +z and -z is nearly equal, with the upper cone (i.e the low energy sate)
containing slight excess. b) The magnetisation along B0, is Mz, referred to as longitudinal
magnetisiation. All xy spin components cancel leaving a net magnetisation along +z.
c) Magnetisation is induced along xy (Mxy), by application of a radiofrequency field B1,
referred to as transverse magnetisation, which allows the passage of the low energy state to
the high energy state (i.e. the absorption of energy). The return of the magnetisation back
to Mz, is called relaxation by returning of the population to the low energy state (Figure
adapted from[251, 252, 255, 256]).

A metal coil placed close to the sample can detect spins precessing in the xy-plane.
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Table II.1 – Relevant nuclei characteristics in protein NMR (adapted from[250, 252, 253,
257]).

Nucleus Spin γ Frequency at Frequency at Natural
[MHz T−1] 11.74 T [MHz] 22.3 T [MHz] abundance[%]

1H 1/2 42.576 ∼500.0 ∼950.0 99.98
2H 1 6.536 76.75 145.75 1.5 x 10−2

13C 1/2 10.705 125.72 238.72 1.1
14N 1 3.077 36.12 68.62 99.63
15N 1/2 -4.316 50.66 96.25 0.37

It is standard to refer to magnets in the protein NMR field according to their proton
frequency at the given magnetic field, i.e. a 11.74 T magnet is a 500 MHz magnet, and
a 22.3 T is a 950 MHz magnet.

The signal induced by the precessing spins decays over time and is called the free in-

duction decay (FID). Since samples typically contain more than one nucleus having

different resonance frequencies, the FID is typically Fourier transformed (FT) to gen-

erate a frequency-dependent spectrum[252]. There are two relaxation types that lead

to signal decay: T1- or longitudinal relaxation (spin-lattice) and T2 or transverse relax-

ation (spin-spin), and their respective rates are referred to as R1 and R2. T1 is the time

constant that characterises the recovery of Mz magnetisation along B0. Application of

B1, and T2 describes the decay of Mxy back to equilibrium. Nuclei with a spin of 1,

e.g. 14N, are generally not used in protein NMR as their T1 is too short, resulting in

very broad or no visible peaks[257, 258]. Protein tumbling on the nanosecond timescale

influences the rate of R2 relaxation. Large molecules have high R2 values, caused by

their slow tumbling time. This results in signal broadening after FT and imposes a

limit on the size of proteins that can be studied by solution NMR since for very large

complexes such as membrane proteins in lipid bilayers the broadening results in signal

intensities that fall under the detection threshold [250–253, 255, 256, 259].

Movement of electrons induced by the B0 field causes a local magnetic field that opposes

B0. This shielding effect results in a shift in the nuclear resonance frequency. The

amount of shielding depends on the chemistry and conformation of the molecule, and

thus creates unique resonance frequencies referred to as chemical shifts. Methyl groups

have well-shielded protons, whereas amide protons are relatively deshielded due to the

presence of the electronegative nitrogen [250, 252, 254, 260, 261]. The chemical shift is

measured by reference to the protons in a standard compound, i.e. DSS (4,4-dimethyl-

4-silapentane-1-sulfonic acid), which has highly shielded methyl protons. The chemical
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shifts of other nuclei are given by the difference in parts per million (ppm) to the reference

frequency of the DSS proton: δ(ppm) = (γ - γref/ γref ), where γ is given in Hz. This

chemical shift scale has the advantage of being independent of B0[250–253, 255, 256].

Other shielding effects observed in NMR are caused by interactions between nuclear

spins that are mediated by the shared electrons in chemical bonds. Since spin 1⁄2 nuclei

can exist in two orientations, differences in the effective B0 fields of a nearby nucleus

results in the signals for that nucleus being split in two. For each additional nearby

spin 1⁄2 nucleus the nuclear signals are split again. This phenomenon is referred to as

J-coupling, with a spin-spin coupling constant J measured in Hz (through-bond)[251–

254]. Nuclear spins can also interact through space. Interaction between local dipoles

in spatially close nuclei through-space is referred to as dipole-dipole interactions, which

is the dominant cause of relaxation for spin 1⁄2 nuclei. If two nuclear-spin dipoles are

spatially close (up to 5 Å), then application of a strong B1 to one spin can cause intensity

changes in the spectra of other nearby spins through cross-relaxation. This phenomenon

is called the nuclear Overhauser effect (NOE) and is one of the most useful tools for the

study of protein structure[250–253, 255, 256, 259].

II.1.1 Multidimensional NMR experiments

In protein NMR in general but especially in the study of membrane proteins with de-

tergent and/or lipids present, the relatively large size of the molecules and the number

of nuclei make one dimensional (1D) NMR spectra very crowded and overlapped. 1D

experiments are valuable to look at signal to noise ratio of a sample and optimisation of

sample conditions before moving on to multidimensional (2D and 3D) experiments. By

correlating the protons with second or third spins and spreading the signals into multiple

dimensions the overlaps can be mostly resolved. Furthermore, new information can be

revealed by the correlations to other nuclei either in homonuclear (e.g. 1H and 1H) or

heteronuclear (e.g. 1H and 15N) experiments[252, 257–259]. Most modern experiments

apply H2O suppression techniques, as H2O protons are much more numerous than the

protons of the protein sample. Experiments are usually carried out in H2O buffers if

exchangeable protons such as backbone amides are being observed[257, 258, 262].
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II.1.2 Two-dimensional NMR experiments

II.1.2.1 Heteronuclear single quantum coherence

Heteronuclear single quantum coherence (HSQC) spectroscopy can be used to observe

correlations between the chemical shifts of nitrogen (or carbon) atoms and covalently

attached protons[250–253, 255, 256, 259, 263]. The 1H,15N-HSQC is particularly useful

for looking at backbone amide groups in proteins[250, 252, 254, 256, 260, 261]. It is

used as a ’fingerprint’ experiment in protein NMR firstly because the sensitivity of

the chemical shifts to chemistry, structure, and environment and secondly because all

nonproline residues should, in theory, generate a crosspeak in a 1H,15N-HSQC spectrum

(Figure II.2). It is also very useful for assessing the influence of detergent, temperature

and/or pH conditions. In addition, since many NMR experiments are based on this

experiment, without a high quality HSQC (or TROSY for larger proteins[264]), further

NMR analysis is difficult.

II.1.2.2 Heteronuclear multiple quantum coherence

A heteronuclear multiple quantum coherence (HMQC) spectrum provides essentially the

same spectral results as HSQC experiments[265, 266]. It employs fewer radio frequency

pulses, which can also be implemented over a shorter duration, resulting in lower sensi-

tivity losses due to pulse imperfections and relaxation. Selective Optimized-Flip-Angle

Short-Transient-HMQC (SOFAST-HMQC) is an HMQC variant that enables very fast

acquisition of 2D heteronuclear correlation spectra. It employs two (band-selective) 1H

pulses, ensuring minimal perturbation of the undetected proton spins[254, 260], thereby

decreasing the inter-scan relaxation delay and decreasing experiment time[254]. In this

way, analysis of low concentration protein samples is possible within a reasonable amount

of time (Figure II.2).

II.1.2.3 Total correlation Spectroscopy

A 2D 1H,1H-TOCSY (Total correlation Spectroscopy) experiment correlates 1H chem-

ical shifts within one amino acid or part of one amino acid, i.e. correlations are seen

between distant protons as long as there are couplings between every intervening proton.
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Spin systems are isolated from one another by the peptide bond, which lacks a proton

on its carbonyl group. TOCSY experiments are helpful in assignment of 1H chemical

shifts. It consists of a 90°pulse, a τ1 period and a spin lock period. The latter transfers

magnetisation throughout the 1H spin system via 1H,1H J-coupling and its length (e.g.

90-110 ms) controls the numbers of magnetisation transfer steps[256, 267].

II.1.2.4 Nuclear Overhouser Spectroscopy

As discussed above, NOEs provide information on through space spin-spin interactions

via dipole-dipole cross-relaxation[257]. In NOE spectroscopy (NOESY), crosspeaks re-

flecting the interaction are observed and the crosspeak intensities can be related to the

distance between the spins[250, 252]. The homonuclear 2D 1H,1H-NOESY experiment

consists of three sequential 90°pulses[257] (Figure II.3). The disruption in spin popula-

tion close to another spin can be correlated to the chemical shift of the initially excited

proton[250, 256]. The pulse sequence of a homonuclear 2D 1H,1H-NOESY experiment

is shown in Figure II.3[257].

II.1.3 Three-dimensional NMR experiments

II.1.3.1 3D-NOESY-HSQC

The heteronuclear 3D 15N-edited-NOESY HSQC, essentially employs a 2D 1H,15N-

HSQC, in which the first 90°pulse is replaced by a 2D 1H,1H-NOESY sequence. It detects

NOEs to the protein amide protons from any other proton in the molecule, providing

the chemical shift of the two protons and the attached 15N of the amide proton[250, 261]

II.1.3.2 3D-TOCSY HSQC

The heteronuclear 3D 15N-edited-TOCSY HSQC employs a 2D 1H,1H-TOCSY followed

by a 2D 1H,15N-HSQC. It resolves the TOCSY peaks along the 15N plane and corre-

lates each HSQC peak with the protons in the same spin system, i.e. its side chain

protons[256].
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Figure II.2 – 2D 1H,15N-HSQC and SOFAST-HMQC pulse sequences. The top
shows the pulse sequence for a decoupled 1H,15N-HSQC. Black and white rectangles rep-
resent 90°and 180°pulses, respectively. The HSQC transfers magnetisation from an amide
1H to its attached 15N and back for detection. It can be divided into four parts, the INEPT
sequence (see below)[255], 15N-chemical shift encoding, reverse INEPT, and 1H-chemical
shift acquisition. The INEPT (insensitive nucleus enhanced by polarisation transfer) se-
quence uses 15N-1H J-coupling to create 15N-excitation, with 15N being the insensitive
nucleus due to its lower γ. The optimal value for τ1 and τ is 1/(4JNH). The first 90°pulse
transfers 1H magnetisation to the -y axis, and during the two τ1 periods magnetisation
is transferred from 1H to 1N. The 180°pulses on both spins, prevents 1H chemical shift
evolution and the generation of multiple quantum magnetisation. The two τ1 periods are
followed by 90°pulses on both spins, resulting in transverse 15N and longitudinal 1H mag-
netisation. With 15N magnetisation in the transverse plane, the τ1 period is then used
to encode the 15N chemical shift. The 180°pulse during τ1 refocuses the NH J-coupling
resulting in a singlet peak in the 15N-dimension. Magnetisation is then transferred back to
1H during a reverse INEPT, and the 1H chemical shift is recorded in the FID, during which
a rapid sequence of inversion pulses ensures decoupling of the 1H magnetisation from 15N
spins. The bottom shows a pulse sequence for a decoupled 1H, 15N-SOFAST-HMQC. The
first 1H excitation pulse is applied with a flip angle α and has a polychromatic PC9 shape.
Band-selective 1H refocusing is realised using an r-SNOB profile and the transfer delay ∆
is set to 1/(2JNH). Delay δ accounts for spin evolution during the PC9 pulse, and trec is
the recycle delay between scans (Figures adapted from[250, 254, 256, 260]).
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Figure II.3 – The 2D 1H,1H-NOESY pulse sequence. It consists of three sequential
90 °pulses (black rectangles). Magnetisation is transferred via the NOE. The first pulse
excites protons and a delay (t1) encodes their chemical shift, followed by a second pulse
that transfers some of the magnetisation back to the z direction. During the mixing time
τ , the altered populations of the first spin perturb nearby spins via cross-relaxation. They
carry a label identifying their source, which is solely dependent on the chemical shift of the
first proton. Magnetisation in -z can transfer the equilibrium disturbance to nearby, spatially
close spins. The third pulse moves the magnetisation back to the xy plane for detection
(t2) (Figure adapted from[250, 256]).

II.1.4 Protein assignment

Resonance assignment is the determination of the chemical shift for particular nuclei

within the protein, which can be done for relatively small proteins (<10 kDa) by a

combination of 3D-HSQC NOESY and 3D-TOCSY NOESY[252, 253, 268, 269]. Such

an approach to backbone assignment only requires 15N-labelled protein[251, 252, 256,

259, 268, 270]. The 15N-NOESY-HSQC provides crosspeaks to NH groups from all 1H

resonances, which are within about 5 Å. Critical to the assignment process is the 15N-

TOCSY-HSQC, which provides crosspeaks to NH groups from only intra-residue protons,

therefore enabling unambiguous assignment of the intra- and inter-residue crosspeaks in

the NOESY[253, 259, 271].

II.1.5 Protein dynamics

Proteins generally undergo motions, some of which are crucial for function. Flexible pro-

teins accommodate rapid changes in their direct environment and binding of interaction

partners[258, 259]. Some biological processes rely on information transduction, in which

proteins play a role through conformational changes, such as ligand binding[252, 272].

Solution-state NMR is a unique technique that enables measurement of protein dynamics

over a timescale of picoseconds to hours, spanning 12 orders of magnitude[252, 259, 272–

275]. Protein dynamics on the fast timescale, which includes local motions such as

side-chain bond rotations or movements within unstructured loops, can be quantified



Chapter II. Nuclear Magnetic Resonance 39

in NMR by measuring nuclear relaxation rates. Commonly, the 15N T1 and T2 re-

laxation times (described above), and the 1H,15N heteronuclear NOE (hetNOE) are

measured[250, 252, 259], which can provide information on backbone flexibility for ev-

ery nonproline residue. T1 and T2 are often reported as their reciprocal relaxation rates

R1 and R2, the latter also being linked to the molecular size of the protein, and in

case of membrane proteins, the whole complex including the detergent micelle or lipid

bicelles[259, 263, 272]. In addition, the ratio of R2 and R1 and their product, can re-

veal indications for chemical exchange. R2/R1 identifies residues that undergo chemical

exchange, whereas the product of R1 and R2 distinguishes further between motional

anisotropy and chemical exchange[250, 252, 256, 276]. The 1H,15N hetNOE is similar to

the NOE, but rather than using homonuclei the magnetisation transfer occurs from 1H

to 15N. It can be used to determine flexible residues in a protein, which is based on the

NOEs transfer rate being influenced by protein dynamics. Since the NOE depends both

on distance and dynamics, and the distance between bonded amide 1H and 15N is essen-

tially fixed, the hetNOE provides a sensitive measure of the motion of the amide group,

i.e. the constant chemical bond length defines the intermolecular distance[264, 277].

1H,15N hetNOEs provide information for NH-bond vectors in proteins, i.e. their mo-

tion. If they tumble faster than the whole protein, the hetNOE intensity decreases,

which is typically observed at the N- and C-termini. Negative values can be observed

for random coil-like behaviour[265, 266, 278], but for residues in folded domains, values

up to 0.8 can be found and indicate inflexible structures[259] The 15N T1 and T2 and

hetNOE can be interpreted in terms of motional frequencies and amplitudes. The mo-

tional amplitude is given by the generalised order parameter S2, based on model-free

analysis of Lipari and Szabo[251, 253, 259, 279]. S2 values are dimensionless and can be

between 0 for freely moving residues and up to 1 for a completely rigid residue[259, 272].

Membrane buried residues are often found to have values close to the maximum value

(S2 = 1)[259, 262, 280]. The exchange between two conformations in a protein, or the

exchange of binding of an interaction partner, can be either in fast-exchange, leading to

one average signal, in slow exchange, giving rise to two separate signals, or broadening

of the two in intermediate exchange[259]. In the slow exchange regime, bound and free

form exchange slower than the differences in chemical shifts, which leads to two separate

signals of the free and bound form. With the addition of increasing concentration of

ligand, the free form signal becomes weaker until it disappears at saturation, while at

the same time the bound form signal intensity increases. In the fast exchange regime,
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bound and free form exchange faster than the difference in chemical shifts. This will lead

to only one visible signal that changes position according to the ratio between free and

bound form. The final position is reached once the protein has been completely saturated

with the binding ligand[259, 262]. In between the fast and slow exchange regimes is the

intermediate regime in which the exchange rate of bound and free state is comparable

to the difference in chemical shifts, resulting in a more complex situation, consisting of

a mixture of shifting signals as seen as in fast-exchange, and appearance/disappearance

of signals as seen as in slow-exchange[259, 262].



Chapter III

Expression and purification of

HCV p7

III.1 Expression and purification of HCV p7

In order to carry out biophysical analyses of HCV p7 using NMR, an expression system

needed to be established. NMR experiments, such as resonance assignment and interac-

tion studies, require milligram quantities of pure, isotopically labelled protein (i.e. 15N,

13C and 2H). The latter can also be achieved using chemical synthesis, however, it is not

feasible as the purchase of isotopically labelled amino acids is cost-prohibitive.

The plasmid pMM-LR6 (gift from S.C. Blacklow, Harvard Medical School, Boston; pro-

vided by J. Schnell, Department of Biochemistry, Oxford University), which carries a

trp∆LE sequence and employs E. coli (Escherichia coli) as an expression host, is gener-

ally regarded to be useful for production of small membrane proteins[281] and has been

successfully used previously to express other viroporins, such as influenza M2[171, 282]

(Figure III.1). Trp∆LE induces inclusion body formation in E. coli, which reduces tox-

icity and increases resistance to proteolysis. It is based on a pET-17b (Kanr) vector

(Novagen) and carries a 9-His-tag. Trp∆LE consists of the leader sequence of the E.

coli trp operon fused to a sequence of 97 residues found near the C-terminus of the

anthranilate synthase gene[283, 284]. The gene of interest is inserted via HindIII (5’)

and BamHI (3’) restriction sites using custom synthesised DNA fragments (GenScript

or GeneArt). The fusion protein contains a C-terminal, unique methionine. The target

41
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sequence has to either naturally lack any methionine or any occurring methionine has

to be mutated to a different amino acid (i.e. leucines or isoleucine), as cleavage of the

heterologous fusion protein is catalaysed by CNBr (cyanogen bromide), which cleaves

specifically after methionine. Cleavage results in release of the N-terminal His9-tagged

trp∆LE, and the C-terminal p7, and depending on cleavage efficiency, uncut fusion pro-

tein. Purification is carried out via IMAC (immobilised metal affinity chromatography),

followed by HPLC (high-performance liquid chromatography) or FPLC (fast protein

liquid chromatography).

III.1.1 HCV p7 sequence analysis

There are seven HCV genotypes and hundreds of subtypes described[3]. An alignment

of p7 sequences in figure III.2 shows similarities and conserved residues of the different

isolates with at least one example sequence of each respective genotype. Several residues

such as Gly18 and Trp30, are 100 % conserved, whereas conservation of other residues

can be quite varied and different, and in the example for threonine at position 1 in HCV

EUH1480 p7 (gt 5a) (UniProt: O39928) quite low (Figure III.2). For the chosen ex-

pression system, isolates containing no naturally occurring methionines in their sequence

were favoured, and three isolates, HCV J4 p7 (UniProt: O92972), HCV 452 p7 (UniProt:

Q1W5D5) and HCV SA13 p7 (UniProt: O91936), spanning different genotype families

(gt 1b, 3a and 5a, respectively), were selected for small scale test expressions.

III.1.2 HCV p7 test expression using the pMM-LR6 vector

The three p7 isolates HCV J4, HCV 452 and HCV SA13 were ordered as synthetic

genes (GeneSript) in a carrier plasmid (pUC57), containing the protein sequence plus

the required restriction sites at their 5’ and 3’-ends. E. coli codon optimisation was

carried out according to the manufacturers’ instructions. Following transformation in

a suitable E. coli strain (e.g. DH5α) for plasmid multiplication and minipreparation

(Qiagen), restriction digest was carried out using restriction endonucleases BamHI and

HindIII (NEB). The same restriction digest was carried out with the plasmid pMM-

LR6 (pMM1) (Figure III.3). Following agarose gel purification (Qiagen), the digested

inserts and plasmid were ligated to give rise to three constructs, pMM1 J4 p7, pMM1

452 p7 and pMM1 SA13 p7. The sequences were verified by DNA-sequencing (Source
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Figure III.1 – Vector map of pMM1 J4 p7. Vector map of pMM1 J4 p7 (gt 1b). The
plasmid map shows the pMM-LR6 vector with inserted HCV J4 p7 (wt; wildtype) gene,
referred to as pMM1 J4 p7. It contains a trp∆LE sequence (grey) that directs overexpressed
protein into inclusion bodies. The fusion protein consists of a 9xHis-tag (pink) followed by
the trp∆LE sequence and p7 (green) (top). Inserted between trp∆LE and p7 is a sole
methionine, which is used for CNBr (cyanogen bromide) cleavage (bottom). SnapGene 2.1
was used to create the vector map.
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Figure III.2 – Sequence alignment of selected HCV p7 sequences. UniProt reviewed
HCV p7 sequences are listed as single-letter amino acid sequences, which are depicted in
RasMol colours, i.e. N and Q in cyan, K and R in blue, F and Y in mid blue, A in grey,
H in pale blue, C and M in yellow, S and T in orange, E and D in red, L, V and I in
green, W in purple and P in brown. Isolate names are shown next to the sequences with
the corresponding genotype in parentheses. At least one example of the seven recognised
genotypes is listed. The isolates of particular interest in this study are HCV J4 p7 (gt 1b,
UniProt: O92972), HCV 452 p7 (gt 3a, UniProt: Q1W5D5) and HCV SA13 p7 (gt 5a,
UniProt: O91936). The overall conservation is depicted as a bar graph below the alignment
followed by the consensus of the isolate sequences listed (Jalview)[285].
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Figure III.3 – Restriction digest of the pMM1 vector and inserts HCV J4 p7, HCV
452 p7 and HCV SA13 p7. a) In order to clone the synthetic genes (genescript) into
the expression vector, restriction enzymes BamHI and HindIII (NEB) were used to digest
previously amplified copies of pMM1, pUC57 J4, pUC57 452 and pUC57 SA13. A volume
of 50 µL per digest miniprep (Qiagen) was used. Lane 1 shows the double digest of both,
BamHI and HindIII added to the plasmid DNA. Two bands are expected in this digest,
the plasmid and the cut out insert, visible towards the bottom of each lane 1. Lane two
to four are controls, i.e. lane two is the single BamHI and lane three the single HindIII
digest, in both of which no insert but only supercoiled DNA should be visible. In lane
four no restriction enzymes are present, which leads to vector specific, supercoiled running
behaviour, with pMM1 running higher than pUC57, the latter being also split in multiple
bands. b) The same gels are depicted with bands highlighted by red asterisk which were
excised for agarose gel extraction (Qiagen) and ligation. In all gels 1 kb ladder (NEB) and
SmartLadder (Eurogentech) were used, on the left and right, respectively.

Bioscience, Oxford). In order to carry out expression in E. coli, especially suited protein

expression strains have to be used. BL21(DE3)pLysS was initially chosen for trial ex-

pressions, as it is a standard cell line in heterologous protein expression (Chapter VII).

BL21(DE3)pLysS cells contain a T7-promoter, which is inducible with allolactose and

its analogue IPTG (isopropyl β-D-1-thiogalactopyranoside). After heat-shock transfor-

mation, the p7-containing constructs were grown in 5 mL of LB (lysogeny broth) media

up to an OD600 (optical density measured at 600 nm) of around 0.6 and induced with 1

mM IPTG. Fractions were analysed using SDS-PAGE (sodium dodecyl sulphate poly-

acrylamide gel electrophoresis). The fusion protein of p7, trp∆LE and His-tag has a

molecular weight of about 20 kDa. The observed overexpression band at 12 h runs a

bit lower as expected on the SDS-PAGE. This size anomaly is not an uncommon phe-

nomenon in SDS-PAGE and previously described[286]. Trial expression shows that all

constructs express under these standard conditions, and there is no significant differ-

ence observed in band intensity for the fusion protein (trp∆LE-p7) at 12 h and 24 h
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post-induction (Figure III.4).

III.1.3 HCV p7 M9 minimal media test expression

After the successful growth of HCV J4 p7 in rich (i.e. full) LB media, a trial scale

expression in M9 minimal media was carried out next. M9 media is a basic media,

which makes isotopic labelling of E. coli -expressed proteins possible (Chapter VII), a

prerequisite for NMR studies. An LB starter culture was prepared to inoculate a 5 mL

M9 culture. At an OD600 of 0.6, the cultures were induced with 1 mM IPTG. The

SDS-PAGE analysis shows that all three isolates were expressed (black arrow, Figure

III.5). Expression of HCV p7 was shown to be possible in LB and M9 minimal media.

Figure III.4 – SDS-PAGE analysis of HCV p7 test expressions in LB. Whole-cell
lysates of three p7 constructs (HCVJ4, HCV 452 and HCV SA13) are shown uninduced (1,
4 and 7), 12 h post-induction (2, 5 and 8) and 24 h post-induction (3, 6 and 9) on a 4 -
12 % gradient Bis-Tris gels in MES (2-N-morpholino)ethanesulfonic acid) buffer (NuPAGE
system, Life). Running voltage applied was 200 V and the gels typically ran for 35 minutes
if not otherwise stated. The marker and the respective weights are indicated at the left
(Biorad Dual Xtra). The fusion protein is visible as a strong, blue band between 15 and 20
kDa (black arrow).

III.1.4 HCV p7 expression and inclusion body preparation

A large scale expression consisted typically of 5-6 L of M9 media. When tested, similar

amounts of autoinduction media have been used. In order to purify inclusion bodies, an
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Figure III.5 – SDS-PAGE analysis of HCV p7 test expressions in M9. 12 h post
induction fractions are shown. Two different sets of MW (molecular weight) markers are
shown with their respective MW indicated next to the gel (left: Biorad Dual Xtra, right:
Invitrogen See Blue Plus2). The p7 fusion is seen as a strong, blue band between 15 and
20 kDa, (black arrow). The difference between lane one and two is the amount of cells
prepared for each lane (i.e. 250 µL vs 50 µL), with lane 1, 3 and 5 containing the higher
concentration.

M2-based method was applied to p7[171, 282]. In brief, cells were harvested 12 h post-

induction and resuspended in lysis buffer using a Dounce homogeniser. After sonication

and centrifugation, the pellet was resuspended in lysis buffer and centrifuged again. The

inclusion body containing pellet was resuspended in a 6 M guanidine buffer and loaded

onto a Ni-NTA gravity column. After binding O/N (over night), the resin was washed

and eluted. Several types of affinity resin can be used to purify His-tagged proteins.

In general, either Nickel or Cobalt are able to coordinate and bind His-tags. Ni-NTA

is nickel chelated to agarose beads via nitroloacetic acid. An initial purification using

HCV J4 p7 with nickel-based HisPur Ni-NTA (Pierce) lead to unsatisfactory results, i.e.

degradation and/or E. coli protein contamination in the eluted fractions (Figure III.6).

The lack of binding and poor purification performance of HisPur could be caused by low

binding capacity, which is limited by the resin volume used and/or insufficient washing

pre-elution, respectively. In order to evaluate if a cobalt resin would be more suitable,

TALON (Clontech) and His-Pur, were tested simultaneously with equal amounts of puri-

fied HCV 452 p7. The experiments show that the TALON resin does not bind efficiently
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to the fusion protein, whereas HisPur binds larger amounts of it. Degradation products

or host cell proteins are still visible (Figure III.7).

These results suggest that HisPur is more promising and suitable for optimisation, al-

though it cannot be ruled out that TALON would have performed equally well after

further optimisation. Introduced adaptions to the inclusion body purification include

more washing steps (Table VII.12) and addition of imidazole in sub-elution concentra-

tions (i.e. 50 to 150 mM) to the washing buffers, which lead to clean elution bands of

trp∆LE-p7 from the Ni-NTA resin (Figure III.8). The binding capacity per purification

was also increased from suggested standard values, i.e. from 5 mL per purification to

up to 5 mL of resin per 1 L culture, which together with the improved washing of the

resin lead to pure fusion protein bands visible in SDS-PAGE gels (Figure III.8). Frac-

tions containing the protein of interest were dialysed against H2O and followed by CNBr

digest, which is found not to be 100 % efficient (Figure III.9).

Figure III.6 – SDS-PAGE analysis of HisPur Ni-NTA IMAC purified HCV 15-J4 p7.
HCV J4 p7 was grown in M9 (1 L) and purified as previously described[171, 282]. Lane one
shows the SN (supernatant) before application to the Ni-NTA column. FT (Flow through)
lanes one and two show sequentially how much protein gets bound after each gravity flow
through. The resin volume is 4 mL of HisPur. After elution with 400 mM imidazole
(elution 1-5), fractions were chloroform/methanol precipitated (Chapter VII) and analysed.
The eluted fractions show that besides HCV J4 p7, cellular protein and/or degradation
products are eluted (red arrow). No protein bands are visible in the washing buffers lanes.

III.1.5 HPLC purification of HCV p7

In order to separate the cleaved trp∆LE-tag from p7 and uncleaved fusion protein HPLC

was employed. A C4 column (Jupiter, Phenomenex), with an acetonitrile gradient in

water (Buffer A: 0.1 % FA (Formic acid) in H2O, Buffer B: 0.1 % FA in acetonitrile)
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was used. HCV SA13 p7 was grown in standard M9 media (3 L) using the p7-adapted

inclusion body purification (Table VIII.12). The HPLC chromatogram shows good sep-

aration of two main fractions (Figure III.10 a). MS (mass spectrometry) analysis shows

that HCV SA13 p7 is contained in the late smaller peaks, and the trp∆LE tag in the

earlier peak (Figure III.10 b).

Using an autoinduction protocol[287], which uses allolactose as an inducer of the T7 pro-

moter, HCV SA13 p7 shows again a separation in two peaks in the HPLC chromatogram

(Figure III.10 c). SDS-PAGE analysis of its fractions reveals a bleeding of the uncleaved

fusion protein into the p7 fractions (Figure III.10 c). Autoinduction did not give higher

amounts of protein in comparison to IPTG induction, with a yield of about 0.5 to 1 mg

/ 5 L culture.

In order to improve separation, a column with an 18 carbon chain length resin (C18) was

used, which is the most hydrophobic resin applicable in HPLC with IMAC-purified and

CNBr-cleaved HCV J4 p7. The HPLC chromatogram shows limited separation and the

previously observed impurities in SDS-PAGES are still present in purified p7 fractions

(Figure III.11).

Wildtype p7 sequences purification using HPLC was achieved for HCV J4 p7 and HCV

SA13 p7 and partially for HCV 452 p7. MS analysis shows that it is possible to obtain

purified p7 of the correct mass, but the impurities visible in the SDS-PAGE needed

to be addressed. All isolates contain at least one cysteine. Free cysteine residues are

often the cause for problems in protein expression and purification, as they can form

intermolecular disulphide bonds and aggregation.

III.1.6 FPLC purification of HCV J4 p7 (C27S)

To improve the purity of p7, a previously published study employing a p7 mutant of HCV

J4 p7 (C27S) and FPLC was adapted[288]. The C27S point mutation was inserted into

the pMM1 J4 p7 construct using site-directed mutagenesis (QuikChange, Agilent) and

the sequence confirmed by DNA-sequencing (SourceBiosciene, Oxford). The inclusion

body purification and CNBr cleavage slightly differed to the previously used protocol

(Table VII.12) (Figure III.12 a & b left), but the main difference is the use of FPLC,

which enables the use of detergent in the running buffer. The Ni-NTA eluted and CNBr

cleaved HCV 15N-J4 p7 (C27S) is taken up in 10 % SDS, diluted with SDS-containing

running buffer, and injected into a Sephacryl column on an Äkta pure system (GE
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Figure III.7 – SDS-PAGE analysis of TALON and HisPur Ni-NTA IMAC purified
HCV 15N-452 p7. SDS-PAGE analysis of TALON and HisPur Ni-NTA IMAC purified
HCV 452 p7. HCV 452 p7 was grown in M9 (3 L each) and purified as described (Chapter
VII). On the left, the SDS-PAGE of the TALON purified fractions is shown. The FT shows
a significant unbound amount of HCV 452 p7 and all elutions lanes show a lack of binding
for HCV 452 p7 (black arrow). Red arrows indicate degradation products or contaminant
host cell proteins. HisPur bound more p7 and there is a clear band visible at around 20
kDa, corresponding to the fusion protein of His9-trp∆LE-452 p7 (black arrow). There are
impurities visible in the elution fractions but not in the washes (lanes two and three in both
gels, respectively).

Figure III.8 – SDS-PAGE analysis of HCV p7 optimised purification conditions. An
HCV SA13 p7 purification is shown with washing buffers containing increasing imidazole
concentrations (25 and 150 mM, respectively), which elutes previously observed degradation
and/or host-cell protein impurities. HCV 452 p7 requires a higher amount of imidazole (150
mM) in the washing buffers in comparison to HCV SA13 and HCV J4 p7 (50 mM), in order
to elute the impurities before elution.
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Figure III.9 – SDS-PAGE analysis of a CNBr cleavage efficiency. Lanes 1 to 4 are
loaded with increasing amounts of a CNBr cleavage product (2 µL to 10 µL, respectively).
Cleavage is not 100 % efficient, with the fusion protein band still visible at the top.

Healthcare). An isocratic gradient is used to separate cleaved p7 from the His9-trp∆LE-

tag and any uncleaved fusion protein (Figure III.12 b). The mass was confirmed using

MS (Figure III.12 c).

In order to increase the final yield and make more economical usage of isotopic labels,

a condensation protocol was established. In brief, HCV J4 p7 (C27S) was grown in 4-5

L of LB medium until it reached an OD600 of 0.6. Cells were harvested, washed with

M9 salts and resuspended in 1 L M9-minimal media, which is the condensation step.

After incubation for 20-30 minutes at 37 °C, cells were induced with 1.5 mM IPTG

and grown for 12 h. Cells were harvested and purified at 24 h. The same method was

also employed to grow triple labelled, deuterated (2H, 13C and 15N) J4 (C27S). H2O

was replaced by D2O after the cells were grown in LB and washed the first time in 1x

M9 salts. 13C-glucose and 15N-ammonium chloride were the only carbon and nitrogen

source supplied to the M9 minimal media. The final growth was typically 4 L of LB

condensed into 1 L M9 medium. Induction with 1.5 mM IPTG was repeated after 12

h growth. The deuteration level of triple labelled HCV J4 p7 (C27S) was difficult to

determine as MS analysis showed two separate species (data not shown) (Figure III.13).

III.1.7 HPLC purification of HCV EUH1480 p7 (T1G, C2A, A12S,

C27T and C44S)

The recently published hexameric, solution NMR structure of p7 uses HCV EUH1480

p7, the second known genotype 5 sequence other than SA13 p7[242]. EUH1480 p7 is one

of the few isolate sequences harbouring a threonine at its N-terminus, which is followed

by a cysteine (Figure III.2). Five mutations were introduced in comparison to wildtype

EUH1480, i.e. T1G, C2A, A12S, C27T and C44S, referred to as HCV EUH1480 p7
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Figure III.10 – HPLC and MS analysis of HCV 15N-SA13 p7. a) An HPLC chro-
matogram of HCV SA13 p7 is shown. A C4 column (Jupiter 300 Å, 10 µ, Phenomenex)
was used with a Gilson PrepLC system and an acetonitrile gradient in water (Buffer A: 0.1
% FA in H2O, Buffer B: 0.1 % FA in acetonitrile). Absorbance at the two wavelengths, 215
nm (black trace) and 280 nm (red trace), is shown. The trp∆LE tag and p7 get separated
in the HPLC trace. b) The MS analysis shows HCV SA13 p7 of the expected mass. c)
A different HCV SA13 p7 purification (HPLC trace detail left) and SDS-PAGE analysis of
fractions shows that uncleaved trp∆LE-p7 fusion proteins leaks into the pure p7 fractions.
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Figure III.11 – HPLC purification of HCV 15N-J4 p7. The HPLC chromatogram of
HCV J4 p7 (wildtype) shows the bleeding of the full length fusion protein into the trp∆LE
tag and p7 fractions. A C18 column (Jupiter 100 Å, 5 µ, Phenomenex) was used with a
Gilson PrepLC system and an acetonitrile gradient in water (Buffer A: 0.1 % FA in H2O,
Buffer B: 0.1 % FA in acetonitrile).

(mt5) (Figure III.14). The inclusion body preparation differs in a few details from the

one employed for HCV J4 p7 wildtype and the C27S mutant, but it is overall very

similar to the published M2 protocol[282]. The latter was initially used for HCV J4 p7

wildtype and uses no detergent in the inclusion body purification[282]. The protocol

optimised for HCV J4 p7 (C27S) includes a detergent step (1 % deoxycholate and 1

% IGEPAL) which in the purification of HCV EUH1480 p7 (mt5) are replaced by a

1 % Triton-X100 step in the guanidine buffer[242]. The wildtype and five mutations

harbouring HCV EUH1480 construct were ordered as DNA-strings (GenArt), digested

and ligated into the pMM1 vector as previously described and trialled for expression

in LB media. HCV EUH1480 wildtype and mt5 both show high expression levels,

especially in comparison to previously studied isolates (Figure III.15). A condensation

expression using 8 L LB cultures for a 2 L M9 media final volume was used to express 15N-

labelled HCV EUH1480 p7 (mt5). Expression levels were high and similar to intensities
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Figure III.12 – FPLC purification of HCV 15N-J4 p7 (C27S). a) An SDS-PAGE analysis
of purification steps performed to obtain pure fusion protein (His9-trp∆LE-p7) is shown.
The left gel shows the E. coli in LB media until they reach an OD600 of around 0.6.
Following the harvest and a wash in M9 salts, cells were resuspended in M9 minimal media.
In this case the media contained 15N-ammonium chloride to isotopically label the protein.
The middle gel shows the inclusion body purification. TCLs (total cell lysates), Ps (pellets)
and SNs (supernatants) are all part of the resuspension-centrifugation cycle to separate
the inclusion body from the rest of lysed E. coli cells. After each centrifugation step, a
solubilisation in a Dounce homogeniser and sonication leads to the TCLs. The HCV J4 p7
(C27S) containing inclusion bodies are found in the insoluble pellet fractions. The resin is
washed and fusion protein is eluted with 500 mM imidazole buffer. b) The fusion protein
is shown post CNBr cleavage on the SDS-PAGE on the left, with full-length fusion protein,
trp∆LE, and p7 visible (indicated by the black, red and green asterisk, respectively). The
sample is then solubilised in 10 % SDS, mixed with SDS-containing FPLC running buffer
(Chapter VII) and run on a Sephacryl 200H column, using an Äkta pure FPLC system (GE
Healthcare). Three peaks are visible. Peak 1 is the aggregation peak and peak 2 contains
the His9-trp∆LE tag. Peak 3 contains J4 p7 (C27S), c) whose mass is confirmed by MS
(Biochemistry Department, Oxford University).
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Figure III.13 – FPLC purification of HCV 2H, 13C and 15N-J4 p7 (C27S). As described
for HCV 15N-J4 p7 (C27S), FPLC was used to purify triple labelled J4 using the conden-
sation protocol, with D2O replacing H2O, and 13C-glucose and 15N-ammonium chloride as
the sole isotope sources. Because of these growing restrictions, the resulting yield is lower.
Typically an OD280 of 7-9 is injected per run, whereas here a 8 L condensation growth
only gave an OD280 of 4. SDS-PAGE analysis (insert) confirms the low protein content.
Fractions were collected and lyophylised O/N and analysed using MALDI-TOF (data not
shown).

Figure III.14 – Sequence alignment of HCV EUH1480 p7 (gt 5a). Selected isolates
spanning relevant genotype families in comparison to wildtype and mutated isolate EUH1480
p7 (gt 5a, UniProt: O39928) are shown. Note the threonine and cysteine at position one
and two, respectively. The five mutations introduced are T1G, C2A, A12S, C27T and C44S
(Jalview)[285].
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Figure III.15 – SDS-PAGE analysis of HCV EUH1480 and HCV EUH1480 p7 (mt5)
LB test expressions. Expression of native and the five mutation harbouring HCV EUH1480
p7 (mt5) is compared to constructs used previously. All samples were treated equally, i.e.
an overnight culture was used to inoculate a LB culture (5 mL) the next day. At OD600

= 0.6 all cultures were induced with 1 mM IPTG, and samples harvested at 12 h and 24
h post induction. Fractions of three initially used p7 constructs (J4, 452 and SA13) are
shown on the left gel with uninduced (lanes 1, 4 and 7), 12 h post induction (lanes 2, 5 and
8) and 24 h post-induction fractions (lanes 3, 6 and 9). The fusion protein is visible as a
strong, blue band between 15 and 20 kDA (black asterisk). Next are two identical clones of
the HCV EUH1480 p7 (mt5) construct, picked from different single E. coli colonies off an
agar plate (lanes 11-16) followed by wildtype EUH1480 p7. An example for a HCV J4 p7
(C27S) expression is shown on the left (20-21). The HCV EUH1480 p7 constructs express
stronger under the same conditions.

Figure III.16 – SDS-PAGE analysis of HCV 15N-EUH1480 p7 (mt5) condensation
expression. The inclusion body purification was performed as described[242], using Triton-
X100 in the guanidine buffer instead of previously used detergents in the washing steps.
HCV EUH1480 p7 (mt5) is found in the insoluble pellet fraction. After solubilisation in 6
M guanidine HCl (lane 8) and centrifugation to separate insoluble parts (lane 7), IMAC was
performed using HisPur. After washing steps, protein was eluted with a 500 mM imidazole
buffer (lanes 9-13). There is unspecifically bound protein visible in elutions one and two,
which were handled separately from elutions 11-13. The fusion protein is indicated by a
black asterisk.
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Figure III.17 – Purification of HCV 15N-EUH1480 p7 (mt5). a) Shows an HPLC
chromatogram with labelled fractions corresponding to the SDS-PAGE in b). Fraction 1
contains the trp∆LE-tag, fraction 2 the full-length fusion protein (His9-trp∆LE-p7) and
fractions 3 and 4 (the latter not shown on SDS-PAGE), contain HCV EUH1480 p7 (mt5).
c) Shows the same HPLC running conditions but with a higher loading concentration (10
mg/ml vs. 18 mg/ml). The separation is no longer achieved and components are not
clearly separated based on the HPLC chromatogram. d) A SDS-PAGE analysis of the
fraction shows that peak 1 corresponds to the His9-trp∆LE tag (black asterisk), with peaks
5-16 containing mainly the uncleaved fusion protein His9-trp∆LE-p7 (red asterisk) with
pure p7 components also present. Peaks 17-22 contain a mixture (blue asterisk) and peaks
23-34 contain pure p7 (green asterisk) with smaller components of uncleaved fusion protein.

Figure III.18 – MS of HCV 15N-EUH1480 p7 (mt5). a) MS analysis of fraction 3
shows the correct mass of 15N-labelled EUH1480 p7 (mt5). b) MALDI analysis of fractions
15 (top) and 28 (bottom). The chromatogram shows that the fusion protein is present
in fraction 15, but not in fraction 28. c) Shows fractions 15, 20, 26 and 30 in a MALDI
chromatogram in the region of the fusion protein.
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seen in the test expressions, with a blue to brown discolouration of the IMAC resin

occurring, which was more intense than the usually observed colour change due to the

reducing agent TCEP (Tris (2-carboxyethyl) phosphine hydrochloride). Inclusion bodies

were purified from host-cell membrane and debris as described in detail in chapter VII.

Solubilised inclusion bodies were bound to HisPur and eluted with an imidazole buffer.

Fractions one and two contained a lot of impurities and were handled separately from

fractions three to five. All fractions were lyophilised and purified using HPLC on a

C18 column (Proto, 300 µ, Higgins Analytical), with buffers according to the published

NMR study[242] (Figure III.16). The HPLC chromatogram shows a different behaviour

to that previously reported, with HCV EUH1480 p7 (mt5) eluting earlier (Figure III.17

a and b). MS analysis confirmed the mass of 15N-labelled HCV EUH 1480 p7 (mt5).

The expression and purification of HCV EUH1480 p7 (mt5) was successful, with yields

of about 20 mg fusion protein pre-CNBr cleavage, and only using elutions 3 to 5, a final

yield of about 1 mg. The efficiency of the CNBr cleavage was not high, as there is still

uncleaved fusion protein visible (Figure III.17 b and d). For the second HPLC run, a

higher loading concentration than before was used (18 mg/ml vs. 10 mg/ml), resulting

in merging of peaks. SDS-PAGE analysis reveals the bleeding of fusion protein into the

p7 only peaks and vice-versa (Figure III.17 d). MALDI analysis confirms the presence

of fusion protein in fraction 15 and, although visible as a faint band on the gel, not in

fraction 28 (Figure III.18 f). A comparison of the MALDI chromatogram showing the

fusion protein section of fractions 15, 20, 26, 28 and 30, confirms its presence in fraction

15, 20 and 26 and its absence in fraction 28 and 30 (Figure III.18 g).

III.2 Discussion

The aim of the work described in this chapter was to develop and establish a bacte-

rial expression system and purification method for HCV p7. Up until the start of this

project, no system was established that made the expression of native p7 sequences

without addition of tags and mutations possible. Also the low protein yields previously

achieved were prohibitive for thorough analysis using NMR, which requires large quan-

tities of isotopically labeled protein.

The expression system based on the pMM-LR6 vector, employing a trp∆LE-tag that

directs expressed heterologous protein into inclusion bodies, was previously shown to
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enable expression and purification of influenza M2[171], another member of the viro-

porin family. This prompted the decision to adapt this system for usage with HCV p7.

The inherent limitation to the system is that the target sequences must not contain a

methionine residue. CNBr, which is used to separate the tag from the target protein,

specifically cleaves after methionine residues. As the Hepatitis C virus is an ensemble of

related genotypes and subtypes, encompassing hundreds of sequences, identifying wild-

type sequences that do not contain methionine is straightforward Three isolates were

initially chosen, spanning genotype families 1, 3 and 5. The genotype 1 isolate J4 was

previously used in experiments and was a prime candidate, as infection with genotype

1 is currently difficult to treat. Genotype 3 isolate 452 and genotype 5 isolate SA13,

show also interesting characteristics. The former is implicated in a reported controver-

sial genotype specific iminosugar resistance[206] and the latter by being only one of two

recognised sequences of its genotype family, respectively. Trial and large scale expression

worked satisfactorily after several optimisation steps. It was found that the choice of

bacterial cell is not critical. BL21 Rosetta 2, which carry a codon for rare eukaryotic

genes was tested, given that HCV infects and propagates in humans, but did not yield

more protein. Standard BL21 were found to be the easiest to handle and yielding good

results in LB expression and were chosen for minimal media expression. Minimal media

are needed to express isotopically labeled protein, but the yields obtained are generally

lower than the yields obtained in full media. Autoinduction, which is reported to in-

crease yields in other studies[287], did not convincingly give more than a standard IPTG

expression. It also requires more 15N-ammonium chloride and 13C-glucose for labeling,

which taken together were reasons not to pursue it further.

A previously published protocol for the viroporin M2 was initially adapted but lead to

impurities in the elution from IMAC columns. This was overcome by the addition of

imidazole to the IMAC washing buffers and detergents in the inclusion body preparation

combined with high salt washes. It is also noteworthy that the stated binding capacities

of tested resins were not sufficient to bind all the p7 fusion protein. Instead of 5 mL

resin, typically up to 30 mL had to be used to obtain sufficient amounts of protein from

one protein preparation, which included up to 8 L M9 media. The purification using

HPLC and a gradient using acetonitrile and water with added 0.1 % FA worked and was

shown to separate the compounds on the chromatogram. SDS-PAGE however showed

that the uncleaved fusion protein was also found in the p7 fractions.

In the course of this work, an expression and purification protocol was published by
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Cook et al.[288], which also uses the p7 isolate J4, but with a mutation at position 27

to change the sole cysteine to a serine residue, thus inhibiting the formation of unde-

sired disulphide interactions. Up until then, the reducing agent TCEP was used in all

our buffers in order to prevent the formation of disulphide bonds. A first test with the

HCV J4 p7 (C27S) construct showed similar expression in LB and M9 media to wild-

type HCV J4 p7. The protocol also suggested changes in the CNBr cleavage protocol,

i.e. addition of 1N NaOH in order to stop the cleavage reaction that requires an acidic

environment[282, 289]. It was observed that omitting this step lead to non-separation in

the next purification step of HCV J4 p7 (C27S), the FPLC. Using an isocratic gradient

with SDS-containing running buffer made it possible to repeatedly purify HCV J4 p7

(C27S), with yields between 0.5 to 1.0 mg per 5 L culture.

Preparing large amounts of M9 media is laborious and expensive, especially if 13C-

labelling and deuteration of samples are needed. The adoption of a condensation proto-

col exploited the preference of E. coli to grow in a fully supplemented media (e.g. LB)

and small M9 media volumes, which are more readily prepared. For isotopically labeled

HCV J4 p7 (C27S), 4-5 L of LB were prepared and condensed in 1 L of M9 media, which

is easier to handle and more cost-effective. Similar amounts of protein were obtained

from a 5 to 1 L condensation in comparison to a slightly larger M9 expression (1.2 to 1.3

mg per purification, respectively). The difference in reported yields might be explained

by the usage of bioreactors to grow the cells, which optimises E. coli nutrition supply

at the later stages of a growth[288]. A triple labeled sample for NMR studies was made,

but yields need to be much improved, such as by scaling up the condensation steps per-

formed at the same time, e.g. 15 L LB media condensed into 3 L M9 media or double

colony selection[290]

The recently published first hexameric solution NMR structure of a HCV isolate, also

using a trp∆LE vector system for expression and purification, triggered the adaptation

of this isolate to our system for further study. Interestingly, it is besides HCV SA13 p7

one of the other two reported genotype 5 isolates. The sequence of the EUH1480 isolate

is one of the least hydrophobic ones found in the p7 sequence family. Other mutations,

such as an exchange of a cysteine at position 44 with a serine residue, made the sequence

even more hydrophilic. Trial expressions show that both the wildtype and the mutated

HCV EUH1480 p7 isolate express with visible higher yields than all constructs previ-

ously used in this work, which is obviously an advantage in structural biology studies.

The washing steps suggested were found to lead to unsatisfactory results as a lot of
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unspecific protein was eluted in the p7 fractions. This made a final estimate of protein

yields difficult, as the repurification of the first two elutions was necessary. Increasing

amounts of imidazole in the washing buffers, as used for other isolates in this work,

should prevent this in the future.

The HPLC purification also showed a different behaviour to the reported study[242].

Rather than eluting late at the end of an acetonitrile gradient, the p7 protein was found

to elute approximately 25 to 30 minutes earlier. A first run showed a satisfactory sepa-

ration and MS confirmed the correct mass of 6837 Da of the 15N-labelled HCV EUH1480

p7 harbouring the five described mutations. A run with a higher loading concentration,

18 mg/ml instead of 10 mg/ml, lead to an unresolved peak. Its fractions needed to

be analysis via SDS-PAGE to identify their content. Using MALDI-TOF, fusion pro-

tein, the trp∆LE-tag and p7 were successfully identified. It is worth pointing out that

the cleavage efficiency was low, with significant amounts of uncleaved fusion visible in

the SDS-PAGE analysis. An increase in cleavage time or a similar protocol to the one

employed for HCV J4 p7 (C27S) might be necessary to improve the CNBr cleavage re-

action. The discrepancy found in the elution time during HPLC purification, with an

early eluting p7 in our hands, might be explained by the use of two running buffers with

very similar and high organic solvent content (Buffer A: 40 % acetonitrile and buffer

B: 60 % acetonitrile)[242]. Instead, a less organic buffer A should be tried, i.e. 5 %

acetonitrile.

In conclusion, a system to successfully express and purify HCV J4 p7 (C27S) and others

has been implemented, including the isolate that led to the first published hexameric

p7 structure. Initial trials employing using the cost-effective DTT (dithiothreitol) as

a reducing agent in the FPLC SDS-running buffer to purify wildtype J4 p7 wildtype

should be followed up. Expression and study of native sequences is worth pursuing, as

possible changes in behaviour or structural changes by mutations can be ruled out. The

study of naturally methionine and cysteine-free isolates might also prove interesting.

The p7 isolates 452 and SA13 have been adapted for the FPLC expression system, by

introducing suitable cysteine to serine mutations and should be tested. The genotype 3

p7 isolate 452 is implicated in a suggested iminosugar resistance via a genotype-specific

point mutation at position 25 (F25A)[206], which will be worthwhile to follow up using

solution or solid-state NMR.



Chapter IV

Solution-state nuclear magnetic

resonance of HCV p7

IV.1 Solution-state nuclear magnetic resonance of HCV

p7

HCV p7 is a viroporin[163], which is crucial for infectious HCV production[139, 141] and

a potential target for therapeutic small molecule inhibitors. The binding of inhibitors

to their targets, like other physiologically relevant protein-ligand interactions, such as

antibody-antigen recognition or enzyme-substrate binding, requires specific recognition

of the ligand. In most cases binding occurs over a defined area on the target protein

surface[262]. Understanding the molecular details of an interaction can help to elucidate

the underlying inhibitory mechanism of a drug, possibly paving the way for the ratio-

nal design of more potent inhibitors and the ability to predict their binding energetics.

Several techniques are available to study protein-ligand interactions that allow deter-

mination of binding characteristics such as stoichiometry or thermodynamic properties

and binding constants. These techniques include isothermal titration calorimetry (ITC),

MS or surface plasmon resonance (SPR)[262].

Solution-state NMR is uniquely able to determine affinities and structural information

on an atomistic level simultaneously, with low false positive rates. As the experiments

are in solution, studies under physiologically relevant pH and temperature conditions are

possible. Another advantage is that it can determine low-affinity, weak binding events,

62
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which are difficult to study using alternative methods[262]. Its main limitations are

low sensitivity (collecting high-quality data is usually only possible on samples reaching

concentrations in the order of 0.1 mM), low throughput, and the need for isotopically

labelled protein. Isotopically labelled protein can be produced by chemical synthesis and

recombinant expression. The former is usually prohibitively expensive. The latter can

be costly albeit much less than fully labelled, chemically synthesised proteins and also

time consuming. This is especially the case for membrane proteins, where expression is

often hampered by low yields (Chapter III).

The key experiment for the study of protein-ligand interactions by solution NMR is

the 2D 1H,15N-HSQC. 15N- and 13C-labelling is readily achieved once expression and

purification yields are sufficiently high, by employing the ability of E. coli to grow in

minimal media, in which the sole nitrogen and/or carbon source can be controlled and

modified. Uniformly 15N-labelled protein gives at least one signal per nonproline amino

acid in a 2D 1H,15N-HSQC, which transfers magnetisation from the amide proton to

the attached nitrogen and back (Chapter II), giving a ’fingerprint’ of the protein back-

bone conformation and environment. Interactions in HSQCs are observed by recording a

spectrum without interaction partner present, followed by recording of successive spectra

after addition/titration of the interaction partner to the sample. Either direct-binding

interactions or binding-induced changes in structure will alter the environment of the

amino acids and cause a change in their chemical shift. This perturbation is the basis

for detection and characterisation of the binding event, which is generally referred to as

chemical shift mapping or chemical shift perturbation (CSP)[291].

Assignment of each of the chemical shifts in the 2D 1H,15N-HSQC to their respective

amino acid in the protein sequence makes it possible to identify amino acids, which are

involved in the interaction at atomistic detail[252, 259, 270]. In many cases, a chemical

shift is indicative of a direct interaction (short-distance effect), but allosteric changes

causing structural rearrangements (long-distance effect) can also induce chemical shift

perturbation[259]. Discrimination between direct and indirect effects of binding can of-

ten be delineated by mutagenesis or observation of NOEs between protein and ligand.

In order to carry out interaction studies using previously reported HCV p7 inhibitors,

such as N N-DNJ[223], isotopically labelled HCV p7 was produced (Chapter III) and

used for initial condition screens. Other studies report the use of organic solvents in

NMR structure determination or solvent use for drug solubilisation in titration experi-

ments, as well as tagged p7 of non-native sequence, high temperatures and/or low pH
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in several interaction studies. This taken together with the general lack of consensus in

secondary and tertiary structures triggered the search for more physiologically relevant

sample conditions at near neutral pH and 37 °C, that would also permit recording of

high quality NMR data.

IV.1.1 Detergent screen

Initial detergent screens were performed using wild-type HCV J4 p7 and HCV SA13 p7.

DH7PC (1,2-diheptanoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids) is a short-

chain phospholipid, which is suitable for studying membrane proteins[292, 293]. The

reported hexameric EM structure of HCV JFH-1 p7 in DH7PC micelles[236] further

implied its possible use for studying p7 in solution-state NMR. HCV J4 p7 and HCV

SA13 p7 readily dissolve in DH7PC, which has a critical micelle concentration (CMC)

of 1.4 mM. For NMR experiments, Shigemi microtubes (matched to D2O) and a 40

mM sodium phosphate buffer were used and all samples contained 5 mM TCEP, and 5

% D2O and DSS as lock and reference standards, respectively, if not otherwise stated.

Lyophilised HCV SA13 p7 was solubilised in 60 mM DH7PC by adding the detergent in

40 mM sodium phosphate buffer at pH 7.0 to the protein, followed by incubation at 37

°C on a thermoshaker (Eppendorf).

The final HCV SA13 p7 sample concentration was about 40 µM. A 2D 1H,15N-HMQC

was chosen instead of a 2D 1H,15N-HSQC because of its superior sensitivity (Chapter

II). Visible peaks in the HMQC spectrum are glycine residues in the top area of the

spectrum (∼104 ppm in 15N) and doublet NH2 peaks from asparagine and glutamine

residues at ∼112 ppm (15N). The indole NH side chain peaks of tryptophan are typically

shifted downfield in 1H and 15N and are observed in the region of ∼9-10 ppm (1H) at the

bottom left corner. However, the SOFAST-HMQC was recorded with a narrow, shaped

pulse at 8.2 ppm, and so the tryptophan sidechain resonances are not often detected in

these experiments. A crosspeak that likely arises from the C-terminal residue is visible

in the bottom right of the spectrum (∼128 ppm in 15N). Some peaks are well dispersed

and individual peaks can be distinguished.

The 2D 1H,15N-HMQC of HCV SA13 p7 in DH7PC shows that there are a small number

of peaks resolved, such as the C-terminal alanine residue and one faint glycine out of a
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Figure IV.1 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 in DH7PC. The conditions used
are based on the published EM p7 structure. 60 mM DH7PC, 40 mM sodium phosphate
and 5 % D2O, with DSS used as a chemical shift reference. The pH was adjusted to 7.0.
The proton dimension is shown as the x-axis (1H) and the nitrogen dimension is depicted on
the y-axis to the right (15N). The sample concentration was 42 µM. The C-terminal residue
likely corresponds to the peak visible at ∼128 ppm (15N), and a single weak glycine (out of
five total) is visible near the top. Asparagine side chain resonances are apparent at ∼112
ppm (15N). Overall, the observable number of peaks is low, and the dispersion and peak
homogeneity is poor. The spectrum was recorded at 37 °C on a 600 MHz 1H-frequency
Omega spectrometer.

possible five. The overall number of peaks is low, also likely due to the low protein con-

centration. Only a few peaks are visible and are clustered in the central area indicating

poor dispersion (Figure IV.1).

The next detergent analysed was Fos-choline-12 (n-dodecylphosphocholine, Affymetrix),

which contains a phospholipid-like headgroup attached to a single acyl chain (CMC of

1.5 mM). The same buffer was used as in the sample with DH7PC. Lyophilised HCV

SA13 p7 was solubilised in 250 mM Fos-choline-12 and the final HCV SA13 p7 sample

concentration was 200 µM. A greater overall number of peaks is visible in this spectrum,

which is likely partly due to the increased protein concentration. More glycines were

visible and other individual peaks throughout the spectrum. However, the middle of

the spectrum remained poorly resolved, indicating aggregation or formation of variable
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Figure IV.2 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 in Fos-choline-12. Fos-
choline-12, which contains a lipid-like headgroup and a single acyl chain, was tested at a
concentration of 250 mM. The pH was adjusted to 7.0 and the temperature was 37 °C.
The concentration of the sample was 200 µM. The C-terminus is the peak visible at ∼128
ppm (15N), and several weak glycine peaks can be seen in the region ∼104-108 ppm (15N).
The two putative asparagine side chains are visible at 112 15N ppm and 7 and 7.6 1H
ppm, respectively. Overall, the number of peaks increased, but the backbone region in the
centre is not well resolved. The spectrum was recorded on a 600 MHz 1H-frequency Omega
spectrometer.

oligomers, sample heterogeneity and possibly interfering dynamic effects. The various

NH2 doublets visible for two asparagine and the single glutamine residue indicate mul-

tiple conformers (Figure IV.2).

Since Fos-choline-12 was more promising than DH7PC, we sought to improve the spec-

tra by adding Fos-choline-10 (n-decylphosphocholine, Affymetrix), which is very sim-

ilar to Fos-choline-12, only differing in two methylene groups in the acyl tail with a

CMC of 11 mM. Fos-choline-10 was added to make a final detergent concentration

of 125 mM Fos-choline-10 and 250 mM Fos-choline-12. Some more resolved peaks

became visible but other peaks disappeared. Addition of 250 mM Fos-choline-14 (n-

tetradecylphosphocholine, Affymetrix), which has the same headgroup as Fos-choline-10

and Fos-choline-12, but with 14 carbons in the acyl chain, (CMC of 0.12 mM) showed

no overall improvement (Figure IV.3).
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Figure IV.3 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 in Fos-cholines. Fos-choline-
10 was added at 125 mM to the sample from Figure IV.2, resulting in the spectrum in green
(left). Another spectrum of the same sample after the pH was lowered to pH 6.0 is shown
in blue (middle). Addition of 250 mM Fos-choline-14 resulted in the pink spectrum (right).
Experiments were recorded at 37 °C on a 600 MHz 1H-frequency Omega spectrometer.

In order to test whether the spectra were dependent on the refolding conditions, which

have been shown to be important for other membrane proteins before[259], a urea-thin-

film refold protocol was employed, which used Fos-choline-14 and SDS (sodium dodecyl

sulfate)[294]. Protein and Fos-choline-14 were co-dissolved and dried to a thin film under

a stream of N2 gas. SDS was added to urea, which then was used to dissolve the thin film.

Following dialysis into an NMR suitable buffer (20 mM sodium phosphate, pH 6.8) and

addition of 5 % (v/v) D2O, NMR experiments were carried out. The final sample had a

HCV SA13 p7 concentration of 52.3 µM, and contained 250 mM Fos-choline-14 and 25

mM SDS (Figure IV.4 a). The spectrum represents a minor improvement over previous

experiments, with a more clearly resolved central area, which is indicative of reduced

aggregation. To see if the spectrum was temperature sensitive, another spectrum was

recorded at 50 °C. A high temperature has been previously reported to yield high quality

spectra of p7 in other detergent systems[239, 240].

The spectrum at the higher temperature deteriorated in the central area of the spectrum,

and exhibited severe peak overlap. Although the doublet NH2 peaks from asparagine

became stronger and some additional glycine peaks were visible, a titration of 500 µM

N N-DNJ induced no major peak shifts (Figure IV.4 b), implying that these conditions

would not yield useful drug interaction data.

The next detergent tested was the lyso-lipid LMPG (1-myristoyl-2-hydroxy-sn-glycero-

3-phospho-(1’-rac-glycerol), Affymetrix), which contains a lipid headgroup but only a

single acyl chain (CMC of 0.05 mM)[295]. The sample contained 202 µM HCV SA13 p7,
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Figure IV.4 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 in Fos-choline-14 and SDS.
a) Urea refolded HCV SA13 p7 was thin filmed, and solubilised in 250 mM Fos-choline-14
and 25 mM SDS. The SA13 concentration was 52 µM, with 40 mM sodium phosphate
and 5 % D2O. Some individual peaks are visible and are better resolved than in the higher
concentrated Fos-choline-12 sample (Figure IV.2). The spectrum in a) was recorded at
37 °C and the spectrum in b) (black) is the same sample at 50 °C, showing aggregation
or oligomer formation. The red spectrum in overlay shows the addition of 500 µM NN-
DNJ. The spectra were recorded on a 950 (left) or 750 MHz (right) 1H-frequency Omega
spectrometer.

40 mM LMPG, and 40 mM sodium phosphate at a pH of 6.5. In comparison to previous

detergents, the LMPG spectrum of HCV SA13 p7 showed few promising characteristics.

No glycines were visible, and the resolution of the central part of the spectrum was poor,

with no major peaks visible besides one of the asparagine or glutamine sidechains, which

is indicative of multiple protein conformations present and general sample heterogeneity

(Figure IV.5).

IV.1.2 HCV J4 p7 and HCV SA13 p7 in Cyclofos-6

As the detergent systems tested so far yielded unsatisfactory results, alternatives were

investigated. Cyclofos-6 (6-cyclohexyl-1-hexylphosphocholine, Affymetrix) contains a

lipid-like headgroup, identical to the Fos-cholines, but contains a cyclohexane group

at the end of the alkyl tail rather than a methyl group. It has a CMC of 2.68 mM

and can be used to produce bicelles with the lipid DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine)[296]. A 10x CMC concentration was chosen as a starting point. HCV

SA13 p7 was taken up as lyophilised powder in Cyclofos-6 prepared in sodium phosphate

buffer containing TCEP, incubated at 37 °C for 10 minutes until the solution cleared, and

transferred into a Shigemi microtube. The spectrum showed an improved overall peak
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Figure IV.5 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 in LMPG. LMPG is an ionic
detergent and was tested at a concentration of 40 mM. The NMR sample was buffered at
pH 6.5 and the spectrum collected at 37 °C. The concentration of the sample was 202 µM.
The C-terminus is the sole peak visible at the bottom. Other peaks were resolved, but the
spectrum shows a low number of peaks in total, which are also not well dispersed. The
spectrum was recorded on a 950 MHz 1H-frequency Omega spectrometer.

number, with at least two glycines, the expected asparagine and glutamine sidechains,

and several other strong peaks in the central part visible (Figure IV.6). HCV SA13

p7 in Cyclofos-6 was screened for its dependence on temperature and pH in order to

improve the previously obtained spectrum. It has been reported for other systems that

an increase in temperature or change of pH[297] can have a positive effect on spectral

quality. Three temperatures between 25 °C and 42 °C were tested. The most promising

spectrum was obtained at 37 °C (Figure IV.7, left). Since any exchange of the backbone

amide protons with water can be reduced by lowering pH, spectra were recorded with pHs

in the range between 6.0 and 7.0. However, no extensive differences were visible between

pH 6.0, pH 6.5 and pH 7.0 (Figure IV.7, right). In order to maximise solubilisation, the

samples were incubated at 37 °C for 30 - 60 minutes on an Eppendorf shaker prior to

NMR analysis. The resulting spectra in Figure IV.8 show the resulting improvement of

overall spectral qualities.

IV.2 Drug titrations and protein dynamics

The optimised HCV SA13 p7 sample was used in a drug titration with the long-alkyl

chain iminosugar N N-DNJ. N N-DNJ has been previously shown to inhibit HCV p7[223,
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Figure IV.6 – 2D 1H,15N-HMQC of HCV 15N-SA13 p7 p7 in Cyclofos-6. Cyclofos-6
was used at a concentration of 26.8 mM. The pH was adjusted to 6.5 and the spectrum was
collected at 37 °C. The protein concentration was 210 µM. The spectrum is well dispersed
compared with that of previously tested detergents. Besides the C-terminus, two glycine
peaks are visible at the top. The two asparagine and glutamine NH2 side chains are visible
at 110 15N ppm and 7 and 7.7 1H ppm, respectively. Around the centre of the spectrum
several single resonances are visible, with the highly overlapped cluster of peaks usually
found in the centre of the spectrum lessened in its intensity. The spectrum was recorded
on a 750 MHz 1H-frequency Omega spectrometer.

243]. A concentrated N N-DNJ stock solution was prepared using the NMR buffer in

Cyclofos-6 (26.8 mM Cyclofos-6, 40 mM sodium phosphate, pH 6.0). Titration steps

ranged from 0.85 mM to 20.8 mM N N-DNJ. Lower concentration points were omitted

based on the experience gained from the previous titration, which revealed no peak shifts

at 500 µM. After each titration step, a 2D 1H,15N HMQC was recorded and analysed.

A small number of peaks shifted their position and the majority of the peaks stayed in

place, which is consistent with and points towards a specific interaction (Figure IV.9).

IV.2.1 HCV J4 p7 (C27S) in Cyclofos-6

In order to investigate if the spectra could be further improved in the established deter-

gent system, a HCV J4 p7 cysteine mutant was used, in which cysteine 27 of HCV J4

p7 was substituted with a serine residue[288]. After expression was optimised (Chapter

III), a 2D 1H,15N HMQC in the conditions previously determined to be optimal showed

excellent spectral resolution and close to all expected peaks were visible (Figure IV.10).
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Figure IV.7 – Temperature and pH dependence of HCV 15N-SA13 p7 in Cyclofos-6.
The temperature and pH dependence of HCV SA13 p7 in Cyclofos-6 was analysed. On the
left three temperatures were tested, 25 °C, 37 °C and 42 °C. HCV SA13 p7 concentration
was 210 µM. The spectral quality at 25 °C was low, with fewer peaks visible than at 37 °C.
Increasing the temperature to 42 °C decreased the number of visible peaks. On the right
are shown spectral overlays of a 260 µM HCV SA13 p7 sample in Cyclofos-6 at different
pH values, i.e. 6.0, 6.5 and 7.0. Increased incubation times after detergent addition to
the lyophilised powder appeared to result in spectral improvements. However, no major
differences are visible between the three pH values tested. The spectra were recorded on a
950 and 750 MHz 1H-frequency Omega spectrometer, respectively.

A drug titration using N N-DNJ on the same sample was consistent with a specific in-

teraction, i.e. a subset of peaks shifted their position upon addition of the iminosugar,

whereas others were unperturbed and stayed in place (Figure IV.11).

IV.2.2 Assignment of HCV J4 p7 (C27S) in Cyclofos-6

In order to identify the binding site, HCV J4 p7 (C27S) was assigned using a 3D 15N-

edited NOESY-HSQC and a 3D 15N-edited TOCSY-HSQC[259, 270]. A higher detergent

concentration of 268 mM was used for the experiments as it aided HCV J4 p7 (C27S)

solubilisation. A comparison of 2D 1H,15N HMQCs of HCV J4 p7 (C27S) in low (26.8

mM) and high (268 mM) detergent concentration indicated only small changes as a

function of detergent concentration over that range (Figure IV.12). The through-space

NOE crosspeaks in the 3D 15N-edited NOESY-HSQC were used in conjunction with the

through-bond crosspeaks in the 3D 15N-edited TOCSY-HSQC to completely assign the
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Figure IV.8 – 2D 1H,15N-HMQC of HCV 15N-J4 and HCV 15N-SA13 p7 p7 in
Cyclofos-6. Spectra of the p7 constructs from HCV isolates SA13 (left) and J4 (right)
in Cyclofos-6 at pH 6.5 and 37 °C have better spectral qualities compared to all previ-
ously tested conditions. The spectra were recorded on a 950 MHz 1H-frequency Omega
spectrometer.

Figure IV.9 – 2D 1H,15N-HMQC of HCV 15N-J4 and HCV 15N-SA13 p7 in Cyclofos-
6 with NN-DNJ. Left: The titration steps of NN-DNJ were 0.85 mM (black), 5.1 mM
(green), 15.3 mM (blue), and 19.6 mM (red). Right: In the titration with HCV SA13
p7 the steps included 2.6 mM (purple), 5.2 mM (red), 7.8 mM (blue), 10.4 mM (light
blue), 13 mM (maroon) and 20 mM (pink) NN-DNJ. Some local peak shifts are visible (see
inserts) but the majority of peaks do not shift. Spectra were recorded on a 750 or 950 MHz
1H-frequency Omega spectrometer.
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Figure IV.10 – 2D 1H,15N-HMQC of HCV 15N-J4 (C27S) in Cyclofos-6. The protein
concentration was 125 µM, using the same NMR buffer as before but without the addition
of a reducing agent. The spectrum was collected at 37 °C and shows nearly all of the
expected peaks, indicating that essentially the complete protein structural information could
be obtained under these conditions. The spectrum was recorded on a 950 MHz 1H-frequency
Omega spectrometer.

backbone amides of HCV J4 p7 (C27S), as well as a large number of sidechain proton

resonances (Figure IV.13). The spectra were analysed using CARA[298]. The 3D 15N-

edited TOCSY-HSQC was first used to identify the probable amino acid types, since

it contained crosspeaks for most hydrogens in the residue spin system, which could be

compared with characteristic chemical shift values[299]. The C-terminal alanine was

identified first, followed by the preceding residues up to Pro59. Identified next were

glycine residues, which have distinct amide chemical shifts; they were assigned based

on the characteristic chemical shifts of the inter-residue NOEs. The rest of the assign-

ments were made from inter-residue connectivities identified in the NOESY spectrum.

Particularly useful were the large number of alanine residues, which have a distinctive,

intense TOCSY crosspeak at the Hβ resonance at ∼1.4 ppm. The assignment using the

NOESY and TOCSY was very successful with only a small number of tentative assign-

ments, which will be confirmed using triple-resonance approaches (Figure IV.14).

Chemical shift mapping of the N N-NDJ titration shown in Figure IV.15 indicated that
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Figure IV.11 – Titration of HCV 15N-J4 p7 (C27S) and NN-DNJ. The titration
steps of NN-DNJ were 5 mM (green), 10 mM (red), and 20 mM (blue). The Cyclofos-6
concentration was 26.8 mM and the pH was 6.5. A subset of peaks shifted (see inserts)
but the majority of peaks were unperturbed. The bottom left insert shows the tryptophan
side chains, which do not appear to be affected. The spectra were recorded on a 750 MHz
1H-frequency Omega spectrometer..

Figure IV.12 – Detergent concentration dependency of HCV 15N-J4 p7 (C27S).
Spectral overlay of 2D 1H,15N-HMQCs of HCV J4 p7 (C27S) at two concentrations of
Cyclofos-6, i.e 26.8 mM and 268 mM. The 2D 1H,15N-HMQC overlay shows that the two
spectra are very similar. The spectra were recorded on a 950 MHz 1H-frequency Omega
spectrometer.
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the largest changes occurred at the N-terminal region in residues 7 and 8, in the region

around His17, Lys33, between residues 43 - 45, and at the C-terminal end (Figure IV.16

c). A titration that was carried out with low drug concentrations in the range of 10

µM to 1 mM induced no shifts. Titration steps shown were between 0.75 mM, 2.5 mM,

20 mM and 125 mM N N-DNJ (Figure IV.16). Peak shifts are plotted against the se-

quence, which indicates three interaction sites (Figure IV.16 b). The higher detergent

and inhibitor concentration used lead to basically same results as in lower detergent and

inhibitor concentrations (Figure IV.16 c). The changes upon N N-DNJ titration were

saturable, consistent with a specific interaction.

Figure IV.13 – 3D 15N-edited NOESY-HSQC of HCV 15N-J4 p7 (C27S). Top: Shown
is the 1H-1H plane projection of the NOESY experiment, showing crosspeaks used for
assignment. At the top of the spectrum the NOEs to aliphatic hydrogens are seen. Amide
to amide and amide to aromatic protons can be observed near the diagonal at the bottom of
the spectrum. The protein concentration was 384 µM. In each strip, (e.g. red strip), NOEs
from one NH group to all other hydrogen atoms are spatially close. Bottom: Strip plots of
residues 12 to 21 are shown as an example how the intraresidue and sequential NOEs were
used for backbone assignment. The spectra were recorded on a 950 MHz 1H-frequency
Omega spectrometer.
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Figure IV.14 – Assignment of HCV J4 p7 (C27S) in Cyclofos-6. 2D 1H,15N-HMQC
showing crosspeak assignments of HCV J4 p7 (C27S). Amino acids are listed in single letter
code with their residue position. The C-terminal alanine residue is folded. The insert shows
the tryptophan side chain residues. Asterisks indicate tentative peak assignments, which
will be confirmed by triple resonance experiments. The spectrum was recorded on a 600
MHz 1H-frequency Bruker spectrometer.

IV.2.3 Protein dynamics and water accessibility of HCV J4 p7 (C27S)

in Cyclofos-6

To characterise the dynamic properties of HCV J4 p7 (C27S), 15N-R2 and R2, and 1H-

15N hetNOEs were determined. In addition, the relative magnitudes of proton exchange

between the protein amides and water were measured using a CLEANEX (CLEAN

chemical exchange) experiment[300]. The amide-water proton exchange rate provides

insight into flexibility and hydrogen bonding of the backbone amides. The calculated

values for 15N-R1, and R2, the hetNOEs and amide-water proton exchange are shown in

Figure IV.17. R1 values were mostly uniform with a decrease between residues 20 to 37

and 45 to 56 (Figure IV.17 top). The R2 values were also similar, with a decreased region

around the N-terminus (residues up to 16) and again at the C- terminal region. Gly34

had a very large R2 value in comparison to the rest of the sequence, possibly indicating

chemical exchange (Figure IV.17 middle top). HetNOE data indicated flexibility in the

C- and N-terminal region, but also around His17 (residues 10 to 20) and in the region

of residues 35 to 45 (Figure IV.17 middle bottom). CLEANEX experiments indicated
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Figure IV.15 – Titration HCV J4 p7 (C27S) and NN-DNJ in Cyclofos-6. The titration
steps of NN-DNJ were 0.75 mM (pink), 20 mM (green) and 125 mM (blue). The Cyclofos-
6 concentration was 268 mM and the pH was 6.5. A subset of peaks shift (see inserts) but
the majority of peaks are unperturbed. The higher concentration needed to induce shifts
in comparison to previous titrations is due to the higher detergent concentration present,
with NN-DNJ likely to be sequestered in detergent micelles that do not contain p7. The
spectra were recorded on 950 and 750 MHz 1H-frequency Omega spectrometers.

that the regions with strongest amide-water proton exchange were at around His17 and

Gly39 (Figure IV.17 bottom).

In summary a region of increased flexibility is observed from residues 38 to 44, with a

significant H2O exchange for amides in position 16 to 18, and 39 to 41. This suggests

a consensus loop region of HCV J4 p7 (C27S) around residues 33 to 40. A secondary

structure prediction using TALOS+[301], which uses chemical shifts (i.e. HN, N, HA)

for empirical prediction of phi and psi backbone torsion angles[302] was obtained for

HCV 15N-J4 p7 (C27S) and showed generalised order parameter values (S2) that were

lower in the region of His17 and around Gly49 (Figure IV.18 a). Modelfree analysis of

R1, R2 and hetNOE values were not used to calculate S2 as the former were only mea-

sured in one field, which would lead to unreliable values. The artificial neural network

(ANN)-predicted[303] secondary structure is shown below, indicating flexibility, i.e. less

likelihood of a helical fold, again around His17, from Leu36 to Ala40, Val47 to Pro49

and from Ala56 to Pro59 (Figure IV.18 b). This suggests that HCV J4 p7 (C27S) in

Cyclofos-6 has three to four helices (Figure IV.18 c).
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Figure IV.16 – Chemical shift mapping (CSP) of HCV J4 p7 (C27S) and NN-
DNJ. a) 2D 1H,15N-HMQC in black shows HCV J4 p7 (C27S) without NN-DNJ added.
The spectrum in blue shows the addition of 125 mM NN-DNJ. Inserts show peaks shift
of selected peaks. Note that some peaks do not shift (e.g. N4). b) For chemical shift
mapping the maximal titration point of NN-DNJ was used. The dashed horizontal line is
the standard deviation for all changes. Three interaction areas were identified, i.e. around
L8, H17, and Y45. c) The data used here are HCV J4 p7 (C27S) without inhibitor present
and 20 mM NN-DNJ from the titration in Figure IV.11. The detergent concentration in
this experiment was 10x less compared to the titration seen in a). The dashed horizontal
line is the standard deviation for all changes. Asterisks and open bars indicate weak peak
intensities or overlap, respectively. Similar interactions albeit on a weaker level can be
observed. The amino acids at each position are shown above the plot. Polar residues and
prolines are shown in different colours.



Chapter IV. Solution-state nuclear magnetic resonance of HCV p7 79

Figure IV.17 – Dynamic properties and water accessibility of HCV J4 p7 (C27S) in
Cyclofos-6. An 15N-labelled HCV J4 p7 (C27S) sample was used to measure 15N-R1 and
R2, the 1H- 15N heteronuclear NOEs, and amide proton exchange (CLEANEX). Residues
for which the crosspeaks overlapped - with their data therefore potentially skewed - are
indicated with a box and asterisk. Mixing times in the CLEANEX were 20 ms and 50 ms.
The experiments were recorded on a 600 MHz 1H-frequency Bruker spectrometer.

IV.2.4 HCV J4 p7 (C27S) structure calculation using Rosetta

Chemical shifts were used to generate a de novo Rosetta model[304] of HCV J4 p7

(C27S) (Figure IV.19 left). The Rosetta results confirm the previously predicted tri-

helical segmentation. The dibasic motif K33/R35 is part of helix 1 and no longer in

the suggested consensus loop. Plotting of N N-DNJ interaction data and CLEANEX

accessibility reveals where residues are positioned on the predicted structure (Figure

IV.19 middle and right). The Rosetta HCV J4 p7 (C27S) structure indicates that

its C-terminal part would protrude from the detergent micelle, although an unspecific

interaction with detergent cannot be ruled out.
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Figure IV.18 – Determination of consensus helical regions of HCV J4 p7 (C27S) in
Cyclofos-6. a) Using TALOS+, 15N-chemical shift based predictions were performed (i.e.
HN, N, HA). An S2 value of 1 predicts complete rigid structures and values of 0 indicate
complete flexibility. Areas of flexibility in HCV J4 p7 (C27S) were predicted to be around
H17 and G39. b) Shows the ANN-prediction of secondary structures, which indicate that
HCV J4 p7 (C27S) has three to four helices in Cyclofos-6, with unstructured loop areas
centred on H17, P38, W48 and P59. c) Consensus secondary structure organisation for
HCV J4 p7 (C27S) in Cyclofos-6 is shown on top (Helix 1 black and grey rectangles), which
is based on chemical shift information and the amide-water proton exchange (Figure IV.17).

IV.2.5 HCV EUH1480 p7 (mt5) in Fos-Choline-12

The p7 genotype 5 isolate EUH14580 (mt5) was investigated next since it was used to

solve the first experimental high resolution structure of an oligomeric p7 channel[242].

The expression and purification was described in Chapter III, and the sample was pre-

pared using the previously described guanidine refolding protocol[242].

A comparison of a collected 2D 1H,15N-HMQC with a previously published 2D 1H,15N-

TROSY of HCV EUH1480 p7 (mt5) [242] shows that the two spectra are highly similar,

indicating that the expressed and purified HCV HCV EUH1480 p7 (mt5) was success-

fully refolded and that it adopted a comparable if not identical conformation(Figure

IV.20).
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Figure IV.19 – Rosetta model of HCV J4 p7 (C27S) in Cyclofos-6. Left: The best fit
using chemical shifts for de novo modelling is shown. Three helices are predicted. Residues
highlighted are H17, K33, R35, W48 and P49. H17 is in an area of increased flexibility, K33
and R35 are the dibasic motif and W48 and P49 are an area of helix kinks. Middle: NN-DNJ
binding sites clustering around L8, G17 and W48 are shown in magenta. Single residues
perturbed outside of these clusters are highlighted in orange (i.e. G34, G39 and Y62).
Right: Solvent accessible residues are shown in blue, clustering around H17 and G39. F25
is slightly elevated in comparison to baseline. The Rosetta calculations were performed by
J.Brady, Membrane Protein Interactions Lab, Biochemistry Department, Oxford University.
The figures were prepared in MacPyMOL (Delano Scientific, Palo Alto, CA).

To further characterise HCV EUH1480 p7 (mt5) and explore whether it exhibited sim-

ilar conformational properties to HCV J4 p7 (C27S), it was explored whether HCV

EUH1480 p7 (mt5) could be studied at higher temperatures closer to the 37 °C at which

the HCV J4 p7 (C27S) was studied. 2D 1H,15N-HMQC spectra of HCV EUH1480 p7

(mt5) were collected at three temperatures: 30 °C, 34 °C and 37 °C. An overlay of all

three spectra indicates that the sample is largely insensitive to temperature changes in

the range tested (Figure IV.21).

IV.2.6 Protein dynamics and water accessibility of HCV EUH1480 p7

(mt5) in Fos-choline-12

To characterise the protein dynamics of HCV EUH1480 p7 (mt5) in Fos-choline-12, het-

NOEs and amide-water proton exchange using CLEANEX experiments were measured

at 37 °C. The hetNOE data was overall very similar to that of HCV J4 p7 (C27S),

showing a flexibility in the N- and C-terminal regions, around His17 (residues 9 to 20)
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Figure IV.20 – Overlay of 2D 1H,15-HMQC with a 2D 1H,15N-TROSY of HCV
15N-EUH1480 p7 (mt5)[242]. The expressed and refolded HCV EUH1480 p7 (mt5) in
Fos-Choline-12 (red) shows a high degree of similarity with the published 2D 1H,15N-TROSY
(blue) from Ouyang et al.. The sample concentration was 170 µM. The red spectrum was
recorded on a 600 1H-frequency Bruker spectrometer.

and in the region of residues 35 to 45 (Figure IV.22 top). The CLEANEX data indi-

cated regions of amide-water proton exchange at His17, Phe20, Gly39 and Thr41 (Figure

IV.22 bottom). The exchange at Phe20 is likely due to overlap with Ala16. A region of

increased flexibility was identified between residues 35 to 44, with a significant amide-

water proton exchange for positions 17 and 39 to 42. This suggested a consensus loop

region of HCV EUH1480 p7 (mt5) around residues ∼39 to 43.
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Figure IV.21 – Temperature sensitivity of HCV 15N-EUH1480 p7 (mt5) in Fos-
choline-12. Three temperatures were tested, 30 °C (blue), 34 °C (black) and 37 °C. The
2D 1H,15N-HMQC overlay shows that there were no major changes between 30 °C and 37
°C. The spectra were recorded on a 600 1H-frequency Bruker spectrometer, and referencing
was adjusted to minimise the non-specific temperature dependent amide chemical shifts in
order to more clearly observe any conformational changes with temperature.

IV.2.7 Comparison of HCV J4 p7 (C27S) in Cyclofos-6 and HCV

EUH1480 p7 (mt5) in Fos-choline-12

The protein dynamics data obtained was used to compare both studied p7 isolates in

their respective detergent systems. The hetNOE data showed that both isolates look

very similar and have the same overall hetNOE profile (Figure IV.23). The CLEANEX

experiments both showed similarities for the water accessibility, although HCV EUH1480

p7 (mt5) showed higher values in the His17 region and also at the respective N- and

C-termini (Figure IV.23). This suggested that both isolates have similar dynamic prop-

erties and water accessibility.

The intrinsic hydrogen exchange rates were predicted for both sequences [305]. For

HCV J4 p7 (C27S), the predicted and observed non-transmembrane amide protons were

closely correlated. In contrast, several regions within the transmembrane domains were

predicted to have intrinsic exchange but show little or no exchange in the CLEANEX

experiments. The results for HCV EUH1480 p7 (mt5) were similar to that of HCV J4
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Figure IV.22 – Dynamic properties and water accessibility of EUH1480 p7 (mt5) in
Fos-choline-12. An 15N-labelled HCV EUH1480 p7 (mt5) sample was used to determine
the hetNOEs (top) and amide proton exchange (CLEANEX) (bottom), revealing the flexible
regions. Mixing time in the CLEANEX was 20 ms and 50 ms and sample temperature was
37 °C. The experiments were recorded on a 600 MHz 1H-frequency Bruker spectrometer.

p7 (C27S). Notably, the C-terminal region of HCV EUH1480 p7 (mt5) that was deter-

mined to be within the buried region of the micelle in the hexameric structure[242], was

predicted to have intrinsic exchange with water(Figure IV.24), which was confirmed in

the CLEANEX experiments (Figure IV.22).

IV.2.8 Molecular weight estimation of HCV J4 p7 (C27S) in Cyclofos-

6 and HCV HCV EUH1480 p7 (mt5) in Fos-choline-12

Preliminary calculations of the molecular weight of the two studied p7 isolates in their

detergent micelles were performed[306]. The T1 and T2 values were calculated from

ratios of intensities in 1D experiments, assuming a change in H2O viscosity as a function

of temperature. In the case of HCV J4 p7 (C27S) in Cyclofos-6, T1 was found to be

685 ms and T2 was 72 ms. For HCV EUH1480 p7 (mt5) in Fos-choline-12, the values

determined for T1 and T2 were 741 ms and 69 ms, respectively. The estimated rotational

correlation time τ c was 9.4 ns for HCV J4 p7 (C27S) and 10 ns for EUH1480 p7 (mt5).

This gave an apparent molecular weight for HCV J4 p7 (C27S) in Cyclofos-6 micelles of
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Figure IV.23 – Comparison of HCV 15N-EUH1480 p7 (mt5) in Fos-choline-12 and
HCV 15N-J4 p7 (C27S) in Cyclofos-6. a) Previously discussed hetNOE data is shown
in an overlay for both isolates, HCV J4 p7 (C27S) in black and HCV EUH1480 p7 (mt5)
in red. b) The CLEANEX data for both isolates is shown, HCV EUH1480 p7 (mt5) (red)
and HCV J4 p7 (C27S) (black), highlighting in both cases their similarity.

22.7 kDa and for HCV EUH1480 p7 (mt5) in Fos-choline-12 micelles of 20.8 kDa.

1D 15N,1H-TRACT (TROSY for rotational correlation times) experiments were also

used for the measurement of the rotational correlation times (Figure IV.25). The result-

ing approximate molecular weight of HCV J4 p7 (C27S) in Cyclofos-6 micelles is around

20 kDa and 4 kDa for HCV EUH1480 p7 (mt5) in Fos-Choline-12 micelles. The molec-

ular weight of 4 kDa for HCV EUH1480 p7 (mt5) is below the expected minimum value

of a monomer in micelles. In cases of flexible peptides, the 1D TRACT approach can

yield apparent molecular weights that are significantly lower than the overall rotational

correlation time for an equivalent sphere representing the protein would indicate[307].

The inserted mutations in HCV EUH1480 p7 (mt5) make it one of the most hydrophilic

p7 sequence studied and it must contain extensive flexible polypeptide segments (Figure

III.14).

To further characterise the molecular weights, SEC (size-exclusion chromatography) was

used to determine if the high-detergent NMR conditions differ from the low-detergent

EM conditions previously described to preform single particle EM (i.e. 200 mM vs. 3

mM Fos-Choline-12)[242]. A high-detergent containing sample of HCV EUH1480 p7

(mt5) was prepared and run into the low-detergent buffer using SEC. The resulting
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Figure IV.24 – Intrinsic hydrogen exchange rates of HCV 15N-EUH1480 p7 (mt5) in
Fos-choline-12 and HCV 15N-J4 p7 (C27S) in Cyclofos-6. Top: The intrinsic hydrogen
exchange rate for HCV J4 p7 (C27S) was calculated (SPHERE, red) and plotted versus the
measured CLEANEX results (black). Bottom: The CLEANEX results for HCV EUH1480 p7
(mt5) (black) are plotted versus the sequence intrinsic hydrogen exchange rate as calculated
by SPHERE (red)[305].

chromatogram showed a main peak corresponding to a monomer (Figure IV.26 a). Low-

ering to even less detergent in the same experiments (i.e. 1 mM Fos-Choline-12) showed

no change in oligomerisation state and also a monomer (data not shown). SEC-MALS

(SEC - Multi-Angle Static Light Scattering) analysis of HCV EUH1480 p7 (mt5) in 3

mM Fos-Choline-12 suggests a protein size of around 7 kDa - corresponding to a p7

monomer - with a micelle of about 39 kDa (Figure IV.26 b).

IV.3 Discussion

The work described in this chapter established sample conditions at physiologically rele-

vant pH and temperature to analyse HCV p7 using solution-state NMR. Previous NMR
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Figure IV.25 – 1D 1H,15N-TRACT of HCV 15N-EUH1480 p7 (mt5) in Fos-choline-
12 and HCV 15N-J4 p7 (C27S) in Cyclofos-6. 1D 1H 15N-TRACT showing the decay
of the relative intensity of the 1H NMR signal, due to 15N relaxation of HCV J4 p7 (C27S)
in Cyclofos-6 and HCV EUH1480 p7 (mt5) in Fos-Choline-12. The upper and lower curves
correspond to the slowly relaxing α-spin state of 15N and the more rapidly relaxing β-spin
state, respectively. Exponential fits (solid blue and green lines) yielded Rα and Rβ values
as indicated. For HCV J4 p7 (C27S) relaxation rates are Rα = 22 Hz and Rβ = 41 Hz.
For EUH1480 p7 (mt5) relaxation rates are Rα = 5 Hz and Rβ = 9 Hz, respectively. For
HCV EUH1480 p7 (mt5) in Fos-choline-12, the effective rotational correlation time (τc)
was calculated using equations as previously described[307] and was 2.7 ns for the protein-
detergent complex. Such a low (τc) value implies a high number of flexible residues and is
in favour of a monomeric state of HCV EUH1480 p7 (mt5) under these conditions. The
approximate molecular weight for the protein-detergent complex is 4 kDa. An increase in
flexibility can skew the result below the minimal expected molecular weight. The complex
of HCV J4 p7 (C27S) in Cyclofos-6 has an approximate molecular weight of 20 kDa.The
experiments were recorded on a 500 MHz 1H-frequency Bruker spectrometer.

Figure IV.26 – Molecular weight determination of HCV EUH1480 p7 (mt5) in Fos-
Choline-12 micelles. Left: SEC-MALS of HCV EUH1480 p7 (mt5) from high detergent
NMR conditions (i.e. 200 mM) into low detergent EM conditions (i.e. 3 mM). The sample
was solubilised as described[242]. The SEC running buffer contained 3 mM Fos-Choline-12,
which corresponds to the buffer used to solve the EM structures byOuyang et al.. The
chromatogram at 280 nM shows that the protein in the low detergent buffer is monomeric.
Right: SEC-MALS shows the protein conjugate data vs. time of the 3 mM Fos-Choline-12
sample. The apparent size of the protein is approximately 7 kDa (i.e. 7745.89 Da, red
crosses) and the micelle size is about 39 kDa (i.e. 39900 Da, green crosses). The combined
size is approximately 47 kDa (red points).
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studies looking at p7 structure employed either non-physiological pH and/or temper-

atures. To reach a physiological pH was paramount in our study, in order to acquire

relevant inhibitor interaction data.

The pH values encountered in the human body vary, i.e. the lysosomal lumen has a

low pH of 5.5, whereas the ER lumen has a near neutral pH of 7.2 and human blood

pH 7.4[308]. Inhibitor pKa values define the point at which 50 % of a drug is ionised.

Values can vary greatly, e.g. N N-DNJ has an approximate pKa of 7.2, amantadine 10.1

and rimantadine 9.0. At neutral pH, it can be predicted that ∼50 % of N N-DNJ is

protonated, and ∼50 % is in the form of free base. At a pH of 4.0 practically all of it

will be protonated. The pKa is not a predictor if the protonated or free-base of the com-

pound are the pharmacologically active form[309], which makes it important to match

the pH in the experiment to the pH where the compound is active. The exact pKa in

the detergent surroundings used in the experiments is not known but might shift the

pKa. The constraint of staying in a limited pH and temperature range made condition

screening difficult, as pH and temperature can have a profound effect on NMR spectral

quality.

The study of membrane proteins also requires membrane mimetics. Detergents are not

ideal as they lack several important properties of the lipid-bilayer, however, even for

detergents that are considered strong, the structural properties of proteins in detergents

are often similar to those in well-folded tertiary structures[310]. For smaller proteins

like p7, the published structures and this study show that the influence of the chosen

detergent can be more pronounced by influencing oligomerisation state and secondary

structure. Thus, despite their limitations, the comparatively small size of detergent

micelles provide an opportunity to explore structural propensities that can lead to phys-

iologically relevant functional insights.

The lipid-like detergent DH7PC did not yield 2D 1H,15N-HMQC data of sufficient qual-

ity, although it has been used to determine the first low resolution oligomeric structure

of p7 using EM[236]. Although in this study only the hexamer was analysed in detail,

gel filtration data suggests the presence of non-hexameric species; thus it is possible

that oligomer dynamics of p7 in DH7PC were responsible for the problems observed

in NMR, the latter being more sensitive to heterogeneous samples than EM, in which

classes are picked before data fitting[236]. It is reported that p7 can be hexameric or

heptameric in lipids[204, 234] and both oligomeric states can also be found simultane-

ously in the same sample preparation (Luik et al., unpublished). We also observed a
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multidisperse behaviour of HCV JFH-1 p7 (gt 2a) in DH7PC in gel filtration experiments

(data not shown). A monomer structure of HCV J4 p7 (C27S) was solved in the very

similar detergent DH6PC (1,2-dihexanoyl-sn-glycero-3-phosphocholine), which has one

less methylene in each acyl chain than DH7PC, although under relatively acidic condi-

tions and at high temperature, which may have prevented oligomerisation and improved

sample conditions for spectral analysis[240]. Neither the anionic detergent LMPG nor

combinations of Fos-cholines were found to provide suitable conditions to study p7. The

solubilisation of membrane proteins can be aided by organic or chaotropic reagents, such

as HFIP (1,1,1,3,3,3-hexaflouro-2-propanol), urea or guanidine hydrochloride. Thin-film

protocols, which use these reagents to ensure that all the protein and detergent is sol-

ubilised and thereby minimising aggregation and aiding proper refolding[259], resulted

in only minor improvements in the case of HCV p7.

The initial spectral quality of p7 in the detergent Cyclofos-6 was promising. After op-

timisation of sample solubilisation, it was determined that the optimal temperature to

study p7 in Cyclofos-6 is 37 °C. The spectral quality was largely independent of pH

in a range between pH 6 and pH 7. Thus, a set of sample conditions were identified

that fulfilled the initial goal of physiological temperature and pH. The study of the wild

type sequences of HCV SA13 p7 and HCV J4 p7, however, proved to be challenging.

Although well resolved spectra could be obtained using Cyclofos-6, only a fraction of

the expected number of peaks was observed. Substitution of the sole cysteine at po-

sition 27 in the HCV J4 p7 sequence with a serine resulted in a large improvement in

spectral quality, with essentially all expected peaks now being observed. The concen-

tration dependency of HCV J4 p7 (C27S) in Cyclofos-6 was also investigated as it was

found to solubilise more efficiently in higher Cyclofos-6 concentrations. The experiments

showed that HCV J4 p7 (C27S) spectra were essentially similar between 28.6 and 286

mM Cyclofos-6, indicating an insensitivity towards the detergent concentration in this

range.

The assignment of HCV J4 p7 (C27S) was successfully completed using the combina-

tion of a 3D 15N-edited NOESY-HSQC and a 3D 15N-edited TOCSY-HSQC, although a

small number of overlapping and ambiguous residues remain to be confirmed by sequen-

tial assignment using a triple labelled sample. The expression and purification of a triple

labelled sample of HCV J4 p7 (C27S) was successful, but the sample concentration was

too low to record the necessary experiments.

Interaction studies using N N-DNJ confirmed a specific interaction and showed binding
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saturation. Three regions of HCV J4 p7 (C27S) show the greatest chemical shift changes

upon N N-DNJ addition, i.e. around Val9, His17, and Trp48. In the high detergent titra-

tion, there were no differences in peak shift visible between addition of 75 and 125 mM

N N-DNJ. The titration in the lower amount of detergent showed the same chemical

shift changes, albeit some residues could not be observed, as the protein concentration

was too low.

Protein dynamics, based on 15N-R1 and R2, hetNOE and amide-water exchange ex-

periments of HCV J4 p7 (C27S) in Cyclofos-6 were indicative of different loop region

boundaries than previously reported[237, 239–242]. Notably, the reported consensus re-

gion containing the dibasic motif, which is highly conserved among p7 isolates, becomes

a part of what is predicted to be the first transmembrane helix (helix 1). The HCV J4 p7

(C27S) secondary structure suggested by our experiments is unique in its helix 1 bound-

aries, and the loop region most closely resembles that of Cook et al. and Montserret

et al. structures. HCV EUH1480 p7 (mt5), which was used to determine a hexameric

solution NMR structure in Fos-Choline-12[242] also shows the dibasic motif as part of

a helix, but has a loop region moved towards the C-terminus with different boundaries.

The similarity in an overlay of the 2D 1H,15N-HMQC and 2D 1H,15N-TROSY of HCV

EUH1480 p7 (mt5) confirms that the sample reconstitution is working and that the

conformational state of the protein must be similar.

The performed protein dynamics experiments of HCV EUH1480 p7 (mt5), consisting

of hetNOE and amide-water proton exchange measurements, suggested a similar degree

of flexibility between the two isolates in their respective detergents. In addition, 1D-

based measurements of 15N-R1 and R2 for HCV J4 p7 (C27S) in Cyclofos-6 and HCV

EUH1480 p7 (mt5) in Fos-Choline-12 indicated very comparable overall tumbling times

and also similar molecular weights. 15N,1H-TRACT experiments, measuring the rota-

tional correlation times also result in monomeric molecular weights for both isolates.

SEC and SEC-MALS further showed that HCV EUH1480 p7 (mt5) is monomeric in

Fos-Choline-12, with a lack of any observable multimeric species. In addition, chemical

cross-linking experiments and AUC could be used to better characterise the molecular

weights of the p7 samples under NMR conditions.

In summary, a comparison to previously published structures shows that the secondary

structure determined for HCV J4 p7 (C27S) in Cyclofos-6 has a different loop region,

with the dibasic motif, which is implicated in viral fitness[230, 231], being part of a

helical segment (Figure IV.18). This is supported by a Rosetta model of HCV J4 p7
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(C27S). The N-terminal helix 1 very likely protrudes out of the detergent micelle, in

a conformation that is similar to that observed by Foster et al.[241]. No function can

be assigned to the protruding helix, but it does not appear to have significant amphi-

pathic character[311] and a similar extended helical conformation has been reported

elsewhere[312]. The three-dimensional structure of HCV J4 p7 (C27S) in Cyclofos-6 will

confirm the preliminary dynamics and model data reported here.



Chapter V

Electrophysiology and

oligomerisation of HCV p7

V.1 Electrophysiology and oligomerisation of HCV p7

The oligomeric state of HCV p7 is linked to its function as a viroporin. An EM

study showed that HCV JFH-1 p7 (gt 2a) in the detergent DH7PC assembled into

a hexamer[236]. Other suggested oligomerisation states comprise heptameric assemblies

observed in another EM study[234], tetrameric to hexameric complexes simulated in

an MD study[238], and a hexamer in the recently published first high-resolution struc-

ture of HCV EUH1480 p7 (mt5) in the detergent Fos-choline-12[236, 242]. In order to

carry out biophysical analyses of HCV p7, large amounts of pure protein are required.

We used peptide synthesis to chemically synthesise HCV p7. Isolates representing HCV

genotypes 1 to 6 had been previously synthesised in our group and purified using HPLC.

The goal of this work was to complete the synthesis of missing relevant p7 genotypes

and pertinent mutants, and to analyse their oligomeric state and ion channel function.

Mutations of interest included the dibasic motif (in HCV JFH-1 p7 (K33/R35)), which

is implicated in viral fitness. Mutations of either or both of these residues to either

glutamine or alanine impair ion channel function and severely reduce the amount of

infectious virus produced[229–231, 234]. They also function as a signal sequence and

are important to obtain the correct topology of HCV p7. Mutation in both residues to

alanine abolishes the sorting signal, whereas mutation to glutamine leaves it intact[141,

92
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227, 230, 238, 313]. It was not known whether the double mutants can assemble into a

functioning oligomeric viroporin, or if the secretion defects associated with it are caused

by other mechanisms directly involving the presence of the two basic residues, perhaps

as part of a binding interface for viral or cellular proteins.

It has been previously suggested by our lab (T.Whitfield, unpublished) and others[224]

that iminosugars disassemble or prevent assembly of p7 oligomers. A F25A mutant

discovered in a genotype 3 background is suggested to confer iminosugar resistance

and has been shown to be resistant to iminosugar-induced disassembly in native gel

experiments[224]. In order to investigate these suggested mechanisms, we employed

AUC (analytical ultra centrifugation), as the first choice to analyse channel oligomeri-

sation. Several conditions and p7 genotypes, including HCV JFH-1 p7, HCV JFH-1 p7

(K33Q/R35Q), HCV J4 p7 and HCV 452 p7, have been trialled using the neutrally buoy-

ant detergent C8E5 (n-octyl-hydroxypenta(oxyethylene), Sigma) which is most suitable

for AUC. C8E5 solubilisation of all tested p7 was low and required extensive optimisa-

tion. A solubilisation protocol using several steps of sonication, vortexing, and heating

at 37 °C was employed and reached protein concentrations acceptable for AUC anal-

ysis. However, unlike in previous experiments conducted in our group (unpublished),

only the monomeric state could be observed, indicating that under the conditions tested

oligomerisation had not occurred, and therefore this approach was unsuitable to inves-

tigate the influence of inhibitors on p7 assembly. In order to analyse the oligomeric

state, a native gel protocol was developed instead, using the NativePAGE system (Life

technologies), which is a technique for the analysis of native proteins and protein com-

plexes. The previously reported native gel experiments using FLAG-tagged p7[224, 236]

could not be repeated using chemically synthesised p7 of native length. NativePAGE

is suggested to be able to estimate molecular mass and oligomeric states, and is based

on blue native polyacrylamide gel electrophoresis (BN-PAGE)[234, 314]. It was used to

determine the oligomeric states of HCV JFH-1 p7 (gt 2a) and other isolates, genotypes

and mutants, including HCV JFH-1 p7, HCV 452 p7 (gt 3a), HCV H77 p7 (gt 1a) and

HCV JFH-1 p7 (R33Q/R35Q).

In order to characterise HCV p7 electrophysiology and link possible mutations to p7

ion channel function, droplet interface bilayers (DIBs) developed by Dr Mark Wallace

(Chemistry Department, Oxford) were used. DIBs are a way to generate artificial bilay-

ers suitable for bulk and single-channel electrophysiological measurements. An aqueous



Chapter V. Electrophysiology and oligomerisation of HCV p7 94

droplet in an oil solution containing phospholipids, is covered by a phospholipid mono-

layer. Another monolayer is formed on an agarose hydrogel coated cover slip, which upon

contact with the aqueous droplet forms the bilayer at the oil-water interface. They are

suitable for electrical recording and imaging of pores and ion channels[315]. The ad-

vantages over other systems, such as Black Lipid Membranes (BLM), include stability,

possible application of asymmetric lipid bilayers and optical imaging (reviewed in[316]).

It is also possible to manipulate the bilayer size of the bilayer after it is formed[317].

They are also referred to as droplet hydrogel bilayers (DHBs) when a solid hydrogel (i.e.

agarose) is used as a base[316].

The protocol in brief entails (i) droplet generation, (ii) monolayer assembly and (iii)

bilayer formation and (iv) measurement of activity (Figure V.1)[316].

Figure V.1 – Formation of droplet-hydrogel bilayers. Left: A glass cover slip is covered
in an agarose hydrogel, which is covered by an oil lipid solution. Droplets are prepared
in a PMMA (Poly(methyl 2-methylpropenoate)). An aqueous droplet is also covered in
a monolayer of lipid and added to a device. Once the bilayer is formed, two Ag/AgCl
electrodes are inserted into the PMMA device. Scale bars are 200 µM. Right: A PMMA
device is shown: 1) the ground Ag/AgCl electrode connecting to the agarose hydrogel. 2)
The 100 µm Ag/AgCl electrode used for electrical measurements inside droplets. 3) The
DHB device attached to the bottom of the Faraday cage. Tape is used to seal the agarose
channel and to mount the device on the microscope table (Figures adapted from[316]).

V.1.1 Chemical synthesis of HCV p7

In order to perform biophysical experiments, HCV p7 needs to be either expressed in

E. coli (Chapter III) or chemically synthesised. Peptide synthesis is the chemical pro-

duction of polypeptides and proteins. SPPS (solid-phase peptide synthesis) involves

the stepwise addition of protected amino acids to a growing peptide chain, which is

bound by a covalent bond to a solid resin particle[318]. HCV p7 used in this thesis was
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synthesised using two different synthesis methods, MAPS (microwave-assisted peptide

synthesis) and SPPS. Both approaches employ the same chemistry but MAPS uses a

microwave to heat up the reaction vessel, whereas SPPS is carried out at room tempera-

ture, which makes MAPS a special form of SPPS. MAPS in general shows higher yields

and faster throughput than expression, and a faster throughput than SPPS. HCV p7

isolates previously synthesised in our laboratory by SPPS include H77 (gt 1a), JFH-1

(gt 2a), JFH-1 (gt 2a, R33A/R35A), 452 (gt 3a), ED43 (gt 4a), SA13 (gt 5a), Th580 (gt

6b) thus spanning all genotype families with the exception of genotype 7 (isolate QC69).

HCV J4 p7 (gt 1b) was synthesised first for use in NMR experiments. Synthesis was

carried out using fluroenylmethyloxycarbonyl (Fmoc SPPS) on a CS-Bio Peptide Syn-

thesizer (CS536), as previously described for the other p7 isolates listed above. A 4.0

mmol synthesis using Fmoc as the protective group and Wang resin was performed.

The synthesis steps in brief include repeated cycles of deprotection-wash-coupling-wash.

HPLC was performed using acetonitrile as the organic phase (Buffer A: H2O with 0.1 %

FA and buffer B: acetonitrile 0.1 % FA), with an increasing gradient B from five to 95 %

in 15 to 20 minutes. Two peak fractions were collected (Figure V.2) and the purity and

mass of the protein were determined by mass spectrometry (ESI-MS) (Figure V.2). The

synthetic peptide was pure, although a discrepancy in mass was observed. The expected

mass of HCV J4 p7 is 6706.0 Da and the observed mass is 6790.23 Da. Using Edman

degradation and N-terminal protein sequencing of the first 40 residues, the difference of

84 Da was found to be due to an exchange of Ala29 and Ala30 with two leucine residues.

Despite the observed mass difference in HCV J4 p7, the applied HPLC protocol was

used to purify other p7 genotypes.

SPPS using the CS-Bio synthesiser is time and labour consuming, with a maximum of

ten amino acid couplings per day in an optimal system set up. In order to speed up syn-

thesis, a CEM Liberty microwave synthesiser (CEM Microwave Technology) was used.

MAPS of HCV J4 p7 was carried out at a smaller scale of 0.1 mmol and was completed

after three days. HPLC was performed with a longer, 20 minute gradient. MS analysis

of crude HCV J4 p7 confirmed the correct mass (Figure V.3). The HCV p7 genotype

7 isolate QC69 was synthesised using the same synthesiser and scale. MS analysis of

crude HCV QC69 p7 showed a reduced amount of full length HCV QC69 p7 (Figure

V.4 a, peak at the far left). SDS-PAGE analysis revealed a correct sized band (Figure

V.4 a), with possible aggregates visible in the bands that have been loaded with higher

concentrations of crude HCV QC69 p7 (Figure V.4 b).



Chapter V. Electrophysiology and oligomerisation of HCV p7 96

The synthesis of HCV J4 p7 was successful using the CS Bio synthesiser and also MAPS.

The former yielded very pure, crude protein on a higher scale than MAPS. The latter

was faster, enabling higher throughput but gave rise to lower yields. MS analysis con-

firmed the correct mass of MAPS HCV J4 p7, whereas MAPS of HCV QC69 p7 showed

a decreased amount of final product. HCV QC69 p7 is pending HPLC purification and

MS mass confirmation.

Figure V.2 – Purification of chemically synthesised HCV J4 p7.a) The HPLC chro-
matogram of synthesised, crude HCv J4 p7 is shown. HCV J4 p7 is found in the big central
peak (red asterisk). A C4 column (Jupiter, 300 Å, 10 µ, Phenomenex) was used with a
Gilson PrepLC system (321 Pump, UV/VIS-155 detector, UniPoint software). Two wave-
lengths of the UV spectrum, 215 nm (black) and 280 nm (red) were recorded. b) The MS
spectrum of HPLC purified J4 p7 is shown. Purity and mass of HCV J4 p7 were assessed
using electrospray ionisation-mass spectrometry (ESI-MS). The analysis shows one main
mass species of about 6790 Da. The calculated mass of HCV J4 p7 is 6706.0 Da; the
discrepancy of 84 Da is due to an exchange of two alanine residues at position 29 and 30
with leucine residues, as determined by N-terminal sequencing.

V.1.2 NativePAGE of HCV p7

NativePAGE analysis was used to study the oligomeric state of HCV p7, using chemically

synthesised p7. A previously published BN-PAGE and the EM-structure reconstruction

using HCV JFH-1 p7 and DH7PC was used as a starting point[236]. Sample optimisation

was carried out (Figure V.5 a), during which it was found that the addition of surplus

DH7PC is needed to induce p7 band formation, whereas the sample additive G250 had no

visible effect (Figure V.5 b). Putative oligomeric HCV JFH-1 p7 bands were visualised

using other isolates with representatives of all HCV p7 genotype families excluding
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Figure V.3 – HPLC purification and MS analysis of crude microwave-synthesised
HCV J4 p7. a) The HPLC chromatogram of synthesised, crude, microwave synthesised
HCV J4 p7 is shown. Two wavelengths of the UV spectrum, 215 nm (red) and 280 nm
(green) were recorded. Pure HCV J4 p7 is found in the centre of big central peak (black
asterisk). A C4 column (Jupiter, 300 Å, 10 µ, Phenomenex) was used. b) The MS analysis
shows the purity of the central fraction of synthetic, crude HCV J4 p7 (orange) in overlay
with the purified HCV J4 p7 (black) analysed with MALDI.

genotype 7. All samples ran at approximately the height of a theoretical hexamer or

heptamer. This suggests that isolates which span genotype families 1 to 6 and the

double mutant HCV JFH-1 p7 (R33A/K35A) all form oligomeric complexes (Figure

V.5 c). Cyclofos-6 was also tested with HCV J4 p7 and ran lower than other isolates

in DH7PC, indicating that p7 is present in a monomeric form under these conditions

(Figure V.5 d)

In order to confirm these results and to identify the bands as p7 multimers, which
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Figure V.4 – SDS-PAGE and MS analysis of crude microwave-synthesised HCV p7
QC69. a) SDS-PAGE analysis of crude QC69 p7 shows different concentrations loaded
onto the lanes (indicated by triangle), with higher to lower concentration loaded from left
to right, respectively. b) Shows the MALDI analysis of crude HCV QC69 p7. The peaks on
the far left are the full-length HCV QC69 p7 (MW 7078.5 Da), with intermediate length
pieces being visible in the middle and on the right of the spectrum. The discrepancy of sizes
of the peaks on the right to the excepted mass are due to the calibration of the MALDI
being not adjusted at the time of experiments performed.

run very low on the gel close to the Coomassie front, a HCV JFH-1 p7 N-terminal

specific antibody (developed by phage display, Zitzmann group, unpublished) was used

for western blotting. This antibody specifically bound to HCV JFH-1 p7 containing

lanes only, when analysing a similar pan-genotype p7 collection as in the gel described

before. Although the western blot was overloaded, it nevertheless indicated that the

bands seen on the NativePAGE are oligomeric p7 channels. This also suggested that the

dibasic mutant HCV JFH-1 p7 (R33Q/R35Q) and its associated defects are not linked

to an inability to form oligomers (Figure V.5).
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Figure V.5 – NativePAGE analysis of HCV isolates. a) The top 4-16 % Bis-Tris gel
shows the detergent and G250 addition optimisation process. Protein concentrations are
listed next to the gel. In brief, JFH-1 was solubilised in 60 mM DHPC, and the final sample
was prepared according to the manufacturers’ instructions, which suggested the addition of
G250. b) Without addition of further DH7PC, no bands were visible (green asterisk). c)
The optimised conditions were used to analyse a panel of HCV p7 genotypes. Cyclofos-6
solubilised p7 ran at the size expected for a p7 monomer (red asterisk) d) Western blot
analysis of a 3-12 % Bis-Tris gel, using a HCV JFH-1 p7 specific N-terminal antibody, shows
that the antibody only reacts with HCV JFH-1 p7 sequences. NativeMark was used as a
molecular weight marker in all gels (Life technologies).
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V.2 Droplet Hydrogel Bilayers of HCV JFH-1 p7

Chemically synthesised HCV JFH-1 p7 was used to investigate the possibility to ap-

ply the DHB system to study the electrophysiological characteristics of p7. The goals

were to investigate and characterise selected isolated from all seven genotypes in their

electrophysiological behaviour in different lipids (e.g. ER-like lipid compositions) and

their respective responsiveness to iminosugar and other inhibitors, including BIT225 and

amantadine. Especially the reported inability of N N-DNJ to disassemble a genotype 3

isolate[224] and the possible single point mutation F25A conferring resistance to imi-

nosugar treatment, possibly also in other isolates, made further characterisation using

a thorough electrophysiological analysis necessary. The overall reported discrepancies

in amantadine efficacies in blocking p7 could also be investigated in a more ER-like

membrane. It has been shown that p7 ion channel characteristics are dependent on

lipid compositions[246], which might explain previously reported differences besides the

varying sequence differences of p7 used[204, 223].

In order to evaluate the DIB system for compatibility with HCV p7, the lipid DPhPC

(1,2-diphytanoyl-sn-glycero-3 phosphocholine) was used as a model system in hexade-

cane with HCV JFH-1 p7. A stock solution of HCV JFH-1 p7 was prepared in DMSO

(dimethyl sulfoxide) and diluted in DHB buffer (0.5 M KCl/5 mM Hepes/1 mM CaCl2,

pH 7.4). The procedure describing how to set up the device is depicted in Figure V.1 and

reviewed in[316]. HCV JFH-1 p7 was added to the aqueous buffer that was used to pre-

pare droplets, giving a final volume of 69 nL. Upon bilayer formation the droplets were

stabbed using an Ag/AgCl microelelectrode under a microscope. In order to characterise

ion channel activity of synthesised HCV JFH-1 p7, the current-voltage (I-V) relationship

was determined. A voltage ramp was applied and the resulting I-V curve shows linear,

ideal ohmic behaviour. This indicates firing of a non voltage-gated, leaky ion channel,

which allows ions to pass in both directions under these experimental conditions (Figure

V.6).

V.3 Discussion

The establishment of a quick chemical synthesis makes the study of a large variety of p7

mutants and isolates possible. Genotype and sequence specific difficulties in purification
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Figure V.6 – DHB electrophysiological characterisation of HCV JFH-1 p7 in DPhPC.
Shown is the Current-Voltage (I-V) relationship as determined by a square voltage ramp.
Averages of values hold for the time stated were used to calculate the position in the I-V
curve (top left). Data points represent mean value for three technical replicates +/-S.E.M.
The I-V curve shows ideal ohmic behaviour, which is indicative of a non voltage-gated ion
channel.

cannot be ruled out, as observed in the synthesis of HCV QC69 p7.

Using native gel analysis it was possible to show, albeit in a crude way, that all tested

isolates form oligomers. Different percentage gels could be used to shift the band further

up and increase resolution. The antibody specific against the N-terminus of HCV JFH-1

p7 (C. Fotinou, Zitzmann group, unpublished) enabled the identification of the bands

on the native gels as oligomeric p7 complexes. The interaction with both HCV JFH-1 p7

wildtype and the dibasic mutant R33Q/R35Q, confirms the specificity of the antibody

and its ability to recognise HCV JFH-1 p7 as native protein, and it strongly suggests

that the negative effects of the dibasic mutant of JFH-1 viral assembly and secretion

is not linked to an inability of HCV JFH-1 p7 (R33Q/R35Q) ion channel to assemble,

as complexes can be seen on the Western blot. The latter needs to be repeated with

decreased loading concentrations on the NativePAGE in order to decrease smearing and

hopefully resulting in a clear band separation. The dibasic JFH-1 mutant R33A/R35A,

which has a more severe negative influence on virus production[229–231] should also

be analysed. In previous work of the Zitzmann group the double arginine mutant was

non-functional when its ion conductance was tested using a BLM system (Whitfield,

unpublished). The confirmation of this result is currently awaiting DHB analysis. If

confirmed, this would indicate that the JFH-1 R33Q/R35Q mutant p7 ion channel can

assemble but not conduct ions.
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The AUC protocol should be adapted and a previously published AUC method employ-

ing the co-lyophilisation of detergent and p7 prior rehydration should be tested[237].

We established for the first time the DHB system for HCV JFH-1 p7 analysis using

DPhPC as a model lipid. The direction of current is defined as the flow of positive

charge. With regard to a cell inward current, this is cation flow into the cell or anions

out; conversely, outward current is positively charged particles flowing out of the cell, or

negatively charged particles flowing into the cell. The observation that HCV JFH-1 p7

shows linear behaviour in the I-V relationship indicates that p7 is a non voltage-gated,

leaky channel. The process of bilayer assembly used in this experiment will allow HCV

JFH-1 p7 to insert in both directions into the membrane, as p7 is already present in the

droplet before bilayer formation.

Previous experiments report HCV J4 p7 conductance as a function of the membrane po-

tential, showing asymmetric behaviour in planar lipid bilayers and liposomes, suggesting

that HCV J4 p7 inserts in a preferred orientation[237]. The discrepancies could be due

to varying insertion orientations, different lipids and p7 concentration used or genotype

specific differences. I-V behaviour of synthetic HCV J4 p7 using the DHB system in

DPhPC bilayers should be used to compare the findings. It is also possible to add p7

via a microinjector to the droplet with an already formed bilayer. The eventual goal is

to analyse all seven genotype in a ER-derived membrane, which would be more physio-

logical relevant than previous studies using liposomes and BLM[204, 205, 223, 237, 246].

The DHB system is also well suited to look at inhibitor interactions, by either addition

of the inhibitor to the aqueous solution making the droplets or via injections directly

into the droplet with an already formed bilayer with a microinjector. Both will be used

to look at iminosugar interactions against all seven genotypes. As a lipid environment

dependency is implicated in p7 oligomerisation[246], the application of ER-like mem-

brane or asymmetric bilayers will be interesting to investigate, and see how and if it

influences inhibitor efficacies.
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Conclusion

HCV p7 is important for infectious virus production[139, 141, 231]. It is a cation-

selective viroporin[163, 236], which has also been suggested to conduct protons[245]. Its

ion channel function is the target of extensive inhibitor development efforts[139, 141,

210, 218, 236, 241, 288]. The need for alternative HCV drug targets other than the

NS3/4A protease, even after the introduction of the protease inhibitors boceprevir and

telaprevir is still high, as protease inhibitors and next generation DAA are likely not

able to deal with viral escape mutants in highly mutating viruses like HCV[10, 13]. The

ambition for future HCV treatment is an interferon free, affordable and pan-genotype

effective drug, if possible all combined in one compound. However, a combination of a

potent fast acting DAA with another pangenotypic compound with a high genetic re-

sistance barrier and a favourable toxicity profile and no adverse drug interactions seems

currently more realistic, such as the combination of anti-NS3 and anti-NS5A inhibitors

with the novel NS5B polymerase inhibitor Sofosbuvir, which reportedly allows up to 100

% efficiency in HCV infected patients[319].

HCV p7 is interesting as a drug target as once inhibited, HCV can no longer produce

infectious viral particles. The conservative approach of inhibiting assembled channels,

e.g. with amantadine, may not be as promising, as mutations in only a small subset of

amino acid side chains may render the drug non-effective. This was observed in clinical

trials with amantadine in a recent study suggesting different targets other than p7 are

conferring drug resistance[320].

Amantadine and rimantadine, which were initially discovered as Influenza A M2 ion

channel inhibitors, are generally regarded as not suitable for HCV treatment. BIT225,
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a putative p7 inhibitor currently in clinical trials shows promising results in combina-

tion therapy with interferon and ribavirin, although statistical relevance has yet to be

reported. Another class of p7 inhibitors are iminosugars, which are suggested to dis-

assemble and/or prevent assembly of the p7 ion channel (Whitfield et al. unpublished

and[224]), showing high efficacies in BLM and cell-culture experiments[223]. We specu-

lated that this might be due to interaction of these iminosugars with the aromatic amino

acids located at the phospholipid headgroup/lipophilic side chain interface of the lipid

membrane, which are crucial to keep the viroporin anchored in the membrane. It was hy-

pothesised that if HCV were to introduce mutations within p7 to escape ’disassembling’

iminosugar interactions, it would thereby incapacitate its own channel functionality,

which is important for viral fitness and survival. Therefore we set out to determine the

specific p7 amino acids that iminosugars interact with. For this, solution-state NMR is

well suited.

Current literature does not report to which specific p7 amino acid residues either BIT225

or iminosugars bind. The recently published interaction data obtained for N N-DNJ from

a study using monomeric HCV J4 p7 (C27S) in DH6PC (1,2-dihexanoyl-sn-glycero-3-

phosphocholine) micelles shows interaction especially in water exposed areas, which may

not be very informative to determine the binding site[240]. Knowledge of the specific

interaction sites would contribute to our understanding of how p7 functions as an ion

channel, and why so far no viral escape mutant to long alkylchain iminosugar treat-

ment could be observed in one laboratory that specifically tried to create and describe

such mutants[321]. Such information would also aide in understanding the reported

iminosugar resistant mutant of a HCV 452 p7[206]. The determination of drug bind-

ing sites on the p7 monomer will be a first step towards determining the specificity

and perhaps mechanism of action of these drugs. Indeed, a recent study which used

a monomeric NMR structure of a flag-tagged HCV J4 p7 (C27S) for structure-guided

compound design, based on the suggested p7 adamantanes binding site, reports an in-

crease in compound efficiency of 10,000 fold[241]. However, more relevant information

would be gained from interaction site mapping on the assembled oligomer, representing

the active form of p7.

As p7 in its monomeric form cannot function as an ion channel, the hunt for a high-

resolution structure of a functional oligomer was fuelled by a 16 Å EM-structure of HCV

JFH-1 p7 in DH7PC (1,2-diheptanoyl-sn-glycero-3-phosphocholine) micelles[236]. Re-

cently, the first structure at atomistic resolution of a p7 channel was reported, using a
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sequence of HCV isolate EUH1480 with five introduced mutations, which is one of only

two genotype 5 sequences. The authors report a hexameric channel, with the opposite

orientation compared to that reported in the hexameric EM study[236], and an unusual

helix packing[242]. Several techniques were employed by several groups to study drug

interactions with p7 and to gain an understanding on how the inhibitors work, all of

them sharing the need for functional p7 protein. Chapter III of this thesis addressed

this by the development and adaption of an E. coli expression system, in order to enable

an economically viable production of isotopically labeled protein. At the same time this

work was being carried out, a similar expression protocol was reported[288]. The estab-

lishment of a working expression system was a step forward, as until then only chemical

synthesis of p7 was established to produce untagged p7 of native length and sequence

in the large quantities required.

In order to avoid as many non-physiological parameters as possible in the experimental

setup - as a membrane protein, the use of membrane mimics was unavoidable - wildtype

p7 sequences at sample conditions of physiological pH and temperature were initially

studied. Expression and purification of wildtype p7 isolates was partly achieved, how-

ever, the presence of cysteine residues in the sequences interfered with their purification.

The introduction of a serine mutation at the sole cysteine in the J4 p7 sequence at posi-

tion 27 overcame this. Because yields were initially low compared to other reports[288],

a condensation protocol was successfully adapted and subsequently yielded sufficient

quantities for NMR analysis.

Chapter IV deals with the screening for detergent conditions suitable for the envisaged

interaction studies at neutral pH and at a physiological relevant temperature. The lat-

ter two are normally key determinants in solution NMR, which can have an immense

influence on NMR spectral quality. We successfully identified Cyclofos-6 as a suitable

membrane mimic, combining sufficient solubilisation capabilities with very promising

NMR spectra at neutral pH and 37 °C. Promising results were obtained not only for

HCV J4 p7, but also for HCV SA13 p7. Initially, both of them were used as wildtype

sequences. The adaption of the HCV J4 p7 (C27S) sequence improved spectral qualities.

It is worth noting that the same will be likely the case for HCV SA13 p7 and HCV 452 p7.

The latter is a genotype 3 isolate of particular interest, as it is implicated in a proposed

iminosugar resistance[224]. The purification and sample condition system established

should be used to assign a cysteine-free HCV 452 p7 and determine if iminosugars in-

teract with the proposed alanine residue in position 25, as no elevated interaction was
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detected for the Phe25 residue in HCV J4 p7 (C27S). The successful assignment of HCV

J4 p7 (C27S) made it possible to determine interaction sites on p7, which should be now

dissected to identify the minimum residue requirement for N N-DNJ binding. Our sol-

vent access data shows that N N-DNJ binds to some regions, which are, and others which

are not, H2O accessible, indicating a specific interaction. It is interesting to note that

all three putative binding sites contain highly conserved residues, i.e. Leu8, His17 and

Trp48. The working hypothesis how iminosugars assert their antiviral effect was that

they bind to conserved aromatic residues (i.e. Trp30 and Trp48) and cause disassembly

and/or prevent assembly. Aromatic residues found in membrane proteins are suggested

to localise towards the membrane interface where they form hydrogen bonds and anchor

the channel to the membrane[322, 323]. Aromatic residues found in the membrane axis

are sometimes suggested to indicate a closed state of a channel. In the open conformation

of an inward rectifying potassium channel (KirBac1.1), aromatic residues are clustered

at the membrane interface, whilst in the closed conformation the aromatic residues are

found evenly distributed along the membrane axis[323]. The observation that N N-DNJ

did not interact with the channel anchoring aromatic amino acids that - if the channel

was inserted into a membrane - would be located at the membrane interface between

hydrophilic phospholipid headgroups and lipophilic side chains, suggests that our work-

ing hypothesis must be revised and that the combinatory effect of the conserved newly

identified residues is a hurdle the virus cannot overcome without loosing its viral fitness.

Triple labeled experiments will further confirm the assignment and collect structural

information restraints, which can be used to support the determined Rosetta model of

HCV J4 (C27S) p7 in Cyclofos-6. It highlights a unique conformation in the secondary

structure, containing the dibasic motif in helix 1, which has not been reported previ-

ously. Pending confirmation by structure determination, helix 1 might protrude from the

detergent micelle, which also represents a possible novel conformation of p7. Its function

remains unclear. It is not amphipathic and no functional data is available, but one can

envisage how it could possibly aide oligomerisation or interact with cytosolic/host cell

partners if it was also found in a native membrane environment. The hydrophobic core

size of detergents in micelles compared to that of native membranes is different. The

calculated size for the hydrophobic core of a Cyclofos-6 micelle is between 20 - 24 Å, as-

suming a C-C bond length of 120 to 150 pm. A native ER membrane of rat hepatocytes

has an approximate width of 37.5 ±0.4 Å[324], which might lead to different confor-

mations encountered in a cellular lipid membrane environment[238]. The determination
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of a three-dimensional structure of HCV J4 p7 (C27S) in Cyclofos-6 would answer the

question if a protruding helix exists. As we are looking at a monomeric form of p7, it is

worth speculating that the encountered flexibility at His17 might be a place of possible

rearrangements that happen upon oligomerisation. RDC (Residual dipolar coupling)

would allow us to determine whether helix 1 and helix 2 are co-linear, similar to the

RDC determination in a study looking at HCV J4 (C27S) p7 in DH6PC micelles[240].

The conditions determined here could also be used as a starting point to explore bicelles

with the lipid DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)[296]. Other possi-

bilities to determine a structure of more physiological value include the application of

solid-state NMR, for which some preliminary data have been published[239, 240], and

the possibility of x-ray crystallography in the lipid cubic phase to determine a high-

resolution structure of oligomeric p7[325].

The dynamic properties and solvent accessibility of EUH1480 p7 (mt5) in DPC show

that both are very similar to HCV J4 p7 (C27S) in Cyclofos-6. The solvent accessibility

is slightly elevated for the former, which could be due to the EUH1480 sequence being

much less hydrophobic than the J4 sequence. In fact, HCV EUH1480 p7 was chosen

for its relative polarity and was mutated further to make it even more polar[242]. This

might affect secondary structure and micelle interactions, which could explain the higher

exchange rates.

The analysis of molecular tumbling times indicates a monomeric rather than a hexameric

protein-bicelle complex, which needs to be confirmed using cross-linking experiments.

AUC would be an alternative approach to address this issue. The effect of detergent

concentration on the oligomerisation state of HCV EUH1480 p7 (mt5) needs to be elab-

orated. The observed EM particles in the same study clearly show a hexameric assembly

but are solubilised in a lower amount of detergent[242]. The influence of detergent con-

centration on oligomerisation was tested by gel filtration analysis and SEC-MALS and

again no mutlimeric HCV EUH1480 p7 (mt5) was observed.

The oligomeric state can be analysed with several techniques and was addressed in chap-

ter V. It also attempts a preliminary characterisation of electrophysiological properties

of p7. The goal of using AUC as a medium-throughput readout of oligomer and in-

hibitor mechanism analysis was hampered first by low protein solubilisation and second

by non-oligmerisation in the detergent used. The use of NativePAGE was optimised and

a recently developed anti p7 antibody showed that the bands observed with nativePAGE

represent oligomeric channels, confirming that several isolates form oligomers in DH7PC,
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including the dibasic mutant of HCV JFH-1 p7. In conjunction with unpublished data

from the Zitzmann group showing that the dibasic mutant is non-functional in the BLM

electrophysiological set-up, this indicates that p7 ion channel function is needed for virus

production and not the hexameric protein assembly itself. We are planning to repeat

and confirm the electrophysiological measurements with the dibasic mutant in the DIB

experimental set up.

The electrophysiological analysis of p7 is extensive, with several model membrane and

systems used[204, 210, 223, 235, 237, 244]. The analysis of p7 using the novel DIB system

was explored. Preliminary data using a model lipid are encouraging and the establish-

ment of an ER-like membrane should be addressed next to analyse all genotypes in the

first pan-genotype analysis in a lipid composition resembling native ER membranes as

closely as possible. The mutant HCV p7 isolate EUH1480 used for the hexameric NMR

structure should be analysed by DIB, as it was not possible to show electrophysiological

activity in an oocyte assay[242]. The DIB set up would also lend itself to the detailed

interrogation of a series of interesting mutants that should help delineating details of p7

ion channel function, using single ion channel recordings. Setting up the DIB system for

a protein other than the α-hemolysin channel, which was extensively used for its devel-

opment and description[326, 327], was a challenging and time-consuming undertaking.

However, the proof of principle has been established here, and opens the way for future

testing of relevant p7 channels and pertinent mutants.

The merging of electrophysiology and structural biology is a powerful tool to interrogate

the structure function relationships of p7 wildtype and mutants of all genotypes, and to

analyse anti-p7 compounds for efficacy, and will continue to further our understanding

of HCV p7.



Chapter VII

Material & Methods

VII.1 Cloning of HCV p7 isolates

HCV p7 J4 (gt 1b) was cloned into the pMM-LR6 expression vector, referred to as

pMM1 (Figure VII.1). The procedure was carried out according to the manufacturers’

instructions, which is in brief as follows: Site-directed mutagenesis on a pGEX-6p2 J4

construct was performed using the QuickChange Site directed mutagenesis kit (Strata-

gene). Insert and vector were digested with restriction endonucleases BamHI and HindIII

(NEB). Fragments were purified using the QIAquick Gel Extraction kit (Qiagen) and

ligated with T4 DNA ligase at room temperature for 1 h into pMM1 vector. Prepara-

tions of plasmid DNA were carried out using the QIAprep Spin Miniprep kit (Qiagen).

Bacterial clones were pre-selected by colony PCR, checked by restriction digest and

DNA sequencing (Source Bioscience, Oxford). Synthetic and codon-optimised p7 genes

for HCV J4 (gt 1b, UniProt: O92972), HCV 452 (gt 3a, UniProt: Q1W5D5) and HCV

SA13 (gt 5a, UniProt: O91936) were obtained from Genscript and HCV p7 genotype

5a isolates EUH1480 wildtype (UniProt: O39928) and EUH1480 harbouring mutations

T1G, C2A, A12S, C27T and C44S (EUH1480 p7 mt5) were obtained from GeneArt

(Table VII.1). To be consistent, the initially used HCV J4 p7 construct was replaced by

its codon optimised version.

Synthetic genes were cloned into pMM1 according to the manufacturer’s instructions.

In brief, the genes of HCV J4 p7, HCV 452 p7 and HCV SA13 p7 were transformed

into DH5α or XL10 gold E. coli, amplified from a carrier pUC57 plasmid and purified

using the QIAprep Spin Miniprep kit (Qiagen). Restriction endonucleases BamHI and

109
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Table VII.1 – DNA expression constructs

Construct HCV p7 isolate Gene Supplier
(genotype)

pMM1 J4 J4 (1b) Synthetic gene (pUC57 vector) Genscript
pMM1 J4 (C27S) J4 (1b) Synthetic gene (pUC57 vector) Genscript
pMM1 J4 (C27S) J4 (1b) Synthetic gene (DNA String) GeneArt
pMM1 452 452 (3a) Synthetic gene (pUC57 vector) Genscript
pMM1 SA13 SA13 (5a) Synthetic gene (pUC57 vector) Genscript
pMM1 EUH1480 EUH1480 (5a) Synthetic gene (DNA String) GeneArt
pMM1 EUH1480 (mt5) EUH1480 (5a) Synthetic gene (DNA String) GeneArt

HindIII were used to digest the plasmids. The digest was separated using agarose gel

electrophoresis and purified with the QIAquick Gel Extraction Kit (Qiagen). Using T4

DNA ligase (NEB), the digested genes were ligated in pre-digested pMM1 plasmids.

The presence of an insert was checked by restriction digests and the positive clones by

DNA sequencing. HCV EUH1480 p7 wildtype, HCV EUH1480 p7 (mt5) were ordered

as double stranded DNA Strings (GeneArt), which were directly digested with BamHI

and HindIII, subcloned into pMM1 and transformed into NEB5α (NEB) cells (Table

VII.2). Positive clones were checked by DNA-sequencing.

VII.1.1 Enzymes

All restriction endonucleases, as well as T4 DNA ligase, VentR and Phusion DNA Poly-

merase were purchased from NEB, whereas Pfu DNA polymerase and DpnI were part

of the QuickChange site-directed mutagenesis kit (Stratagene).

VII.1.2 Vectors

Two different vector systems were used during the course of this work. The vector

pGEX-6p-2 contained the initially used HCV J4 p7 sequence, which was excised and

cloned into pMM1. The expression vector pMM1 has a kanamycin resistance (Kanr), an

N-terminal His9-tag and a trp∆LE tag (Figure VII.1). The trp∆LE tag allows protein

expression in inclusion bodies and under denaturing conditions.
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Figure VII.1 – Map of pMM-LR6 and pMM1 J4 p7 plasmids. The vector pMM-LR6
(gift from S.C. Blacklow, Harvard Medical School, Boston, provided by J. Schnell, Biochem-
istry Department, Oxford University) is based on a pET-17b (Kanr) vector (Novagen), and
contains a 9xHis-tag (pink) and a trp∆LE sequence (grey), latter containing the leader
sequence of the trp operon of E. coli, which is fused to the 97 amino acid residues of the
C-terminus of the anthranilate synthase gene. HCV J4 p7 (green) and all other isolates
used were cloned into pMM-LR6 via two restriction sites (HindIII and BamHI, respectively).
The sequences were confirmed by DNA sequencing (Source Bioscience, Oxford). Expression
with a trp∆LE tag directs protein into inclusion bodies. Methionines in the target protein
sequence have to be mutated (e.g. to leucine) to allow for cleavage with CNBr, which
cleaves specifically after a single methionine at the fusion site. SnapGene (GSL Biotech)
was used to generate the vector maps.
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Table VII.2 – Bacterial strains

Strain Genotype Application

XL10-Gold Tetr textit∆(mcrA)183 ∆ (mcrCB- subcloning, plasmid
hsdSMR-mrr)173 endA1 cloning, amplification
supE44thi-1 recA1 gyrA96 r
elA1 lac Hte [F’ proAB lacIqZ
∆M15 Tn10 (Tetr Amy Camr]

DH5α F- Φ80lacZ ∆M15 ∆(lacZYA subcloning, plasmid
-argF) U169 recA1 endA1 amplification
hsdR17 (rK-, mK+) phoA supE44
λ- thi -1 gyrA96relA1

NEB5α fhuA2 ∆(argF-lacZ)U169 phoA subcloning, plasmid
glnV44 Φ80∆ (lacZ)M15 gyrA96 amplification, high
recA1 relA1 endA1 thi-1 hsdR17 transformation efficiency

BL21 (DE3) pLysS F− ompT gal dcm Ion hsdSB(rB
− protein expression

mB−) λ(DE3) pLysS (Camr) (T7-promotor)

BL21 Rosetta 2 (DE3) F− ompT hsdSB(rB
− mB

−) gal dcm protein expression
(DE3) pLysSpRARE2 (Camr) (rare eukaryotic codons)

VII.1.3 Competent cells

The CaCl2 method was used to make competent E. coli cells. 10 ml LB (Lysogeny

broth) with appropriate antibiotic (e.g. 10 µL chloramphenicol for BL21 cells), were

inoculated with a single colony or with small volume of a glycerol stock and incubated

overnight at 37 °C and 250 rpm. The next morning cells were subcultured into 100

ml LB. The culture was incubated until the OD600 reached 0.5 - 0.7, then put on ice

and further incubated for 20 minutes. Cells were harvested by centrifugation at 2,500

g for 10 minutes at 4 °C. The cell pellet was resuspended in 10 ml cold 0.1 M CaCl2

per 50 ml culture and incubated on ice for 30-60 minutes. Cells were again harvested

by centrifugation at 2,500 g for 10 minutes at 4 °C. The cell pellet was resuspended in

4 ml cold CaC2 (2 ml per 50 ml initial culture) and 1 ml of 80 % glycerol was added.

Competent cells were stored at -80 °C.

VII.1.4 Transformation

XL10 Gold (Stratagene), DH5α, NEB5α and BL21 cells (Life technologies) were trans-

formed by heat shock according to the manufacturers’ instructions (Table VII.1). In
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Table VII.3 – PCR primer

Construct Primer sequence

pGEX-6P-2 p7 J4 Met
for: 5’-AGGATGACGACGATAAGATGGCCTTAGAGAACTTGGT

rev: 5’-ACCAAGTTCTCTAAGGCCATCTTATCGTCGTCATCCT

pMM1 J4 p7
for: 5’-TTCGTAGCAAGCTTTGGATGGCCTTAGAGAACTTGGTGG

rev: 5’-CTAGGGATCCCATGGCGTAAGCTCGTGGTGGTA

pMM1 J4 p7 (C27S)
for: 5’- TCTGTCCTTTCTGGTCTTCTTCGCTGCGGCCTGGTATATTAA

rev: 5’- TTAATATACCAGGCCGCAGCGAAGAAGACCAGAAAGGACAGA

brief, cells were thawed on ice and 50-100 µl were aliquoted into pre-chilled 14 ml round-

bottom tubes. 1-2 µl of a ligation mix or 5 to 10 ng of plasmid DNA were added, mixed

and incubated on ice for 30 min. BL21 cells were pre-incubated for 10 min with 1 µl

1:10 diluted β-mercaptoethanol. Cells were put into a water bath at 42 °C for 45 sec-

onds and incubated on ice for 2 minutes. 450 µl pre-warmed LB or SOC media (NEB)

was added and cells were incubated at 37 °C at 250 rpm for 60 minutes For a ligation

reaction of a digested PCR product with vector, all cells were transferred to a 1.5 ml

Eppendorf test tube and centrifuged at 5,000 rpm for 5 minutes to harvest the cells.

The cell pellet was resuspended in 50-100 µl supernatant and streaked out on a suitable

LB agar plate. In case of plasmid re-transformations, 50-100 µl were plated out without

prior centrifugation. Plates were incubated at 37 °C overnight.

VII.1.5 Site-directed mutagenesis

Site-directed mutations in pGEX-6p-2 J4 p7 to prepare cloning from the initial construct

into the pMM1 vectors, i.e insertion of the methionine pivotal for cleaving prior to the

protein sequence and restriction cleavage sites, were generated using pGEX-6P-2 J4 p7

as a template, and specific primers (Table VII.3). The C27S mutant of HCV J4 p7 was

created using specific primers (Table VII.3) and pMM1 J4 as a template following the

manufacturers’ instruction, both using the QuickChange kit (Stratagene).

VII.1.6 DNA sequencing

Sequencing of DNA constructs was conducted by Geneservice Oxford (Source Bioscience)

in their DNA sequencing facility in the Department of Biochemistry, University of Ox-

ford.
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VII.1.7 Commercial Kits and reagents

The QIAprep Spin Miniprep kit (Qiagen) was used to prepare plasmid DNA from E.

coli cultures. The QIAquick Gel Extraction kit (Qiagen) was used to extract DNA from

agarose gels and the QuickChange Site-directed mutagenesis kit (Stratagene) was used

to insert point mutations on plasmid DNA. If not otherwise stated, all materials and

chemicals have been purchased from Sigma-Aldrich, Fisher or VWR.

VII.1.8 Polymerase Chain Reaction

Primer oligonucleotides were ordered from Sigma-Aldrich (Table VII.3). PCR (poly-

merase chain reaction) was used to amplify DNA fragments required for cloning of the

HCV J4 p7 construct and to introduce the required restriction endonuclease recognition

sites. VentR and Phusion DNA Polymerase (NEB) and the corresponding ThermoPol

and Phusion HF buffers were used according to the manufacturers’ instructions.

VII.1.9 Agarose gel electrophoresis

After completion of the PCR reaction, agarose gel electrophoresis was used to separate

and purify the DNA fragments. 0.6 to 1 % gels were used, for which 0.3 to 0.5 g of

agarose were added to 50 ml 1x TBE buffer. The agarose was dissolved in a microwave.

After the solution cooled down to approximately 50 °C, 0.5 g/ml ethidium bromide was

added and the mixture poured into a pre-assembled gel cast system. Each PCR sample

was mixed with 6x DNA loading buffer. Electrophoresis was carried out at 80 - 100 V

for 45 minutes.

VII.1.10 DNA gel extraction

Bands containing the DNA fragments were excised under a UV light source and DNA was

extracted using the QIAquick gel extraction kit according to the instructions provided

by the manufacturer.
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VII.1.11 Restriction endonuclease cleavage

To digest the purified DNA fragments, vectors and synthetic genes (i.e. HCV p7 iso-

lates, pGEX-6p-2 and pMM1) restriction endonucleases BamHI and HindIII and the

corresponding buffers were used according to the manufacturers’ instruction. Both re-

action mixtures were combined and briefly centrifuged. 1 µl of each restriction enzyme

(BamHI and HindIII, respectively) were added to the PCR product reaction mix. The

vector reaction mixture was split into four samples and enzyme was added.

VII.1.12 Ligation

Ligation was performed using a molar ratio between 1:5 and 1:10, using T4 Ligase and

the corresponding buffer. Reactions were incubated at room temperature for 30 minutes

and stored at -20 °C without heat inactivation.

VII.1.13 Colony PCR

Colony PCR was used to screen bacterial colonies for the presence of clones that contain

the correct insert. Bacterial cells were lysed by adding reaction mix and heating during

the first PCR cycle. PCR was performed alongside a positive control (e.g. pGEX HCV

J4 p7). Resulting reaction mixes were analysed on an agarose DNA gel. PCR reactions

were performed in a total volume of 25 µl (i.e. after template was added). A mastermix

containing everything except the colonies and the template in case of the positive control

was prepared. Selected colonies were transferred from the plate into the PCR tubes and

mixed with the reaction mix. The positive control was the PCR template that has been

originally used to clone or subclone the inserted gene from. 0.5 µL of the plasmid and

1.5 µL dH2O (distilled H2O) were added to the positive control reaction mix. Standard

PCR was performed, with 10 added cycles to the cycle number used in the original PCR

reaction. All samples were checked on a 1 % agarose DNA gel. Positive clones showed a

band matching the band in the positive control and were further verified by restriction

digest and DNA sequencing.
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VII.1.14 Solid-Phase Synthesis of p7

HCV J4 p7 was synthesised using fluorenylmethoxycarbonyl solid-phase peptide syn-

thesis (Fmoc SPPS) on a CS-Bio Peptide Synthesizer (CS536). Derived peptides were

cleaved from Wang resin ([4-hydroxymethyl-(phenoxymethyl)]-polystyrene), using triu-

floroacetic acid/triisopropylsilane/1,2-ethanedithiol/H2O (94:2:2:2 vol %) and extracted

using diethylether. Crude peptides were resuspended in 1 - 5 % formic acid, 60 % ace-

tonitrile and 35 - 39 H2O. The peptide was purified by preparative reverse phase-HPLC,

using a Phenomenex C4 column (Jupiter, 300 Å, 10 µ) and a Gilson PrepLC system (321

Pump, UV/VIS-155 detector, UniPoint software), in a gradient of increasing acetonitrile

concentration. The gradient was established using two buffers (A: H2O, 0.1 % formic

acid; B: acetonitrile in H2O, 0.1 % formic acid) ranging from 10-100 % buffer B over a

10 minute period at a flow rate of 30 ml/min. All collected fractions were lyophilised

overnight. Purity and molecular mass of HCV J4 p7 were assessed using electrospray

ionisation-mass spectrometry (ESI-MS) (Department of Biochemistry, University of Ox-

ford). HCV J4 p7 and HCV QC69 p7 were synthesised on a CEM Liberty microwave

synthesiser (CEM Microwave Technology Ltd) using Fmoc chemistry. Peptides were

cleaved off HMPB NovaPEG resin (Novabiochem) using TFA (triufloroacetic acid) and

precipitated using diethylether acid and extracted using diethylether.

VII.1.15 SDS-PAGE

SDS-PAGE (Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis) was used

to estimate the molecular weight of proteins and to evaluate sample purity. Precast 4 -

12 % Bis-Tris NuPAGE gels in MES buffer were used according to the manufacturers’

protocol (Life technologies). Precision Plus Protein Dual Xtra (Biorad) was used as the

protein marker if not otherwise stated. Quick Coomassie stain (Generon) was employed

to stain the gels. Voltage applied was 200 V unless otherwise stated and the gels typically

ran for 35 minutes. SDS-running buffer typically contained 35 µL 4 X LDS (lithium

dodecyl sulphate) sample buffer (Life technologies), 35 µL 8 M urea, 5 µL 10 % SDS

and if disulphides are present 5 µL DTT (Dithiothreitol) (or 5 µL 8 M urea if no

disulphides were present). NativePAGE (Life) with precast 4 - 16 % Bis-Tris Gels were

used according to the manufacturers’ instructions to estimate the size native protein

complexes, using NativeMark (Life technologies) as a marker.
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VII.1.16 Western blotting

Western blots of NativePAGE gels were performed using a XcellII blot module (Novex)

according to the manufacturers’ instructions. The dark blue NativePAGE running buffer

was exchanged half way through the run with a light blue running buffer. The gel was

transferred to a PVDF (polyvinylidene fluoride, Millipore) membrane, which was wetted

in methanol beforehand. For blocking, cooled I-Block (life technologies) at 2 % in 0.1

% PBST (0.1 % Tween in Phosphate Buffered Saline) was used for 1-2 h at room

temperature or at 4 °C overnight. Two wash steps followed with 2x PBST (10 minutes

each) and then the primary antibody was added. The HCV p7 antibodies used were

raised using phage display technology against an N-terminal peptide of JFH-1 p7 (gt

2a) (Zitzmann laboratory, unpublished). After 2 h incubation at room temperature, the

antibody was collected and the membrane washed four times with 2x PBST. Secondary-

antibody was added for 1 h, followed by 4x wash with 2x PBST. It was developed using a

chemilumenescence kit (Amersham) and imaged with a Las-1000 CCD (charge-coupled

device) camera in an intelligent dark box (FujiFilm).

VII.1.17 Methanol/Chloroform precipitation

Protein samples for SDS-PAGE analysis, which contain 6 M guanidine hydrochloride

were precipitated by a methanol/chloroform method (Cold Spring Harbour Labora-

tory Manuals). One volume of protein solution (for purifications: elution, wash and

flowthrough 100 µL), was mixed with four volumes of methanol (400 µL) and vortexed.

One volume of chloroform was added (100 µL) and vortexed again. After addition of

three volumes of H2O (300 µL) and vortexing, the mixture was centrifuged for 2 minutes

at maximum speed in an Eppendorf table top centrifuge. An interface forms with an

aqueous top layer that contains the guanidine, and a bottom layer, which contains the

protein. The top layer was removed with a pipette and four volumes of methanol were

added, which precipitates the protein (N.B. flakes are not always visible). The mixture

was centrifuged at the maximum setting to pellet the protein, supernatant was aspirated

and the pellet was dried and prepared for SDS-PAGE, by adding SDS running buffer.
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VII.2 Protein expression

The pMM vector system used in this study provides a variety of options for producing

polyhistidine-tagged fusion proteins, which can be purified using IMAC. HisPur Ni-

NTA Resin (Pierce Biotechnology) binds selectively to polyhistidine sequences using

nickel ions and is used to purify the proteins. TALON resin (Takara), which uses cobalt

instead of nickel was also used. The pMM vector (Figure VII.1) system is based on the

ability of the trp∆LE-fusion protein to direct protein expression into inclusion bodies.

CNBr specifically cleaves after methionine residues and is used to cleave off the trp∆LE

and His9-tag. In brief, p7 constructs were transformed into E. coli BL21 (DE3) pLys cells

(Table VII.2). Expression was assessed by analysing overexpression bands of overnight

cultures, which are inoculated from using single colonies picked from agar plates. All

growths were carried out at 37 °C and between 250 and 350 rpm on orbital shakers

with suitable antibiotics, i.e. kanamycin and chloramphenicol. The next morning upon

saturation growth, cells were spun down and resuspended in LB and added to fresh

growth medium. Protein expression was induced at OD600= 0.6 using 1 mM IPTG.

After overnight expression, cells were harvested, the pellet redissolved in 40 µL H2O,

20 µL loading buffer, 5 µL DTT and 5 µL 10 % SDS and analysed by SDS-PAGE.

For uniform isotope labelling, expression in isotope-enriched M9 minimal media was

used (Table VII.4). For 15N-labelled protein, 15N-H4Cl (ammonium chloride, Sigma-

Aldrich) (1 g/L) was used as the sole nitrogen source. For uniform carbon labelling,

13C-glucose (Sigma-Aldrich) (2-4 g/L) was used as the sole carbon source. To achieve

partial deuteration, H2O was substituted with D2O (98-99 %, Sigma-Aldrich). For large

scale expression, IPTG induction and autoinduction[287], which uses allolactose as an

inducer, were used. All isolates were expressed in BL21 (DE3) pLys or BL21 Rosetta 2

cells (Table VII.2). In brief, starter cultures were grown in LB-media which was added

to M9-minimal media or auto-induction media (NPS, 5052 plus 15N-H4Cl; Table VII.4).

Cultures were induced with 1 mM IPTG at an optical density of 0.6.-0.8 and harvested

after 24 h. To achieve a higher yield and optimise use of isotope-labels, a condensation

protocol was used, in which cells were four-fold condensed. Cells were grown in LB

media until they reached an OD600 of 0.6. Between three to four litres of LB media were

used per growth. The cells were spun down at 3,350 g for 20 minutes at 4 °C and washed

in 200 ml (per 1 L LB growth) of 1 x M9 salts and subsequently centrifuged again. The

cell pellet was resuspended in 1 L of M9 media, containing the appropriate nitrogen,
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carbon and/or deuteration source (i.e D2O). The cells were incubated for a further 30

minutes on an orbital shaker at 37 °C. Protein expression was induced by addition of

1 mM IPTG, and cells were harvested after 24 h. For deuteration, cells were further

induced 12 h into the growth, and grown for up to 36 h.

VII.3 Protein purification

After cell harvest, inclusion bodies were purified. Several methods were used. The

first is a protocol previously applied for the purification of influenza M2[282]. In brief,

cells were taken up in lysis buffer (50 mM Tris pH 8.0, 200 mM NaCl (sodium chlo-

ride) and solubilised using a Dounce homogeniser. One Complete Protease Inhibitor

tablet (Roche) per 50 mL lysis buffer was added. In case of wildtype HCV J4 p7, HCV

452 p7 and HCV SA13 p7, all buffers were supplemented with 5 mM TCEP (Tris (2-

carboxyethyl) phosphine hydrochloride) (Pierce). Resuspended cells were sonicated and

centrifuged. Cells were harvested by centrifugation at 7,000 rpm for 30 minutes in an

ultracentrifuge (Beckmann). Cell pellets containing the inclusion bodies were washed

by resuspension in lysis buffer using a Dounce homogeniser, which was followed by three

minutes sonication. The inclusion bodies and cell debris were spun down at 15,000 rpm

for 25 minutes at 4°C. The inclusion body containing pellets were again solubilised in

lysis buffer and spun down at 15,000 rpm for 25 minutes at 4°C in order to further re-

move water-soluble contaminants. The pellets were dissolved in 50 mL (per 1 L culture)

of guanidine buffer (6 M guanidine HCl, 50 mM Tris (pH 8.0), 200 mM NaCl) using a

Dounce homogeniser. Undissolved matter was pelleted by centrifugation at 18,000 rpm

for 1.5 h (Table VII.4). The second protocol, used mainly for HCV J4 p7, HCV 452

p7 and HCV SA13 p7 (wildtype) contained added detergent washing steps in order to

remove membrane fractions that complicate downstream HCV p7 purification. IGEPAL

CA-630 (octylphenoxypolyethoxyethanol) (Sigma-Aldrich) and deoxycholic acid (sodium

salt, Fisher), both at 1 % (v/v and w/v, respectively) were used. A higher than previ-

ously used salt wash was added as well (1 M NaCl instead of 200 mM). Inclusion bodies

were taken up in guanidine buffer containing 6 M guandine HCl, 10 mM imidazole and

2 mM TCEP, and incubated with stirring overnight at 4 °C. The next day, the mixture

was sonicated for 4 min and centrifuged to separate undissolved matter as described

above (Table VII.4). The third protocol used to purify HCV J4 p7 (C27S)[288], was
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adapted for the usage of the condensation protocol described above. The inclusion body

purification differs in the use of 1 mM EDTA (ethylenediaminetetraacetic acid), 1 mM

NaN3 (sodium azide) and 15 % (v/v) glycerol in the lysis buffer. 30 mL of lysis buffer

per one litre culture were used. The washing step contained as the protocol above the

two detergents IGEPAL and deoxycholic acid and also 1 mM EDTA and 1 mM NaN3.

The inclusion bodies were solubilised in a guanidine buffer (6 M guanidine HCl, 0.5 M

NaCl, 20 mM Tris (pH 8.0) and 5 mM imidazole), sonicated and centrifuged again to

pellet undissolved matter (Table VII.4). The last protocol employed was used to purify

HCV EUH1480 p7 (mt5)[242]. The lysis buffer contained 50 mM Tris HCl (pH 8.0), 200

mM NaCl and 1 mM EDTA. The guanidine buffer contained 6 M guanidine HCl, 50 mM

Tris HCl (pH 8.0), 200 mM NaCl and 1 % (v/v) Triton X-100. 50 mL of lysis buffer per

1 L culture was used, and the resuspension and centrifugation was the same as for the

methods described above. Purified inclusion bodies were resuspended in 50 mL per 1 L

culture guanidine buffer (Table VII.4). In all cases, the fusion protein was purified the

following day using IMAC and HisPur resin (Pierce). Washing with imidazole contain-

ing wash buffers is critical for purity of eluted p7 fractions (15-150 mM, respectively)

(Table VII.4). Fractions containing protein were dialysed against H2O until protein pre-

cipitated out of solution. The protein was then lyophilised in the HCV J4 p7 (C27S)

protocol, before CNBr cleavage, whereas in the other protocols cleavage was performed

on the wet pellet. In either case, the fusion protein was taken up in 70 % formic acid

and cleaved using CNBr, (0.2 g/ ml), which releases the His9-tagged trp∆LE from p7.

Cleavage duration ranges between one to three hours (Table VII.4) and was performed

under a nitrogen stream being stirred by a magnetic bar. In one hour protocols, the

cleavage reaction was dialysed against water using a 3,500 MWCO (molecular weight

cut off) dialysis cassette (Pierce) or a 1,000 MWCO membrane (Spectrum laboratories)

and lyophilised overnight. In the HCV J4 p7 (C27S) protocol, the CNBr reaction was

stopped by additions of 1N NaOH (sodium hydroxide), which was then diluted with

H2O and dialysed until neutral pH was achieved, followed by lyophilisation.

VII.4 High Performance Liquid Chromatography

Reverse-phase HPLC was used to purify crude synthesised and expressed HCV p7 (J4,

452, SA13 and EUH1480), on a Gilson ProStar instrument. Columns used are C4
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Table VII.4 – Buffers for inclusion body purification protocols

Purification protocol
M2-based p7-adapted J4 p7 (C27S) EUH1480 p7 (mt5)

Lysis
buffer

50 mM Tris
HCl (pH 8.0),
200 mM NaCl,
5 mM TCEP,
(plus protease
inhibitor)

50 mM Tris HCl
(pH 8.0), 5 mM
TCEP, (plus pro-
tease inhibitor)

50 mM Tris HCl
(pH 8.0), 1 mM
NaN3, 1 mM
EDTA, 15 %
(v/v) glycerol,
(plus protease
inhibitor)

50 mM Tris HCL
(pH8.0), 200 mM
NaCl, 1 mM EDTA,
(plus protease in-
hibitor)

Wash
buffer(s)

50 mM Tris HCl
(pH 8.0), 200
mM NaCl, 5 mM
TCEP

50 mM Tris HCl
(pH 8.0), 5 mM
TCEP, 1 % (w/v)
deoxycholate +
1% (v/v) IGEPAL
CA-630

50 mM Tris HCl
(pH 8.0), 1 mM
NaN3, 1 mM
EDTA, 1 % (w/v)
deoxycholic acid,
1% IGEPAL
CA-630

50 mM Tris HCl (pH
8.0), 200 mM NaCl, 1
mM EDTA

50 mM Tris HCl
(pH 8.0), 5 mM
TCEP, 1 M NaCl

Guanidine
buffer

50 mM Tris HCl,
200 mM NaCl, 6
M guanidine HCl,
15 mM imidazole,
pH 8.0, 5 mM
TCEP

50 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl, 10
mM Imidazole, 2
mM TCEP

20 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl, 0.5
M NaCl, 5 mM
imidazole

50 mM Tris HCl (pH
8.0),6 M guanidine
HCl, 200 mM NaCl, 1
% Triton X-100

Resin
Wash
buffer(s)

50 mM Tris HCl,
200 mM NaCl,
6 M guanidine
HCl,15 mM imi-
dazole, pH 8.0, 5
mM TCEP

50 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl, 25
mM imidazole, 2
mM TCEP

20 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl, 0.5
M NaCl, 50 mM
imidazole

50 mM Tris HCl (pH
8.0),6 M guanidine
HCl, 200 mM NaCl, 1
% Triton X-100

50 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl,
100-150 mM
imidazole, 2 mM
TCEP

Elution
Buffer

50 mM Tris HCl,
200 mM NaCl, 6
M guanidine HCl,
400 mM imida-
zole, pH 7.0, 5 mM
TCEP

50 mM Tris
HCl (pH 8.0),
6 M guanidine
HCl, 500 mM
imidazole, 2 mM
TCEP

20 mM Tris HCl
(pH 8.0), 6 M
guanidine HCl, 0.5
M NaCl, 500 mM
imidazole

50 mM Tris HCl (pH
8.0), 200 mM NaCl, 6
M guanidine HCl, and
400 mM imidazole, pH
7.0

CNBr
cleavage

5 ml of 70 % FA
and adding 1 g of
CNBr

5 ml of 70 % FA
and adding 0.5-1.0
g of CNBr

10 mg/ml of the
lyophilised fusion
protein in 70 %
FA, with 100
mg/ml CNBr

5 ml 70 % FA (1 hr,
CNBr 0.2 g/ml)

HCl: Hydrochloride, NaN3: sodium azide, EDTA: ethylenediaminetetraacetic acid, NaCl:
sodium chloride, TCEP: Tris (2-carboxyethyl) phosphine hydrochloride, CNBr: cyanogen bro-
mide, FA: Formic acid
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(Jupiter 4 µm, 300 Å), C8 (Jupiter 4 µm, Proteo 90 Å, AXIA) and C18 (Luna 10 µm,

100 Å) preparative columns (250 mm x 21.2 mm) (Phenomenex). A C18 preparative

column (Proto 5 µm, 300 Å) was used for work on one HCV p7 construct (EUH1480 p7

(mt5)) (Higgins Analytical). For synthetic HCV J4 p7 and HCV QC69 p7, an acetoni-

trile gradient (0.1 % formic acid) was used (Buffer A: H2O, buffer B: acetonitrile). For

EUH1480 p7 (mt5), buffer A was 40 % acetonitrile and buffer B was 60 % acetonitrile,

both containing 0.1 % TFA. The sample was injected in 100 % FA. For the other buffer

system, the sample was taken up in up to 1 % FA and then mixed with 60 % acetoni-

trile. All solvents and samples were filtered using a 0.22 µM membrane. Fractions of

interest were lyophilised overnight. 1 ml of fractions to be analysed by SDS-PAGE were

lyophilised separately. Lyophilised protein was checked by MS.

VII.5 Fast protein liquid chromatography

FPLC was used to purify HCV J4 p7 (C27S), on an Äkta Pure FPLC system, using

a Sephacryl column (HiPrep 26/60 Sephacryl S-200 (GE Healthcare). An isocratic

gradient was used to elute the protein (20 mM sodium phosphate, 1 mM EDTA, 20 mM

NaN3 and 40 mM SDS). The dried, cleaved protein was taken up in 10 % SDS, sonicated

for 15 minutes, mixed with same volume of running buffer and filtered through a 0.22

µM membrane. OD280 was typically between 5 and 9 for one condensation type M9

growth. Sample volume was 1 or 2 ml per run. Elution samples were analyses by SDS-

PAGE and fractions of interest dialysed (1,000 MWCO membrane) extensively against

H2O until protein precipitated. Following lyophilisation, protein mass was checked by

MS.

VII.6 Size-exclusion chromatography-multi-angle laser light

scattering (SEC-MALS)

SEC (=FPLC) and SEC-MALS have been used to analyse the molecular weight of HCV

J4 p7 and HCV EUH1480 p7 in Cyclofos-6 and Fos-Choline-12, respectively. SEC was

performed with a Superdex200 column on an Äkta Pure FPLC system (GE Healthcare).

SEC-MALS was performed with a Superose6 column on a Nexera HPLC (Shimadzu)
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and a MALS DAWN HELEOS II and a refractive index Optilab T-rEX detector (Wyatt

technology).

VII.7 Mass spectrometry

MS (mass spectrometry) was carried out at the Department of Biochemistry, using

LC-ESI-MS (Liquid chromatography-electrospray ionisation-mass spectrometry), or in

the Glycobiology Institute using MALDI-TOF (Matrix-assisted laser desorption/ioni-

sation). For ESI, the protein samples in acetonitrile and water (1:1 + 0.1 % formic

acid) were introduced at a flow rate of 10 µl/min by electrospray ionisation into a Mi-

cromass LCT orthogonal acceleration reflecting TOF mass spectrometer in positive ion

mode. The instrument has been adapted specifically for protein work and the mass

spectrometer was calibrated using myoglobin. The resultant m/z spectra were con-

verted to mass spectra by using the Maximum Entropy analysis MaxEnt in the Mass-

Lynx suite of programmes. For MALDI, protein was taken up in 1 % FA and 40 %

H2O. The protein sample was mixed with CHCA (α-Cyano-4-hydroxycinnamic acid)

(0.5 µL each) and dried down. The instrument was calibrated using ribonuclease A and

insulin (Sigma-Aldrich). Expected protein masses were calculated with the ProtParam

online tool (https://web.expasy.org/protparam) or the Scripps protein calculator (v3.3)

(http://www.scripps.edu cdputnam/protcal.html), the latter was also used to determine

weights of isotopically labelled proteins.

VII.8 Protein concentration determination

Protein concentrations were determined by measuring the absorbance at 280 nm, using

a Nanodrop 1000 (Thermo scientific). The extinction coefficient of each protein was

calculated using the ProtParam online tool (http://web.expasy.org/protparam).

VII.9 Sample reconstitution for NMR

Detergent evaluation for NMR samples was performed by preparing detergent solutions

and adding them to lyophilised HCV p7. All NMR samples contained 5 % D2O and DSS
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(4,4-dimethyl-4-silapentane-1-sulfonic acid). The standard buffer used is 40 mM sodium

phosphate in a pH range between 6.5 and 7.5. Detergents screened include DH7PC (1,2-

diheptanoyl-sn-glycero-3-phosphocholine), Fos-choline-10, Fos-choline-12 (DPC), Fos-

choline-14, SDS and Cyclofos-6. All detergents were purchased from Avanti polar lipids

or Affymetrix. NMR samples were added to 350 µl Shigemi microtubes (Sigma-Aldrich).

VII.9.1 Thin film reconstitution

The detergent of choice was dissolved in a glass vial in an organic solvent, HFIP

(1,1,1,3,3,3-hexaflouro-2-propanol). A thin film of Fos-choline-12 was produced under

a weak nitrogen flow. The detergent thin film was re-dissolved in 400 µl of HFIP, and

lyophilised HCV J4 p7 was added. Freeze-thaw cycles were used when the protein was

not soluble at first. A second thin film containing detergent and protein was formed at

the bottom of the glass tube under weak nitrogen flow. This process was repeated until

a clear thin-film was visible. Lyophilisation was used to remove all remaining HFIP. 8 M

Urea was added and the sample dialysed into NMR buffer (40 mM sodium phosphate).

D20 (5 %) was added after the dialysis.

VII.9.2 Guanidine reconstitution

Fos-choline 12 was dissolved in 6 M guanidine HCl and 40 mM sodium phosphate buffer

(pH 6.5) followed by addition of HCV EUH1480 p7 (mt5). After a brief incubation,

dialysis against 2 L of 40 mM sodium phosphate buffer (pH 6.5) using a 1,000 MWCO

membrane removed the guanidine. D2O (5 %) was added after the dialysis.

VII.10 NMR

All NMR spectra were recorded on NMR spectrometers with Oxford Instrument mag-

nets with 1H frequencies between 500 to 950 MHz, equipped with home-built triple

resonance probes with triple axis gradients5 or with Bruker TCI CryoProbes with single

Z-axis gradients (500 and 600 MHz). The Oxford Instrument magnet triple resonance

probes allow for pulsing on up to four nuclei in a single experiment. TCI CryoProbes

are equipped with cooled preamplifiers giving more sensitivity for double and triple
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resonance NMR experiments[328]. The very low temperature caused by the helium

cooling circuit around the tuning and matching circuits and the NMR coils reduce the

Johnson-Nyquist noise, which is caused by the random thermal motion of electrons in

conductors, leading to an improvement of signal-to-noise ratio of up to a factor of five

(www.bruker.com). Experiments were unless otherwise stated performed at 37 °C and

pH 6.5. NMR spectra were referenced in the direct dimension against DSS at 0 ppm

(parts per million). The H2O proton resonance frequency at 4.65 ppm was used as an

internal proton reference for all experiments. NMR data was processed using NMRPipe

and analysed using NMRDraw[329] and analysis[330]. Chemical shifts were assigned

using the program CARA[298]. Experimental parameters for the main experiments can

be found in Table VII.5.

VII.11 Droplet interface bilayers

For electrophysiological analysis, we used the method described by Lepthin et al. [316].

In brief, to create Droplet Interface Bilayers (DIBs) 10 mM DPhPC (1,2- Diphytanoyl-

sn-glycero-3-phosphocholine, Avanti Polar Lipids) in hexadecane (C16, Sigma-Aldrich)

was used as the lipid/oil solution. DPhPC monolayers spontaneously self-assemble

around aqueous volumes immersed in this solution. Upon contact of two monolayers

of two components, a bilayer is spontaneously formed. DIBs are formed by contacting

aqueous droplets on an agarose layer. A plasma treated cover slip is covered by 1 %

agarose, taken up in the final buffer solution (0.5 M KCl/5 mM Hepes/1 mM CaCl2,

pH 7.4). The device itself is cast with 2 % agarose, made up with the buffer solution.

A stabilisation period of at least 15 minutes is required before contacting monolayers

to prevent fusion. DIB bilayers are observed on an inverted microscope. A 100 µm

diameter Ag/AgCl electrode is inserted into the droplets using a M3301L micromanip-

ulator (World Precision Instruments), with a corresponding Ag/AgCl ground electrode

in the agarose support10. A 1 mM stock solution in DMSO was diluted to a 10 nM

working solution, using a DHB buffer (0.5 M KCl/5 mM Hepes/1 mM CaCl2, pH 7.4.).

WinEDR (SIPBS - University of Strathclyde) and pCLAMP (Molecular Devices) were

used to collect and analyse data.
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[57] Pasi Kaukinen, Maarit Sillanpää, Laura Nousiainen, Krister Melén, and Ilkka

Julkunen. Hepatitis C virus NS2 protease inhibits host cell antiviral response by

inhibiting IKKε and TBK1 functions. Journal of Medical Virology, 85(1):71–82,

January 2013.

[58] Frances V Fuller-Pace. DExD/H box RNA helicases: multifunctional proteins

with important roles in transcriptional regulation. Nucleic Acids Research, 34

(15):4206–4215, 2006.

[59] Laxmi Yeruva and KevinD Raney. Protein Displacement by Helicases. Methods

in molecular biology, 587:85–98, 2010.

[60] N Yao, P Reichert, S S Taremi, W W Prosise, and P C Weber. Molecular views

of viral polyprotein processing revealed by the crystal structure of the hepatitis C

virus bifunctional protease-helicase. Structure, 7(11):1353–1363, November 1999.

[61] Volker Brass, Jan Martin Berke, Roland Montserret, Hubert E Blum, François

Penin, and Darius Moradpour. Structural determinants for membrane association

and dynamic organization of the hepatitis C virus NS3-4A complex. Proceedings

of the National Academy of Sciences of the United States of America, 105(38):

14545–14550, September 2008.

[62] Kevin D Raney, Suresh D Sharma, Ibrahim M Moustafa, and Craig E. Cameron.

Hepatitis C virus non-structural protein 3 (HCV NS3): a multifunctional antiviral

target. Journal of Biological Chemistry, 285(30):22725–22731, July 2010.

[63] Ying He, Leiyun Weng, Rui Li, Li Li, Tetsuya Toyoda, and Jin Zhong. The

N-terminal helix α(0) of hepatitis C virus NS3 protein dictates the subcellular lo-

calization and stability of NS3/NS4A complex. Virology, 422(2):214–223, January

2012.

[64] A Grakoui, D W McCourt, C Wychowski, S M Feinstone, and C M Rice. Char-

acterization of the hepatitis C virus-encoded serine proteinase: determination of

proteinase-dependent polyprotein cleavage sites. Journal of virology, 67(5):2832–

2843, May 1993.

[65] R Bartenschlager, L Ahlborn-Laake, J Mous, and H Jacobsen. Nonstructural

protein 3 of the hepatitis C virus encodes a serine-type proteinase required for



Bibliography 135

cleavage at the NS3/4 and NS4/5 junctions. Journal of virology, 67(7):3835–3844,

July 1993.

[66] M R Eckart, M Selby, F Masiarz, C Lee, K Berger, K Crawford, C Kuo, G Kuo,

M Houghton, and Q L Choo. The hepatitis C virus encodes a serine protease in-

volved in processing of the putative nonstructural proteins from the viral polypro-

tein precursor. Biochemical and Biophysical Research Communications, 192(2):

399–406, April 1993.

[67] L Tomei, C Failla, E Santolini, R de Francesco, and N La Monica. NS3 is a

serine protease required for processing of hepatitis C virus polyprotein. Journal

of virology, 67(7):4017–4026, July 1993.

[68] Rudolf K F Beran, Brett D Lindenbach, and Anna Marie Pyle. The NS4A protein

of hepatitis C virus promotes RNA-coupled ATP hydrolysis by the NS3 helicase.

Journal of virology, 83(7):3268–3275, April 2009.

[69] Tung Phan, Andrew Kohlway, Peniel Dimberu, Anna Marie Pyle, and Brett D Lin-

denbach. The acidic domain of hepatitis C virus NS4A contributes to RNA repli-

cation and virus particle assembly. Journal of virology, 85(3):1193–1204, February

2011.

[70] Yasuo Ariumi, Misao Kuroki, Ken-ichi Abe, Hiromichi Dansako, Masanori Ikeda,

Takaji Wakita, and Nobuyuki Kato. DDX3 DEAD-box RNA helicase is required

for hepatitis C virus RNA replication. Journal of virology, 81(24):13922–13926,

December 2007.

[71] Yinghong Ma, Jeremy Yates, Yuqiong Liang, Stanley M Lemon, and MinKyung

Yi. NS3 helicase domains involved in infectious intracellular hepatitis C virus

particle assembly. Journal of virology, 82(15):7624–7639, August 2008.

[72] Marika Lundin, Magnus Monné, Anders Widell, Gunnar von Heijne, and Mats A A

Persson. Topology of the membrane-associated hepatitis C virus protein NS4B.

Journal of virology, 77(9):5428–5438, May 2003.

[73] M Francisca Palomares-Jerez, Henrique Nemesio, and José Villaláın. Interaction
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[77] David Paul, Inés Romero-Brey, Jérôme Gouttenoire, Savina Stoitsova, Jacomine

Krijnse-Locker, Darius Moradpour, and Ralf Bartenschlager. NS4B self-interaction

through conserved C-terminal elements is required for the establishment of func-

tional hepatitis C virus replication complexes. Journal of virology, 85(14):6963–

6976, July 2011.
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