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The Hepatitis C Virus is the most common cause of chronic liver disease. Current therapy is only partially effective and fraught with side effects.  A greater understanding of viral replication and new virus particle formation is thus important for developing new therapeutic targets. The HCV p7 protein is critical for virus production and an attractive antiviral target.  p7 is an ion channel when reconstituted in artificial lipid bilayers, but channel function has not been demonstrated in vivo and it is unknown whether p7 channel activity plays a critical role in virus production.  To evaluate the contribution of p7 to organelle pH regulation and virus production, a fluorescent pH sensor was incorporated within native, intracellular vesicles in the presence or absence of p7.  p7 increased proton conductance in vesicles and was able to rapidly equilibrate H+ gradients. This conductance was blocked by the viroporin inhibitors amantadine, rimantadine and hexamethylene amiloride. Fluorescence microscopy using pH indicators in live cells showed that both HCV infection and expression of p7 from replicon RNAs reduced the number of highly acidic (pH<5) vesicles and increased lysosomal pH from 4.5 to 6.0. These effects were not present in uninfected cells, sub-genomic replicon cells not expressing p7, or cells electroporated with viral RNA containing a channel-inactive p7.  The acidification inhibitor, bafilomycin A1, partially restored virus production to cells electroporated with viral RNA containing the channel-inactive p7, yet did not in cells containing p7-deleted RNA. Expression of influenza M2 protein also complemented the p7 mutant, confirming a requirement for H+ channel activity in virus production. Accordingly, exposure to acid pH rendered intracellular HCV particles non-infectious, whereas the infectivity of extracellular virions was acid-stable and unaffected by incubation at low pH, further demonstrating a key requirement for p7-induced loss of acidification.  In conclusion, p7 functions as a H+ permeation pathway, acting to prevent acidification in otherwise acidic intracellular compartments. This loss of acidification is required for productive HCV infection, possibly through protecting nascent virus particles during maturation. This understanding will allow targeting of this mechanism with novel therapeutic agents, and offers insights into the mechanisms of liver pathogenesis during infection.

Table of Contents

List of Figures
xii
Chapter 1:  Introduction
1
Hepatitis C Virus – Course of Disease and Therapy 
1
Genome Organization
2
HCV Lifecycle
3
The HCV p7 Protein and the Role of Viroporins
5
HIV-1Vpu
7
Poliovirus 2B
7
Influenza Virus M2
8
Evidence for p7 Channel Activity
9
Structural Analysis of p7
11
Biology of p7 in Virus Production
14
HCV Therapy and p7 Inhibitors
16
Project Aims
19
Chapter 2: Materials and Methods
22
Materials
22
Western Blotting
22
Plasmids
23
Cell Culture and Transfection
23
Human Embryonic Kidney (HEK) 293FT Cells:
23
HCV Replicon Cell Lines:
24
Huh-7.5 Cells:
26
Transfections:
26
RNA Transcription, Electroporation and HCV Infectivity
26
RNA Electroporation:
26
Assessment of Viral Titers:
27
Subcellular Fractionation and Isolation of Membrane Vesicles
28
Cell Surface Biotinylation
29
Measurement of Proton Permeability
29
Live Cell Imaging of Vesicular pH
31
Measurement of Acidic Compartments in Fixed Cells
32
Bafilomycin A1 Rescue of Defective  p7KR
33
Cytotoxicity of Bafilomycin.
33
Effect of Bafilomycin A1 on Viral Entry.
33
Concentration Dependence of Bafilomycin A1 on Vesicular pH.
34
Bafilomycin A1 Treatment of p7-defective HCV RNA          Electroporated Cells.
34
M2 Trans-Complementation
35
Low pH Treatment of Extracellular and Intracellular Virus
35
Statistics
36
Chapter 3: The Effect of p7 on the Proton Conductance of Intracellular Membrane Vesicles
37
Background
37
Results
40
Isolation of p7-Containing Membrane Vesicles
40
Preparation and pH Indicator Loading of p7-Containing Membrane Vesicles
43
Measurement of Proton Permeability in Isolated Membrane            Vesicles
46
Conductive Properties of p7 Proteins from Different HCV Strains Expressed in Native Intracellular Membranes
48
HCV p7-Induced H+ Conductance is Sensitive to Known Viroporin Inhibitors
51
Vesicles Isolated from p7-Containing Replicon Bearing Cells Have Increased H+ Permeability
53
Discussion
55
Chapter 4: Effects of p7 on the pH of Intracellular Organelles
59
Background
59
Results
61
The Effect of p7 on Intracellular pH in HCV Replicon Bearing            Cells
61
Effects of Viroporin Inhibitors on Vesicular pH
66
HCV p7 Induces Channel Activity Within Infected Cells
68
Discussion
70
Chapter 5: The Role of pH in the HCV Viral Lifecycle
74
Background
74
Results
76
The Effects of p7-Induced pH Changes During Infectious Virus Production
76
p7 Channel Activity is Required for Production of Infectious Virus
78
Exposure to Acidic pH Renders Intracellular Infectious Virus Non-Infectious
82
Influenza M2 Protein Can Trans-Complement an HCV p7 Channel  Mutant
84
Discussion
87
Chapter 6: Conclusions and Future Directions
91
Background
91
HCV p7 as a Mediator of Viral Entry
91
HCV p7-Induced Membrane Rearrangement and Host Cells pH      Manipulation
92
HCV p7 as an Assembly and Scaffolding Factor
93
Role of p7 in Secretory Pathway Protection
94
Mechanisms of pH Protection by p7
96
HCV Envelope Proteins as pH-Triggered Fusion Proteins
96
Lipoprotein Particle Formation and HCV pH Sensitivity
97
Consequences of p7 Presence and Future Directions
99
Autophagy
99
Lysosomal Integrity
100
Bibliography
102
   Vita
110



List of Figures

Genetic organization, polyprotein processing and membrane association of hepatitis C virus (HCV).Figure 1:

4
Figure 2:
Lifecycle of HCV..
6
The 3D structure of a hexameric HCV p7 channel.Figure 3:

13
Schematic representation of sub-genomic and full-length HCV replicon bearing cells.Figure 4:

25
Figure 5:
Isolation of p7-containing Membrane Vesicles 
42
Cell surface biotinylation of p7-expresssing cells..Figure 6:

43
Figure 7:
Preparation and pH indicator loading of p7-containing       membrane vesicles.
45
Measurement of Proton Permeability in Isolated Membrane Vesicles.Figure 8:

47
Figure 9:
Control vesicles have low proton permeability.
49
Conductive Properties of HCV p7 Proteins..Figure 10:

50
Figure 11:
Sensitivity of p7-Associated pH Changes to Known Viroporin Inhibitors.
52
Effect of p7 on Intracellular pH in HCV Replicon-bearing         Cells.Figure 12:

54
Figure 13:
p7 alters the Intracellular pH in HCV Replicon-bearing              Cells
62
Co-localization of LysoTracker Red with Cellular             Organelles..Figure 14:

63
Figure 15:
Live Cell Imaging of LysoSensor Loaded Replicon Cells.
65
Effects of Viroporin Inhibitors on Intracellular Vesicular               pH.Figure 16:

67
Figure 17:
p7 Channel Activity within Infected Cells
69
Effects of Viroporin Inhibitors on Infectious Virus             ProductionFigure 18:

77
Figure 19:
Bafilomycin A1 Rescue of Infectious Virus Production.
80
Intracellular Infectious Virus is Acid SensitiveFigure 20:

83
Figure 21:
Influenza M2 Protein Can Trans-complement an HCV p7           Channel Mutant
86
Figure 22:
Stages where p7 May Function During the HCV Lifecycle
95












 Chapter 1:  Introduction

Hepatitis C Virus – Course of Disease and Therapy

In the seventies, an unknown, post-transfusion hepatitis causing agent, initially referred to as non-A, non-B hepatitis, was observed in many countries [1] and not until 1989 did this infectious agent become discovered.  It turned out to be a virus of the Flaviviridae family termed hepatitis C virus (HCV) and soon after its discovery, it was quickly established that HCV infection was the cause of more than 90% of the previously termed non-A, non-B hepatitis.  HCV infection occurs largely through the transfer of blood or blood-derived products including during dialysis and organ transplantation.  

HCV remains a major health concern affecting an estimated 200 million individuals worldwide.  An important characteristic of HCV is its high tendency to establish a chronic infection in the host.  As many as 50% of the newly infected individuals fail to clear the virus and become chronic carriers [2].  The mechanisms responsible or viral persistence are unclear yet several factors are thought to contribute including host related factors and genetic variability of the HCV genome.  Primary infection with HCV is predominantly asymptomatic; however individuals with chronic infection develop progressive hepatic fibrosis leading to an increased risk of cirrhosis, liver failure and hepatocellular carcinoma (HCC). 

Antiviral therapy for HCV is only partially successful and of the treated individuals, the likelihood of a sustained response varies depending on the infecting genotype 
 ADDIN EN.CITE 
[2,3]
.  The molecular basis for the varying responses in HCV genotypes is unknown; however investigation has identified that the infecting genotype is a major predictor of response to antiviral therapy 
 ADDIN EN.CITE 
[4,5]
.  HCV is highly heterogeneous.  This genotypic diversity has shown to account for differences in their virulence, pathogenicity and responsiveness to antiviral therapy 
 ADDIN EN.CITE 
[3,4,5]
. Genotype 1 is the most common throughout the world and individuals infected with genotype 1 have a relatively poor response to antiviral therapy.  Standard HCV therapy, consisting of interferon and ribavirin, aims to enhance the natural host immune response to the virus.  Because recovery from viral infections often depends on an intricate relationship between virus and host, new antiviral targets aimed to directly target specific virus-host interactions offer the possibility of improved therapy.   

Genome Organization

HCV is a small RNA virus belonging to the Flaviviridae family which also includes Pestivirus and Flavivirus.  Based on sequence variability, the HCV strains are divided into at least six genotypes and a large group of subtypes.   The viral genome is represented as a single-stranded, positive-sense RNA molecule, composed of approximately 9600 nucleotides (reviewed in 
 ADDIN EN.CITE 
[6,7,8]
).  The viral RNA contains a single, large open reading frame encoding a polyprotein of ~3,000 amino acids, which is flanked by non-translated regions at the 5´- and 3´-ends.  The HCV polyprotein is cleaved co- and post-translationally by cellular and viral proteinases into ten different products.  The structural components of the virion (core, E1 and E2) are located in the amino-terminal one-third of the polyprotein.  The non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) coordinate the intracellular processes of the virus life cycle.  The p7 protein is located at the junction between the structural and non-structural proteins and it is currently unknown if it is a structural component of the virion (reviewed in 
 ADDIN EN.CITE 
[6,7,8]
).

Core, E1, E2, and p7 are processed from the polyprotein by cellular proteases.  Viral protein function is illustrated in Fig. 1.  The integral protein NS2 together with the N-terminal domain of NS3, forms the zinc-stimulated metalloprotease responsible for the NS2-NS3 autocleavage.  NS3 consists of two domains, the N-terminal serine protease and the C-terminal ATPase/helicase.  NS4A is a small hydrophobic sequence acting as a membrane anchor and a co-factor to NS3, enabling the NS3-NS4A protease processing of non-structural proteins NS3 through NS5B.  NS4B is an integral membrane protein involved in the induction of the membrane alterations seen in viral infection.  The NS5B is the RNA dependent RNA polymerase.  It is important to note that the HCV viral proteins are multifunctional and involved in several viral and cellular processes. 

HCV Lifecycle
HCV circulates in association with low-density lipoproteins (LDL) and very-low-density lipoproteins (VLDL).  Its primary target is the hepatocyte, but there is strong evidence that it can also replicate in peripheral blood mononuclear cells, B- and T-cell lines [9], epithelial cells in the gut 
 ADDIN EN.CITE 
[10]
, and in the central nervous system [11]. HCV has a high rate of replication and due to the lack of proofreading by the HCV RNA polymerase, it has an extremely high mutation rate whose estimated evolution rate is 1-3 x 103 nucleotide substitutions per viral genome per year 
 ADDIN EN.CITE 
[12,13]
.   

A schematic of the HCV lifecycle is shown in Fig. 2.  Viral entry occurs via clathrin-mediated endocytosis involving the viral envelope proteins E1 and E2 and several cell surface receptors including CD81, scavenger receptor B1, claudin-1, occludin and low-density lipoprotein receptor [14].  Successful infection depends on the acidification of the endosomal compartment, which triggers a fusion of the viral and 
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Figure 1.  Genetic organization, polyprotein processing and membrane association of hepatitis C virus (HCV).  (A) Schematic representation of the 9.6-kb positive-strand RNA genome is shown at the top; the translation products are given below.  Internal ribosome entry site-mediated translation yields a polyprotein precursor that is processed into the mature structural and non-structural proteins. Cleavage sites of the polyprotein precursor by the endoplasmic reticulum signal peptidase are denoted by solid diamonds.  The open diamond indicates further processing of the core protein by signal peptide peptidase. Arrows indicate cleavages by the HCV NS2–3 and NS3–4A proteases. Dots in E1 and E2 indicate the glycosylation of the envelope proteins.  (B) Schematic representation of the structures and membrane association of the HCV proteins are shown.  Scissors indicate cleavages by the endoplasmic reticulum (ER) signal peptidase.  The cyclic arrow denotes cleavage by the NS2–3 protease while black arrows indicate processing by the NS3–4A protease complex.  Known protein structures are shown as ribbon diagrams. Adapted from Moradpour et al., Nature Reviews Microbiology. 2007 [7].
cellular membranes.  This releases the positive-stranded RNA HCV genome into the cytoplasm to be transported to the endoplasmic reticulum (ER) where it is translated.  The RNA first functions as messenger RNA for the viral protein synthesis at the ER.  The non-structural proteins then form together with the viral RNA to form a replication complex which resides in vesicular membrane structures and is termed the “membranous web”.   Virions presumably form by budding directly into the ER, where they associate with lipids, and leave the cell through the secretory pathway 
 ADDIN EN.CITE 
[8,15]
.
The HCV p7 Protein and the Role of Viroporins

HCV p7 is a member of the viroporin class of viral ion channels. Viroporins are small, highly hydrophobic, virus-encoded proteins that interact with membranes modifying the cell’s permeability to ions or other small molecules 
 ADDIN EN.CITE 
[16,17]
.  They typically consist of less than 100 amino acids and contain one or two highly hydrophobic domains that are able to form an amphipathic α-helix.  Viroporin proteins will oligomerize once they have inserted into cellular membranes, typically forming a hydrophilic pore.  They may also directly interact with cellular membranes to disturb the organization of the lipid bilayer and they may contain a stretch of basic amino acids that act to destabilize the membrane. The main function of a viroporin is to aid in the release of progeny virus from infected cells and they often achieve this through the dissipation of ions across cellular membranes 
 ADDIN EN.CITE 
[16,17]
.  This dissipation can lead to several outcomes which include the direct permeabilization of cellular and plasma membranes, the inhibition of host cell translation or the alteration in host cell pH regulation.  A number of viroporins have been reported and include HIV-1 Vpu, Dengue M protein, Influenza A M2 protein, and poliovirus 2B; all of which contain similar characteristics, structures and functions.
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Figure 2.  Lifecycle of HCV.  The virus binds to a complex of receptors at the cell surface, which leads to endocytosis and internalization of the particle (a).  Fusion between the viral envelope and an endosomal membrane leads to the release of HCV genome into the cytoplasm (b).The positive strand RNA is directly translated and the viral proteins are simultaneously produced and processed (c). Expression of the HCV proteins induces the formation of a membranous web which is the site of RNA replication (d).  Accumulation of HCV genomic RNA and the structural proteins leads to the assembly of a nucleocapsid which then acquires an ER-derived envelope (e).  The viral particle is then secreted presumably through the secretory pathway (f).  Adapted from Moradpour et al., Nature Reviews Microbiology. 2007 [7].
HIV-1Vpu

Vpu is an 81 amino acid, integral membrane phophoprotein that is unique to HIV-1.  It is comprised of a single transmembrane hydrophobic stretch of residues distributed along its N-terminal domain and a hydrophilic carboxy terminus which is oriented toward the cytoplasm 
 ADDIN EN.CITE 
[18,19]
.  These two domains are connected by a short stretch of basic amino acid residues.  Structural analysis of Vpu ion channels suggest that the channel likely forms a pentamer, but higher or lower order oligomers may also be formed 
 ADDIN EN.CITE 
[19,20,21]
.  Ion channel activity of Vpu has been shown and purified Vpu will form cation-selective (Na+) ion channels in planar lipid bilayers that are sensitive to amiloride derivatives.  Vpu is thought to be a gated channel whereby the gating mechanism is controlled by a conformational change that takes places within the peptide. Vpu has several domain-specific roles in the HIV-1 life cycle.  The N-terminal transmembrane domain is critical for efficient virus particle release while the C-terminal domain is required to promote the degradation of CD4 in host cells via ubiquitination 
 ADDIN EN.CITE 
[19,22]
.  Vpu is localized to the ER and the Golgi complex and is excluded from the virus particle.  It impairs normal trafficking of membrane proteins by inducing modifications within compartments of the secretory pathway as well as increasing cell membrane permeability.  HIV-1 genomes carrying defective Vpu are able to replicate however a Vpu-defective virus will accumulate virions at the cell surface and within endosomes.  

Poliovirus 2B

The poliovirus 2B protein contains approximately 100 amino acids and contains two hydrophobic transmembrane spanning regions 
 ADDIN EN.CITE 
[16,17]
.  It is comprised of two domains: an N-terminal amphipathic stretch of amino acids that has cationic channel activity and a C-terminal hydrophobic domain.   Structural analysis of 2B shows that it oligomerizes to form dimers and tetramers containing a hydrophilic pore.  The 2B protein interacts with cellular membranes and is found to mostly localize at intracellular membranes 
 ADDIN EN.CITE 
[23,24]
.  Membrane permeabilization due to 2B leads to increased cytoplasmic calcium levels as well as inhibition of protein secretion.  In addition to enhancing membrane permeability, 2B is also able to induce intracellular membrane remodeling and disassembly of the Golgi complex 
 ADDIN EN.CITE 
[23,24]
.  This results in disruption of the vesicular system as well as glycoprotein trafficking.  This is required for virus propagation, thus a poliovirus genome lacking the 2B gene is not viable.

Influenza Virus M2

M2 is an integral membrane phosphoprotein of 96 amino acids.  It is comprised of a single transmembrane domain which is extended on each end by an N-terminal extracellular domain and a C-terminal cytoplasmic tail 
 ADDIN EN.CITE 
[16,25,26]
.  The M2 protein homo-oligomerizes to form a tetramer leading to increased permeability towards ions.  M2 is a H+-selective ion channel that acts at two stages of the influenza lifecycle.  During virus entry, it promotes the passage of H+ into virions to initiate virus uncoating within the endosome.  The M2 ion channel is also activated during virion egress through the exocytic pathway where it equilibrates the acidic pH of the trans Golgi network with the cytoplasm 
 ADDIN EN.CITE 
[25,26,27]
. This serves several purposes including the protection of virions from premature conformation changes in hemagglutinin (HA) which would otherwise inactivate the virus.  It also alters glycoprotein trafficking as well as inhibits the secretion of cellular proteins.  M2 is not entirely essential for virus entry but an M2-deficient variant will have significantly decreased virus production.  This is consistent with other viruses lacking their respective viroporin gene.
Evidence for p7 Channel Activity
The first demonstration that p7 possesses ion channel activity came in 2003 when it was shown that a GST-p7, when inserted into black lipid bilayers (BLM), displayed transient conductance fluctuations, indicating the presence of short-lived ion channel open states [28].  When p7 was examined without a fusion tag, it dramatically increased this channel activity and in addition, these were cation-selective channels with a preference for Ca2+ over K+. A similar study using a chemically synthesized p7 tagged to biotin confirmed the channel activity of p7 [29].  However when inserted into BLMs, variable amplitude single channel events were observed, with channels having conductances as low as 14 pS and an average conductance of approximately 100 pS.  The varied conductance levels of p7 have been proposed to arise from p7 aggregates which create a larger channel or the non-uniform opening of several p7 channels.  Similar multi-channel bursts have been seen elsewhere using a FLAG-p7 
 ADDIN EN.CITE 
[30]
.  Several studies also showed that amantadine completely abrogates the single channel conductance of p7 in BLMs 
 ADDIN EN.CITE 
[28,30]
.  A feature common to all viroporins is their ability to drastically alter specific ion gradients within cells.  By examining the reversal potential of p7-induced currents, it was found that these channels were permeable to K+, Na+ and Ca2+ 
 ADDIN EN.CITE 
[28,29]
.  Further investigation revealed the p7 displays cation selective characteristics with a preferred stoichometry of approximately 8 K+ to 1 Cl- 
 ADDIN EN.CITE 
[30]
.  The cation-selective nature of p7 has suggested several proposed functions of the protein pertaining to its role in the HCV lifecycle.  Evidence of a finite Ca2+ permeability has suggested that p7 may modulate the flow of intracellular Ca2+.  

Methods other than single channel recording have confirmed an ion channel like activity for p7. Using a cell-based assay originally designed to measure the activity of M2, it was found that, similar to M2, p7 was able to function to allow the influenza HA protein to reach the cell surface. Also similar to M2, p7’s function in this assay and was inhibited by amantadine 
 ADDIN EN.CITE 
[31]
. This system relied on the fact that M2 is required to prevent the accumulation of H+ within the exocytic vesicles containing haemagglutinin (HA), which would otherwise undergo a premature fusogenic conformational change at low pH.  Therefore, when maintained at a more alkaline pH, HA can be transported to the cell surface and this transport can thus be used as a measure of M2 channel function.  Substituting p7 for M2 in this assay resulted in HA being successfully transported to the cell surface indicating that p7 can shunt the pH of exocytic vesicles.  Moreover, the p7-induced HA transport was sensitive to amantadine.  All p7 sequences share a conserved set of basic residues which separate the two transmembrane domains.  The strict conservation of K33 and R35 suggests that these are important for p7 function.  A p7 mutant whereby the K33 and R35 are exchanged to alanine, was unable to successfully transport HA to the cell surface indicating that these residues are required for a functional ion channel.  

Another system used to determine p7 function relied on the ability of p7 to initiate the release of carboxyfluorescein (CF) from liposomes.  When present at high concentration within the liposome, CF is self-quenched.  Thus, release or leakage from the liposome will eliminate the quenching of the released material resulting in a fluorescence signal.  Purified FLAG-tagged p7 once incorporated into CF-containing artificial liposomes promoted a rapid release of CF as observed by a rapid increase in fluorescence of the extra-liposomal environment 
 ADDIN EN.CITE 
[32]
.  The CF release could be blocked by several viroporin inhibitors including amantadine and rimantadine.  To further define the channel formation within the liposome, the release of various molecular weight fluorescent dextrans was monitored.  The pores formed by p7 were able to efficiently release fluorescent dextrans of 4 kDa.  However, the release of a 10 kDa dextran was significantly reduced indicating the formation of defined channel structures.  
Structural Analysis of p7
Each p7 monomer consists of 63 amino acids, most of which are hydrophobic and this makes structural determination via crystal structural analysis difficult. Electron microscopy and computer modeling studies aimed at defining the oligomerization state of the p7 channel have suggested that monomers assemble into either hexamers or heptamers in lipid bilayers 
 ADDIN EN.CITE 
[28,33]
.  The first hint of p7 structure came in 2002 when possible membrane sequences as well as structural and functional motifs of p7, sequence alignments and comparisons among various HCV isolates were examined [34].  Sequence and hydropathy analysis of the specific residues of p7 revealed a strong conservation of p7 structure and organization amongst HCV genotypes. Using several computer modeling techniques, the two long hydrophobic stretches were predicted to be transmembrane regions of the protein with the first transmembrane segment comprising residues 19 to 32 and possibly extending as far as position 10.  The second transmembrane segment consists of residues 36 to 58 and is suggested to be α-helical in nature. The two transemembrane regions are connected by a short basic segment (residues 33 to 35) and this segment, while not within the membrane, had been initially proposed to aid in the transmembrane domain positioning within the membrane.  Further dissection of an expanded loop region corresponding to amino acids 25 to 42 showed that this region binds strongly to phospholipids and has a high tendency to oligomerize in the presence of phospholipids [35].  This loop region is also sufficient to facilitate membrane permeabilization.  

Further in vivo evidence showed that p7 oligomerizes when expressed in HepG2 cells [28].  This demonstration required cross linking of the cell lysates and after treatment with DSP, a larger molecular weight complex of 42 kDa appears, suggesting that p7 may form a hexamer although heptameric bundles have also been suggested.  Further investigation revealed that a HIS-p7 formed ring-like structures observed by transmission electron microscopy in unilamellar vesicles and computational modeling of this structure suggests that the ring-like structure is stabilized by the C-terminal region of one monomer interacting with the N-terminal region of the adjacent monomer [28].   A deeper look into p7 structure came about using a more global computational approach and favors a model in which p7 oligermizes into a hexamer with the histidine at position 17 facing the interior of the pore [36].  The ability of copper to inhibit p7 channel activity in black lipid membranes further suggests that His-17 lines the p7 pore and suggests a possible functional role as a proton channel.  The interior positioning of the histadine residue is seen with other proton channels including M2 of influenza 
 ADDIN EN.CITE 
[37]
.  The His-37 of M2 proton channel plays a role in pH detection, gating and proton conduction.  

Recently a 3-dimensional analysis of the p7 structure was revealed.  Cross-linked p7 monomers were negatively stained and analyzed by single particle electron microscopy as well as immunoelectron microscopy.  The analysis revealed that p7 adopts a conically shaped hexameric orientation with protruding petal-like N- and C-terminal ends which orient luminally [38] (Fig. 3).  The broad nature of the termini provides potential interaction sites for both cellular and viral proteins.  Typical interaction points of ion channels and oligomeric integral membrane proteins lie within the N and C terminal regions where one such domain lines the pore of the channel and the other acts to stabilize the oligomeric structure within the membrane.  Similar connection points have been proposed for the p7 monomers however, the recent single particle resolution of immuno-labeled p7 monomers shows that interaction points are restricted to the bottom half of the protein.  This is consistent with the finding that the loop region of p7 was sufficient to oligomerize in lipid bilayers [35].
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Figure 3. The 3D structure of a hexameric HCV p7 channel. Chemically synthesized p7 monomers were solubilized in detergent and the resultant oligomeric channels were ultimately analyzed using single particle reconstruction.  The p7 oligomer forms a conically shaped channel with protruding N- and C-termini.  Adapted from Luik et al., PNAS. 2009 [38].
Biology of p7 in Virus Production 
Studies of HCV sub-genomic replicons show that p7 is not critical for RNA replication and in support, several p7 mutants display no defect in replication.  Yet, the role of p7 in the virus life cycle has remained elusive.  Before the establishment of a fully infectious cell culture system, the direct examination of p7 in culture was hampered.  However intrahepatic transfection of chimpanzees using mutagenized HCV cDNA clones provided insight into the role of p7.  Various p7 mutations were introduced into the infectious genotype 1a cDNA clone and RNA transcripts of each mutant were tested for infectivity in chimpanzees [39].  Mutants with deletions of all or part of p7 were not viable and were unable to establish infection demonstrating that p7 is critical for infectivity.  Also not viable were p7 mutants with substitutions of the two conserved residues in the cytoplasmic loop [39]. 

The establishment of a fully infectious cell culture system has allowed for a more systematic approach to investigate the biological function of p7 in the replication cycle of HCV.  Using a monocistronic reporter virus, the necessity of p7 was examined and it was found that p7 is essential for infectious virus production in culture [40].   A p7 deleted mutant, J6/JFH-1Δp7, fails to produce infectious virions unlike the wild-type J6/JFH-1 which yielded nearly 106 RLU.  This directly correlated with the lack of core protein released into the supernatant indicating that mutations in p7 cause a general block in virion release [40].  Interestingly, no intracellular virus was produced in the presence of these p7 mutations, indicating that p7 acts at an early stage of morphogenesis and assembly prior to the formation of infectious intracellular virus.  

Several residues within p7 are highly conserved amongst genotypes and thus thought to be involved in p7 function.  These residues include histidine (H31), tyrosine (Y42) and tryptophan (W30) and similar residues are essential for the structure and function of several other viroporins including Vpu and M2 
 ADDIN EN.CITE 
[37]
.  When the histidine at position 31 within a p7 consensus sequence was mutated to tyrosine, phenylalanine or leucine, virus production remained unchanged [41].  However, the mutations W30F and Y42F in the p7 sequence of JFH-1 severely impaired virus production suggesting that these residues are involved in the function of p7.  Besides this, mutation of the basic loop which eliminates channel activity, KR33/35AA, significantly impaired virus production, and only after 72 h is a modest amount, if any at all, of virus produced.  Interestingly, a genotypic-dependent effect in virus inhibition with the various p7 mutants is also seen [41]. While the ∆p7 was unable to yield infectious virus in any of the genotypes tested, channel inactivating mutations have a varying effect.  In the context of the JFH-1 and Con-1 genomes, the RR33/35AA mutation completely blocked virus production.  However in the context of the Jc1 (genotype 2a/2a) chimera, the same p7 mutation had, although significant, only a 2-log reduction in virus production.  Further investigation hinted that this mutation in Jc1 resulted in an increase in intracellular virus and thus it was concluded that p7 acts at a very late state of virus production, namely release.  However, examination of the published data shows that the RR33/35AA mutation reduced extracellular virus yield by 99% and intracellular virus by 97%.  If p7 were to function only at the late stage of infectious virus release, one would expect an accumulation of intracellular virus, however the drastic reduction in both intra- and extracellular virus production does not suggest that p7 functions in late release but rather p7 acts early in infectious virus particle assembly.  

Recently, a novel trans-complementation system permitting the rescue of genomes containing deleted p7 with expression of p7 in trans has been developed 
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.  This system co-transfected HCV genomes carrying a defective p7 with bicistronic JFH1-derived helper replicons that express various p7 sequences in the first cistron and JFH1 proteins NS3 to NS5B in the second. The infectivity of Jc1Δp7half was rescued by several p7-containng helper RNAs.  However rescue of the Jc1Δp7full mutant was achieved only by the co-expression of E2-p7-NS2 suggesting that this defect may alter protein processing.  Consistent with other findings 
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, Jc1 genomes with either a point mutation of the conserved basic residues of p7 (Jc1-KR33/35QQ) or the partial (Jc1Δp7half) or complete (Jc1Δp7full) deletion of p7 varied in their ability to produce infectious virus particles. While half or complete deletions of the p7 coding region entirely abolished the production of infectious viruses, the mutation of the basic loop reduced viral titers almost 100-fold.  In summary, p7 plays a critical role in the production of infectious virus particles and mutations within various regions of the protein can be deleterious to this function.  

HCV Therapy and p7 Inhibitors
Current HCV therapy consists of a combination of pegylated interferon-α (IFN) and the nucleoside analog, ribavirin.  Unfortunately this treatment is not well tolerated and of those who qualify for treatment, only 50% will see a sustained virological response.  The poor response rate is due to the fact that HCV is highly variable and that several HCV genomes are intrinsically resistant to the antiviral action of IFN.  The variability of HCV will therefore require a combination of drugs which specifically target both the virus and the host.  
Due to their capacity to alter the permeability barrier of cell membranes and their necessity for functional virion production, viroporins are attractive candidates for antiviral drug development.  Although the role of HCV p7 in virus life cycle has not been fully elucidated, the ability of p7 inhibitors to block p7 channel activity in BLMs has indicated p7 as a potential target for antiviral therapy.  p7 channel inhibitors could add a more virus-specific component to the combination therapy currently used to treat HCV infection.  Because p7 is required for viral propagation, inhibiting its channel activity could lead to diminished virus production.  Amantadine, rimantadine, hexamethylene amiloride, and long alkyl-chain imino sugar derivatives have been identified as ion channel inhibitors that block viroporin-mediated ion transport.  
The amiloride derivative hexamethylene amiloride (HMA) was originally targeted for HIV [19].   It has been shown to interfere with other viral viroporins and is often used to determine viroporin-like activity.  HMA inhibits HIV-1 Vpu activity as well as replication of HIV-1 in cultured human macrophages with similar outcomes shown for other viruses.  At similar concentrations of 100 µM, HMA will also block p7 channel activity in lipid bilayers [43].  While, it is unknown if this inhibitor is able to block virus production for HCV, HMA was found to be extremely toxic at concentrations as low as 20 µM 
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.  

Another class of antiviral agents used against various viruses are the iminosugar derivatives containing the glucose analogue deoxynojirimycin (DNJ).  These have been shown to exert their antiviral effects on the ER-associated enzymes α-glucosidases I and II [45].  DNJ compounds competitively bind these enzymes ultimately preventing the proper folding of glycoproteins.  The antiviral effect seen by DNJ derivatives is then attributed to reduction of viral secretion due to altered viral morphogenesis 
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.  In addition to DNJ derivatives, iminosugar derivatives carrying longer alkyl side chains have been shown to have an additional mechanism of action and this has led to the design of long-alkyl-chain deoxygalactonojirimycins (DGJ), a class of iminosugars derived from galactose which do not inhibit ER α-glucosidases.  Long-alkyl chain DGJ derivatives have been shown to exhibit their antiviral activity by affecting the membrane or membrane-associated proteins, affecting the oligomerization of viral glycoproteins [49].  Using an artificial lipid bilayer system, several groups have shown that HCV p7 oligomerizes to form ion channels and these ion channels are suppressed by the long-alkyl-chain DGJ [43].  This is also the case for Bovine Viral Diarrhea Virus (BVDV) where long-alkyl-chain DGJ administration results in the secretion of noninfectious virus [49] resembling the findings of Harada et al., [50] who show that a deleted p7 in infectious BVDV also results in the secretion of noninfectious virus.  This was further supported by the fact that both the flaviviruses dengue and Japanese encephalitis, which do not contain p7, are not inhibited by long-alkyl-chain iminosugar derivatives but both p7-containing pesti- and hepaciviruses are iminosugar-sensitive [47]. While the full mechanism of action of iminosugars is not known, it is proposed that they act directly on p7 to either block the open channel or prevent the ion channel from forming and/or opening. Alternatively, they could also act directly on the plasma membrane by altering membrane characteristics.  

Amantadine is an antiviral that is known to interfere with the influenza viral viroporin protein, M2.  M2 is needed for the viral particle to become uncoated once inside the cell.  Amantadine blocks this uncoating, ultimately inhibiting replication of the influenza A virus 
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.  Structural analysis of the amantadine binding sites within M2 as well as specific ion channel inhibition has made this drug a commonly used reagent in the determination of viroporin-mediated ion channel activity.  It has been shown that the HCV p7-mediated ion transport observed in lipid bilayers could also be blocked with amantadine 
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.  Moreover, p7 channel activity was inhibited with amantadine concentrations that specifically block similar conductances seen with M2.  This finding not only supported the notion that p7 was in fact a viroporin but also helped to justify the idea that p7 functions in an M2-like fashion and alters H+ gradients.  As previously mentioned, it has been shown that the ion channel activity of HCV p7 can substitute for that of influenza virus M2 in a haemagglutinin (HA) transport assay 
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[31]
.  This same group also found this to be the case for bovine viral diarrhea virus, BVDV, and further determined that amantadine could abrogate HCV p7 function in both the HA transport assay and in lipid bilayer systems thus showing that amantadine exerts its effect directly on HCV p7.  The more potent amantadine derivative, rimantadine, has also shown promise as a viroporin inhibitor and is able to completely block p7 ion channel activity in lipid bilayer studies 
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.  Unfortunately, doses that fully inhibit the ion channel of p7 in lipid bilayers are often ineffective at blocking virus production in cell culture.  Amantadine at 1 µM can specifically inhibit p7 in artificial bilayers and liposomes 
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 yet to see even a modest reduction in infectivity, concentrations greater than 50 µM are required 
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.  The lack of sufficient inhibition in virus production has led to speculation of whether these inhibitors are in fact efficacious as antivirals or whether they are in fact inhibitors biological systems and more importantly, whether viroporin ion channel activity is relevant to its biological function. 

Project Aims
The function of p7 in the viral lifecycle remains unknown.  Structural and physiological investigation has suggested possible functional roles late in virus production.  Recently it has been hypothesized that p7 may act in a similar fashion as M2, protecting a mature HCV virion from an acid milieu.  Yet there is no evidence demonstrating that p7 is capable of shunting H+ or whether p7 has channel activity within an infected cell.  The purpose of the research described in this dissertation was to evaluate the hypothesis that p7 functions as an intracellular ion channel, preventing pH gradients from developing inside infected cells.  Furthermore, this work seeks to correlate p7-induced channel activity with successful virus production. These experiments presented in the following chapters have combined both isolated sub-cellular systems and productive HCV infectious cultures to critically evaluate this hypothesis.  
Chapter 3 of this dissertation examines the effect of p7 on the proton permeability of intracellular membranes. I combined subcellular fractionation with buoyant density centrifugation to clarify the intracellular distribution of HCV p7.  I also report a new method of evaluating the H+ permeability of p7 whereby the response to a sudden pH shift is monitored in native, intracellular membrane vesicles.  I also examined the ability of known viroporin inhibitors to block p7-induced H+ permeability

Chapter 4 investigates the function of p7 channel activity in live cells.  To determine whether p7 mediates H+ movement in specific organelles, I performed indirect immunofluorescence assays using low pKa pH-dependent fluorophores to examine the distribution of acidic vesicles (pH<5) in HCV replicon cells as well as in infected cells.  I also examine the efficacy of p7 inhibitors to block channel activity.  

Chapter 5 examines whether p7-mediated pH alterations are the mechanism by which p7 promotes viral particle production.  I demonstrated the mechanism by which HCV relies on p7-induced intracellular alkalinization using exogenous methods to block subcellular acidification.  Finally I investigated the step at which p7-induced alkalinization is required during the HCV lifecycle. 

These studies are the first to show that p7 alters the pH of intracellular compartments and furthermore, that this loss of acidification is required for productive HCV infection.
Chapter 2: Materials and Methods

Materials
General materials were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).  Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum, L-glutamine, sodium pyruvate and geneticin were purchased from Mediatech (Manassas, VA).  Penicillin-streptomycin, MEM nonessential amino acids, Opti-MEM, lipofectamine 2000, DPX (p-xylene-bis-pyridinium bromide), LysoSensors Yellow/Blue DND-160 and Green DND-189 and LysoTracker Red DND-99 were purchased from Invitrogen (Carlsbad, Ca).  Protease inhibitor cocktail (Sigma-Aldrich, P8340) was used at 1:100 dilution.  Amantadine hydrochloride (A1260), rimantadine hydrochloride (390593), 5-(N, N-Hexamethylene) amiloride (HMA, A9561), bafilomycin A1 (B1793), monensin and nigericin were purchased from Sigma-Aldrich.  Monoclonal antibody C7-50 to core protein was purchased from Affinity BioReagents and CellTiter-Blue was purchased from Promega (Madison, WI).
Western Blotting

Western blotting was performed using anti-Flag M2, 1 μg/ml (Sigma-Aldrich), anti-PDI, 1:2,000 (Stressgen, Victoria, BC, Canada), anti-GRP75, 1:20 (Affinity Bioreagents, Golden, CO), anti-LAMP2 H4B4, 1:2,000 (DHSB, University of Iowa), anti-core, 1:1,000 (Affinity Bioreagents ) and anti-β-actin, 1:15,000 (Sigma-Aldrich).  Horseradish peroxidase-conjugated secondary antibodies were from Pierce Biotechnologies (Rockford, IL).  Immunoblots were detected using the ECL Plus Western Blotting Detection System (Amersham Biosciences, Piscataway, NJ).
Plasmids

The plasmids pcDNA-FLAGp7 and pcDNA-FLAGp7KR were described previously 
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. Both contain the p7 sequence from the J4 infectious clone of HCV genotype 1b and an N-terminal FLAG tag.  The pcDNA-JFH1p7 and pcDNA-JFH1p7R33A/R35A (p7RR) plasmids are similar channel active and inactive p7 expression plasmids containing the p7 sequence derived from the JFH1 clone of HCV genotype 2a. They were constructed identically to the J4 plasmids (primers available on request) introducing an N-terminal FLAG tag by QuikChange mutagenesis (Stratagene, La Jolla, CA).  The parental HJ3-5 HCV plasmid, (pH-(NS2/NS3)-J/YH/QL) has been described previously [53].  The p7KR33/35AA and Δp7 (a.a. 2580-2675) mutations were introduced into the pHJ3-5 plasmid resulting in pHJ3-5(KR) and pHJ3-5(Δp7) using QuikChange mutagenesis.  The pcDNA-based plasmid expressing the HPAI Hong Kong ’97 156 M2 protein was kindly provided by Wendy Barclay (Imperial College, London) and described previously [54].  The region encoding M2 was excised from this plasmid and cloned into pLVX-IRES-mCherry (Clontech) to yield mCherry-M2, respectively.  The channel inactive mCherry-M2(A30P) [55] was created using QuikChange mutagenesis (Stratagene, La Jolla, CA).  All sequences were confirmed by DNA sequencing analysis.  

Cell Culture and Transfection

Human Embryonic Kidney (HEK) 293FT Cells:
The 293FT cell line is a fast growing, highly transfectable clonal isolate derived from HEK cells that have been transformed with the SV40 large T antigen (293T cells).  Expression of the SV40 large T antigen is controlled by the human cytomegalovirus (CMV) promoter and allows these cells to produce very high levels of protein.  293FT cells were routinely cultured in DMEM containing 10% fetal bovine serum, 100 IU/ml penicillin, 100 μg/ml streptomycin, 0.1 mM MEM non-essential amino acids, 6 mM L-glutamine, 1 mM MEM sodium pyruvate, and 500 μg/ml geneticin.  
HCV Replicon Cell Lines:
Replicon systems are capable of autonomous HCV RNA replication but are unable to produce infectious viral particles.  The specific replicon systems that used in this dissertation are bi-cistronic systems whereby the first cistron, under translational control of 1a H77c IRES, encodes the HIV tat protein (2A) and the neomycin phosphotransferase (Neo) (Fig. 4).  Translation of the downstream cistron is driven by the encephalomyocarditis virus (EMCV) IRES, leading to the production of NS3-NS5B alone (sub-genomic) or C, E1, E2, p7, NS2, NS3-5B (full-length).  I also use a cured genome-length replicon cell line whereby the HCV RNA was eliminated by treatment with interferon.  Full-length and sub-genomic replicon-bearing cells were cultured in DMEM supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, 100 μg/ml streptomycin, 2 μg/ml blasticidin (Invitrogen) and 200 μg/ml geneticin.  Full-length replicon cells were “cured” by culturing with interferon-α (200 U/ml for 4 weeks).  Media used for culture of cured replicon cell lines contained no geneticin.  
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Figure 4. Schematic representation of sub-genomic and full-length HCV replicon bearing cells.  Replicon systems are capable of autonomous HCV RNA replication but are unable to produce infectious viral particles.  The specific replicon systems use here are bi-cistronic systems whereby the first cistron, under translational control of 1a H77c IRES, encodes the HIV tat protein (2A) and the neomycin phosphotransferase (Neo).  Translation of the downstream cistron is driven by the encephalomyocarditis virus (EMCV) IRES, leading to the production of NS3-NS5B alone (sub-genomic) or C, E1, E2, p7, NS2, NS3-5B (full-length)
Huh-7.5 Cells:
Huh-7.5 cells are a derivative of the Human Hepatocellular carcinoma cell line, Huh-7 harboring an HCV replicon RNA [56].  Huh-7.5 cells are highly permissive to HCV RNA replication and were obtained by curing Huh-7 replicon-containing cell clones with IFN-α.  These cells are defective in the dsRNA sensor retinoic acid-inducible gene-I (RIG-I) and thus, are highly permissive to HCV RNA replication.  Huh-7.5 cells were routinely cultured in DMEM containing 10% fetal bovine serum, 0.1 mM MEM non-essential amino acids, 100 IU/ml penicillin and 100 μg/ml streptomycin.
Transfections:
All transfections were carried out using Lipofectamine 2000 (Invitrogen).  pcDNA-FLAGp7 was transfected into 293FT cells according to the manufacturer’s instructions.  Due to expression variability, pcDNA-FLAGp7KR needed to be transfected using 1/3 the DNA concentration of wild-type pcDNA-FLAGp7 to achieve equal protein expression levels.  Transfection complexes were incubated with the cells for 24 h in Opti-MEM serum-free medium (Invitrogen) before harvesting.  
RNA Transcription, Electroporation and HCV Infectivity  
RNA Electroporation:
RNA was synthesized with T7 MEGAScript reagents (Ambion) as in Kato et al. [57] and transfected into Huh-7.5 cells by electroporation. Briefly, 10 µg of RNA was mixed with 5 x 106 cells suspended in 250 µl of Opti-MEM media, in a cuvette with a gap width of 0.2 cm (Bio-Rad).  Electroporation consisted of one pulse of current delivered by the Gene Pulser Xcell electroporation device (Bio-Rad), set at 140V, 1000 µF, and maximum resistance.  Electroporated cells were plated in a T-75 cm2 culture flask in complete media (DMEM supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, 100 μg/ml streptomycin and 1X nonessential amino acids).  Culture medium was replaced after 24 h.  
Assessment of Viral Titers:
To assay viral titers, 100 µl aliquots of serial 10-fold dilutions of supernatant cell culture fluids (clarified by low-speed centrifugation at 3,000 x g for 10 min) were inoculated onto naïve Huh-7.5 cells seeded 24 h previously into 8-well chamber slides (Nalge Nunc) at 2×104 cells/well. Intracellular virus was isolated by freeze-thaw of cell lysates.  Briefly, infected cells were washed in PBS, dislodged from the tissue culture flask with trypsin, brought to 5.0 ml with complete media and centrifuged at 400 x g for 5 min at 4ºC.  The cell pellet was resuspended in 1.0 ml DMEM and subjected to 4 cycles of freeze and thaw using a methanol/dry ice bath and a 37ºC water bath.  Samples were then centrifuged at 10,000 x g for 10 min at 4ºC to remove cell debris.  After inoculation with 100.0 µl, cells were maintained at 37°C, 5% CO2 for 24 h after which time, the inoculum was removed and the cells were fed with 200 µl of medium.  Following 48 h additional incubation, cells were fixed in ice-cold methanol-acetone (1:1) at room temperature for 10 min and blocked for 1 h at RT in IF buffer (1% BSA, 2.5 mM EDTA in PBS).  The cells were then incubated with monoclonal antibody C7-50 to core protein (Affinity BioReagents, 1:300) for 2 h at RT, washed with PBS twice, and incubated with Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (Invitrogen, 1:500) for 1 h at RT. Infectivity was determined by calculating focus-forming units per ml of original culture medium or cell lysate (FFU/ml).
Subcellular Fractionation and Isolation of Membrane Vesicles  

293FT cells were dislodged from the tissue culture flask into ice-cold phosphate-buffered saline (PBS) and centrifuged at 1,000 x g for 10 min at 4°C followed by two more washes in PBS.  HCV replicon cells were dislodged by incubating with pre-warmed cell dissociation solution (Sigma, C5914) for 15 min followed by three washes in PBS.  The cell pellet was resuspended in 1.0 ml of homogenization media (250 mM sucrose, 1 mM EDTA, 20 mM HEPES [pH 7.4], 2 mM MgCl2, protease inhibitors) and homogenized on ice using 25 strokes of a loose-fitting Dounce homogenizer until ~95% of the cells were disrupted.  Homogenates were cleared of nuclei and unbroken cells by centrifuging at 1,000 x g for 10 min at 4°C.  For membrane vesicle isolation, the 1,000 x g supernatant was centrifuged at 10,000 x g for 15 min at 4°C to remove all heavy membranes.  The resultant supernatant was centrifuged at 120,000 x g in a MLS-50 swinging bucket rotor for 1 h at 4°C to pellet membrane vesicles.  The vesicle pellet was resuspended in homogenization buffer, flash frozen in liquid nitrogen and stored in 100 μg aliquots at -80°C until needed for conductance assays.  

For gradient analysis, the 1,000 x g supernatant was centrifuged at 3,000 x g for 10 min at 4°C to pellet heavy mitochondria and plasma membrane fragments.  The pellet was resuspended in homogenization buffer.  0.5 mg of the resultant supernatant was adjusted to 35% iodixanol by adding the appropriate amount of 50% iodixanol working solution, layered beneath a continuous 10% - 30% gradient and centrifuged at 70,000 x g overnight in a Optima Max Ultracentrifuge using a MLS-50 swinging bucket rotor (Beckman Coulter, Fullerton, CA).  Following centrifugation, fractions were collected dense-end first.  Continuous iodixanol gradients were formed as described by Axis-Shield (Oslo, Norway).  Briefly, a 60% stock solution of iodixanol was diluted to a working solution of 50% by combining 5 volumes iodixanol stock with 1 volume diluent (250mM sucrose, 6mM EDTA, 120mM HEPES [pH 7.4]).  To make iodixanol solutions of 10%, 20%, and 30%, the 50% working iodixanol was combined with homogenization media.  A discontinuous gradient was set up in a 5 ml ultracentrifuge tube by under laying 1.3 ml of each 10%, 20%, and 30% iodixanol solutions.  The tube was sealed with parafilm and placed upright at 4°C overnight to allow the gradient to form.  
Cell Surface Biotinylation
Transfected 293FT cells were gently dislodged from the tissue culture flask into ice-cold PBS, pH 8.0 and centrifuged at 800 x g for 10 min at 4°C followed by two more washes in PBS.  The cell pellet was resuspended in PBS containing 0.8 mM Sulfo-NHS-SS Biotin (Pierce Biotechnologies) and allowed to rotate for 30 min at 4°C.  The suspension was centrifuged at 800 x g for 10 min at 4°C and excess biotinylation reagent was removed by washing the cell pellet in PBS containing 50 mM glycine, pH 8.0 for 10 min followed by two washes in PBS, pH 8.0.  The final cell pellet was resuspended in RIPA lysis buffer containing protease inhibitors, incubated on ice for 15 min and centrifuged at 18,000 x g for 20 min at 4°C.  To capture biotinylated proteins, 300 μg of lysate was incubated with 0.8 ml RIPA buffer-washed immobilized streptavidin (Pierce, 20349) overnight with shaking at 4°C.  The samples were centrifuged at 4,000 x g for 1 min at 4°C and the streptavidin-bound complexes were washed 4 times with RIPA buffer.  Bound proteins were eluted from the beads by boiling in 30 μl SDS-PAGE sample buffer for 5 min.  
Measurement of Proton Permeability  

Isolated vesicles (200 µg) were thawed on ice, brought to 1.0 ml with conductance assay buffer (10 mM MOPS [pH 7.0], 150 mM KCl, 4 mM MgSO4) containing 5 mM HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt, Invitrogen) and broken and resealed with 10 strokes of a loose-fitting Dounce homogenizer to incorporate HPTS into the vesicle lumen.  To separate HPTS-loaded vesicles from extra-vesicular free dye, re-homogenized vesicles were applied to a 5 ml Bio-Gel P-10 size exclusion column, with a 20kD exclusion limit prepared as according to manufacturer’s instructions (Bio-Rad).  The column was eluted using HPTS-free conductance assay buffer.  Fractions were collected and assayed for protein and HPTS fluorescence at ex 450 nm, em 520 nm.  Protein containing fractions eluting in the void volume corresponded to a small fluorescence peak and represented HPTS-loaded vesicles. These were pooled and used for conductance assays.  Protein concentration within the fractions was assayed using Bio-Rad protein assay dye reagent.

Vesicular proton permeability was measured by a modification of the method described by Grover et al. [58].  Fluorescence measurements were performed at room temperature in a Fluostar Optima plate reader equipped with an integrated syringe injector (BMG Labtech, Durham, NC).  The excitation wavelengths were 450 nm (pH-dependent) and 405 nm (pH-independent) and data were collected every 1s for 4 min at an emission wavelength of 520 nm.  To determine changes of intravesicular pH, HPTS-loaded vesicles were diluted in HPTS-free conductance assay buffer, allowed to equilibrate at room temperature for 30 min, and subsequently pipeted into a 96 well plate, 100 µl per well.  Fluorescence of the vesicle suspension was monitored and once a stable baseline was achieved, 10 μl of 50 mM KOH was injected per well while the plate was stirred and the fluorescence was monitored.  The addition of base alkalinized the extra-vesicular environment from pH 7.0 to 8.0 as confirmed with a pH meter.  Ionophore and inhibitor compounds were added to the vesicle suspension just prior to  the addition of KOH.  Intravesicular pH was calculated from the fluorescence ratio using a bulk solution extracellular calibration curve performed with a conventional pH meter.  In some experiments any extravesicular fluorescence signal was quenched by addition of 15 mM p-xylene-bis-pyridinium bromide (DPX). 
Live Cell Imaging of Vesicular pH
HCV replicon bearing, infected or electroporated cells were plated on poly-D-lysine coated cover slips and allowed to grow overnight.  The cells were then washed in HEPES solution (10 mM HEPES, 133.5 mM NaCl, 2.0 mM CaCl2, 4.0 mM KCl, 1.2 mM MgS04, 1.2 mM NaH2PO4, 11 mM glucose; pH 7.4) and loaded with 5 μM LysoSensor Yellow/Blue DND-160 diluted in HEPES solution at 37°C for 45 min. The cells were washed twice and immediately imaged. Imaging was performed using a Nikon eclipse Ti PFS Quantitative Fluorescence Live-Cell and Multidimensional Imaging System equipped with a digital monochrome Coolsnap HQ2 camera (Roper Scientific, Tucson, AZ).  Fluorescence images were collected using Metafluor software (Universal Imaging, Downingtown, PA).  Data were recorded at excitation/emission wavelengths of 340/440 nm and 380/510 nm using a 410 nm dichroic.


Cell fluorescence ratios were determined by image analysis of the stored single wavelength images using Metafluor software. For each cell a region of interest was delineated that encompassed the cytosolic space of the cell and excluded the nucleus. Ratio was calculated for each cell as R=(F1-B1)/(F2-B2) where F1 and F2 are the fluorescence intensities at 380/525 and 340/440 respectively and B1 and B2 are the corresponding background values determined from a region on the same images that was near the cell but did not contain a cell.


Calibration of the relationship between R values and pH was performed by two different methods. First, a free solution calibration was performed using LysoSensor solutions of known pH and measuring R with the microscope as described. The calibration curve was well fitted by the equation pH = ln[(R-Yo)/a] ·1/b,  where Yo, a and b are constants. An intracellular calibration was also performed as described elsewhere 
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[59]
.  Cells were loaded with lysosensor and then permeabilized with 10 µM monensin and 10 µM nigericin. They were then serially exposed to calibration buffer solutions containing 25 mM MES, 5 mM NaCl, 115 mM KCl and 1.2 mM MgSO4 at fixed pH and R was measured as described. The 2 methods agreed well. The ionophores, however, resulted in loss of lysosensor from intracellular vesicles at higher pH. This resulted in very low signals above pH 5.5 and made the intracellular calibration method impractical except for use at the most acid pH range. For this reason, the free solution calibration was used in most experiments. R values were converted to pH by extrapolation of the calibration curve. 
Measurement of Acidic Compartments in Fixed Cells
Cells, approximately 5000 per plate, were plated on 12 mm polylysine coated glass coverslips and incubated overnight.  The cells were then washed in HEPES solution and loaded with 0.5 µM LysoTracker Red DND-99 in HEPES solution for 30 min at 37°C.  The cells were washed in PBS, fixed in 4% paraformaldehyde for 30 min at room temperature, permeabilized in ice-cold acetone for 5 min and incubated in IF buffer (1% BSA, 2.5 mM EDTA in PBS) for 1 hr at room temperature.  HCV core protein was labeled by incubating with anti-core, 1:300, as described above.  Nuclei were counterstained by incubation for 5 min with 1.0 µg/ml DAPI and the cover slips were mounted in Fluorsave mounting medium (Invitrogen). LysoTracker positive staining was quantitated by image analysis in a Nikon TiE system as described above. Single wavelength fluorescence images were acquired at 560 nm excitation, 607 nm emission. A region of interest was chosen to include the entire area of a single cell. Images were acquired at fixed detector gain that avoided saturation in the brightest images and mean pixel intensity of each cell was determined and reported as mean cellular fluorescence intensity. 

Bafilomycin A1 Rescue of Defective  p7KR
Cytotoxicity of Bafilomycin.  

Huh-7.5 cells were plated in 96-well tissue culture plates at 10,000 cells per well and allowed to grow overnight after which time the cells were washed with PBS and the medium was replaced with fresh compete medium containing varying concentrations of bafilomycin A1 for 24 h.  The cells were then washed in PBS and fresh DMEM containing 10% CellTiter-Blue reagent (Promega) was added.  After 3 h incubation at 37°C, 5% CO2, the fluorescence at 560/590 nm was read in a Fluostar Optima plate reader.

Effect of Bafilomycin A1 on Viral Entry.  

Huh-7.5 cells (2 x 104 cells) were plated in the wells of an 8-well chamber slide and incubated overnight.  The cells were then washed in PBS and incubated at 37ºC, 5% CO2 in complete media containing varying concentrations of bafilomycin A1 for 1 hr.  The media was then removed and the cells were infected with 0.5 ml complete media containing HJ3-5 virus (MOI 1.0) ± bafilomyicn A1 and incubated at 37ºC, 5% CO2 for 3 hr.  The inoculum was then removed, the cells were washed in PBS and fresh complete media was added.  Following an additional 72 hr incubation, infected cells were fixed by methanol:acetone (1:1), stained for core protein and foci counted as described above.  
Concentration Dependence of Bafilomycin A1 on Vesicular pH.  

For experiments to determine the concentration dependence of bafilomycin on vesicular pH, Huh-7.5 cells were plated on poly-D-lysine coated cover slips and allowed to grow overnight, after which time the cells were washed in HEPES solution and loaded with 2 μM of the single wavelength pH indicator LysoSensor Green DND-189 for 30 min at 37°C.  The cells were washed, treated with HEPES solution ± increasing concentrations of bafilomycin A1 and immediately imaged.  The increase in vesicular pH in response to increasing concentrations of bafilomycin A1 was determined by imaging at excitation of 443 nm and emission at 500 nM.
Bafilomycin A1 Treatment of p7-defective HCV RNA Electroporated Cells.  

For the bafilomycin A1 rescue experiments, Huh-7.5 cells were electroporated with 10 µg parental HJ3-5, HJ3-5(KR), or HJ3-5(Δp7) viral RNA and equally seeded into 2 wells of a 6-well plate.  At 96 h post-electroporation, the media was removed and replaced with fresh, complete media containing 2.5 pM bafilomycin A1.  Following an additional 24 h of incubation, supernatant medium and cell lysates were collected and assayed for infectivity. The presence of infectious HCV particles was measured by determining focus-forming units per ml virus (FFU/ml) with various dilutions as described above. In undiluted samples, no attempt was made to remove bafilomycin from medium or lysates.
M2 Trans-Complementation
Huh-7.5 cells (2.5 x 106) were co-electroporated with 20 µg mCherry-M2 or mCherry-M2(A30P) DNA and 10 µg JFH-1 derived RNAs as described above.  The electroporated cells were resuspended into 5 ml complete media and seeded into two wells of a 6-well plate.  After 48 hr, the cells were re-transfected with 20 µg mCherry-M2 or mCherry-M2(A30P) using lipofectamine according to manufacturer’s instructions.  24 hr after transfection, the media was removed and fresh, complete media ± 50µM amantadine was added for an additional 24 hr. Secreted infectivity was quantified by focus forming assay by infecting 2 x 104 naïve Huh-7.5 cells seeded the preceding day in an 8-well chamber slide.   Infected cells were fixed by methanol:acetone (1:1), stained for core protein and foci counted as described above.  
Low pH Treatment of Extracellular and Intracellular Virus
Huh-7.5 cells were plated in a T-175 cm2 culture dish and infected with cell culture passaged JFH-1 virus at an MOI of 1.0.  After five days, the cell supernatant fluids were collected and clarified by low-speed centrifugation. Intracellular virus was obtained by freeze-thaw of washed cellular pellets as described above.  Extracellular and intracellular viral stocks were then identically diluted 1:1 in a HEPES/MES buffer (20 mM HEPES, 20 mM MES, 133.5 mM NaCl, 2.0 mM CaCl2, 4.0 mM KCl, 1.2 mM MgS04, 11 mM glucose; pH 7.4) at pH 2.1, 2.6, 5.3, or 7.0.  The final pH values of the virus/buffer solutions were 4.0, 5.0, 6.0, and 7.0 respectively.  The virus/buffer suspensions were incubated in a 37ºC water bath for 10 min and then neutralized with 1M NaOH.  The samples were then clarified by low-speed centrifugation at 500 x g for 5 min and diluted 1:10 or 1:100 in complete media.  Infectivity was determined by calculating focus-forming units per ml of original culture medium or cell lysate (FFU/ml).
Statistics
Results are expressed as mean ± SE. The Student t test was used for statistical analyses. P ≤ 0.05 was considered significant.

Chapter 3: The Effect of p7 on the Proton Conductance of Intracellular Membrane Vesicles

Background
Ion channel function can be monitored in a number of ways and patch clamp is often used to study the electrophysiological properties of ion channel in cell membranes. It allows for the study of single or multiple ion channels in cells and can be applied to a wide variety of cell types.  However, the available patch clamp methods remain limited because not all ion channels are amendable to study via conventional patch clamp techniques.  Ion channels, including viroporins, which are found within intracellular membrane systems such as the endoplasmic reticulum and Golgi complex, are not readily accessible to such techniques.  Therefore, examining channels that reside within intracellular membranes has relied heavily on the incorporation of purified channel proteins into model membranes.  

The most used model membranes are planar lipid membranes (or black lipid membranes) and lipid vesicles, or liposomes, both of which are useful when studying a particular channel’s function, ion or ligand specificity or conductance [60,61].  Yet, when incorporating proteins extracted from biological cellular membranes, nonspecific conductances can be easily achieved.  Even more, when assessing the channel activity of a viroporin that has been isolated from a cellular membrane, it can be rather difficult to distinguish between the channel activity of the viroporin and other cellular channels.  Synthetic peptide reconstitution can allow for a more controlled method of studying the single ion channel conductance of viroporin.  However, the formation of ion channels from a synthetic peptide inserting into a lipid bilayer also leads to variability and the recorded single channel conductance in the bilayers can often depend on the amount of peptide incorporated in the bilayers 
 ADDIN EN.CITE 
[60,61,62]
.   Therefore, examining the channel activities of reconstituted protein in artificial bilayer systems can be fraught with problems.  

Nonetheless, such studies have provided insight into the possible functional roles of viral ion channels.  For example, expression of the human rhinovirus (HRV) 3AB viroporin in E.coli causes the bacterial cell to become permeable to several small molecules and further investigation revealed that purified 3AB protein in planar lipid bilayers displays cation-specific conductances 
 ADDIN EN.CITE 
[63,64]
.  Because the HRV replication complex also possesses conductance, it was hypothesized that the channel activity from 3AB was needed during the assembly phase of the HRV lifecycle.  It is important to note however, that behavior in artificial bilayers systems or single protein transfections may not reflect a similar functional role within native cellular membranes or within a live cell.

A typical feature of viroporins is to permeabilize intracellular membranes, but little is known about the function of p7 in the virus lifecycle. Because HCV particles transit the low-pH compartments of the secretory pathway, it has been suggested that p7 inserts into and equilibrates the H+ gradients of these vesicular compartments to allow virus release. However, previous work on the conductive patterns of p7 is limited to artificial bilayers and liposomes and p7 has never been shown to act as an ion channel in a native membrane system.


Studies using recombinant expression plasmids have shown p7 to be mainly located in the ER and mitochondrial-associated ER membranes while a small percentage of the over-expressed protein has also been detected in the plasma membrane [34].  In electrochemical studies using an artificial lipid bilayer system, chemically synthesized p7 protein forms ion channels in black lipid membranes [29].  Electron microscopy as well as biochemical and structural analysis of the membrane-spanning regions and pore formation of p7 imply that it may be sensitive to pH in respect to its function.  Taken together, the electrochemical and localization studies of p7 suggest that it could be responsible for ion transport from the ER into the cytoplasm of HCV-infected cells and it has been hypothesized that p7 may act in a similar fashion as the H+-selective channel M2.  Yet, to date p7 has not been shown to function in this manner and H+ channel activity has yet to be demonstrated.  It is also unknown whether p7 can act as an ion channel in native biological membranes.

The objective of the experiments described in this chapter was to determine the effect of p7 on the proton conductance of native membrane vesicles.  p7 was found to be localized to a fraction of intracellular membrane vesicles comprising lysosomes, endosomes and ER.   The studies utilized p7-containing intracellular membrane vesicles isolated from p7-expressing 293FT cells as well as from Huh-7.5 cells actively replicating the HCV genome which more closely represent p7 in its physiological “space”.  The pH-sensitive dye, HPTS, was used to monitor the intravesicular pH of intracellular membrane vesicles.  Incorporating HPTS within the interior of the membrane vesicles allowed for the measurement of a pH shift occurring within the vesicle interior in response to a sudden increase of extra-vesicular pH.  The results demonstrate that, when exposed to a sudden pH shift, intracellular p7-containing vesicles equilibrate pH more rapidly than vesicles lacking p7, and this activity can be blocked by p7 inhibitors in a genotype-specific manner, as seen previously [23].  Furthermore, the data shows that channel inactivating mutations render p7 unable to equilibrate imposed pH gradients.

Results

Isolation of p7-Containing Membrane Vesicles

Viroporins are described to be located mainly in the internal membrane systems such as the ER, ERGIC, or Golgi and to a lesser extent, the plasma membrane.  Their location often predicts their function and depending on their location, the same viroporin can serve multiple functions.  In order to more definitively determine the role of p7 in the HCV lifecycle, it was first necessary to examine more thoroughly its subcellular localization.  Attempts to generate an antibody to p7 have failed.  It is a small protein with the majority of its residues located in the transmembrane portions of the protein and is therefore not highly immunogenic.  To allow its identification, these studies utilized a p7 that was tagged with an N-terminal FLAG epitope.  The addition of these 11 amino acids has been previously shown to not affect the channel function of p7 
 ADDIN EN.CITE 
[31,52]
.  FLAG-p7 was expressed in HEK 293FT cells and its subcellular localization was assessed by cell fractionation yielding a 3,000 x g pellet, 3,000 x g supernatant and 120,000 x g vesicle pellet.  Confirming previous results [52], Fig.5A, left panel, demonstrates that p7 was present in the 3,000 x g heavy membrane pellet which also contained endoplasmic reticulum (ER), mitochondria and lysosomes as evidenced by the markers PDI, GRP75 and LAMP-2 respectively.  The 120,000 x g light membrane vesicle pellet also contained p7, lysosomes and ER and was subsequently used to measure proton (H+) permeability. Further density gradient centrifugation of mechanical cell lysates showed that the majority of p7 within the 3,000 x g supernatant co-localized with medium density membranes containing ER, mitochondria and mitochondrial-associated ER membranes (Fig. 5A, right panel).  

HCV p7 contains two hydrophobic trans-membrane regions separated by a short basic loop that has been suggested to be necessary for p7 ion channel activity 
 ADDIN EN.CITE 
[31,41]
 and insertion in to artificial bilayers 
 ADDIN EN.CITE 
[35,65]
.  This loop is conserved amongst HCV genotypes, further suggesting that it plays a role in p7 function.  Computer modeling of p7 showing that the loop region projects into the lumen, has suggested that these residues act as a gate to regulate ion flow [28].  Mutating the basic residues K33 and R35 to alanine can render the channel inactive 
 ADDIN EN.CITE 
[31]
 as well as inhibit the formation of infectious virus particles 
 ADDIN EN.CITE 
[39,40,41]
.  Similar outcomes have been noted in the p7-containing bovine viral diarrhea virus where mutation of the conserved charges residues abrogates virus infectivity [50] and therefore I used this mutation to characterize p7 function.  To confirm that mutation of these residues does not alter its localization, lysates from FLAG-p7KR mutant-expressing cells were analyzed.  Differential centrifugation of the membrane fractions showed a similar distribution of the mutant p7 to that of wild-type p7 with the majority of p7KR in fraction 5.  Both p7 proteins co-localized to a fraction enriched in ER showing that mutation of the loop region did not alter its localization or expression (Fig. 5B).      

Several viral ion channels alter host cell physiology via their presence on the plasma membrane and it has been suggested that p7 may also function in this manner [34].  To determine if p7 is appreciably expressed on the cell surface, HEK293FT cells were transfected with FLAG-p7 and the plasma membranes were biotinylated.  Fig. 6 demonstrates that unlike the plasma membrane protein transferrin receptor (TfnR), p7 could not be precipitated with streptavidin beads, either before or after membrane biotinylation.  Pull-down of biotinylated whole cell lysates confirmed that FLAG-p7 can be biotinylated (data not shown). This demonstrates that p7 is almost exclusively present in intracellular compartments.

[image: image5.png]



Figure 5. Isolation of p7-containing Membrane Vesicles.  HEK-293 cells were transiently transfected with either FLAG-p7 or FLAG-p7KR, homogenized 24 h later, and subjected to an initial centrifugation at 3,000 x g followed by ultracentrifugation of the supernatant at 120,000 x g.  (A) Western blot of the cytosolic extract (3k Sup), heavy membrane fraction (3k Pellet) and light membrane fraction (120k pellet) showing that FLAG-p7 (A, left panel) was present in whole cell extracts as well as in the heavy membrane and light membrane fractions.  Marker proteins were Lamp-2 (lysosomal/late endosomal protein), PDI (ER chaperone) and GRP75 (mitochondrial chaperone).  The 3k Sup was subjected to density gradient equilibrium centrifugation on a 10-30% iodixanol gradient.  Note that FLAG-p7 primarily localized to an intermediate density range co-localizing with PDI and GRP75 (A, right panel).  (B) Western blot of the cytosolic extract and density gradient centrifugation as in (A) of cells transfected with FLAG-p7KR
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Figure 6. Cell surface biotinylation of p7-expresssing cells.  HEK-293FT cells expressing FLAG-p7, with or without surface biotinylation, were lysed and subjected to pull down with streptavadin beads.  Immunoblots for FLAG or transferrin receptor were performed.  Note that post-biotinylation, TfnR can be precipitated by streptavadin while FLAG-p7 cannot.  SP, supernatant; TL, total lysate.  
Preparation and pH Indicator Loading of p7-Containing Membrane Vesicles
I next examined the ability of p7 to equilibrate an imposed pH gradient in intracellular membrane vesicles.  In order to measure the proton permeability properties of p7 in native intracellular vesicles, I initially used acridine orange (AO).  This fluorophore acts as a weak base and moves freely across membranes in its unprotonated form.  Once it encounters the acidic lumen of the vesicle, it will then become protonated and accumulate within the compartment where its fluorescence is quenched by concentration-dependent quenching.  Thus, changes in intravesicular pH are estimated from the transmembrane movement and uptake and resultant quenching of AO in response to a pH shift.  In this system, vesicles are pre-acidified and then added to a buffer solution containing acridine orange.  The unprotonated form is assumed to be freely permeable and as such, will immediately enter the acidic lumen and self-quench resulting in a decreased fluorescence signal. However acridine orange was not an ideal pH probe since it seems to partition into and bind the vesicle membranes themselves and is not entirely confined to a protonated state once in the acidic vesicle.  I therefore used the membrane impermeant pH-dependent fluorophore 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS).  This fluorophore is unable to penetrate through membranes, thus it specifically measures the pH of the structure in which it is contained.  Incorporation of this fluorophore within the lumen of membrane vesicles allows for the direct measurement of proton translocation across the vesicle membrane.  This compound can be used as a ratiometric pH indicator with a near-linear response between pH 7.0 and 8.0 and its fluorescence can be used to directly calculate pH (Fig. 7A).  

HPTS is a membrane impermeant molecule.  In order measure intravesicular pH, it was necessary to incorporate HPTS within the lumen of the vesicle.  To achieve this, isolated membrane vesicles (120,000 x g pellet) were loaded ex vivo with HPTS.  This was done by homogenizing the vesicles in the presence of 5 mM HPTS followed by revesiculation at 4ºC.  To assure sufficient intravesicular incorporation, HPTS was provided in excess however as a consequence, a significant portion of the fluorophore remained within the extravesicular space.  If left, it would greatly override any measurable intravesicular signal.  To address this, the vesicle suspension was purified from free dye using a Bio-Gel P-10 size exclusion column.  HPTS-loaded vesicles exited in the void volume and were detected as a small peak in fluorescence which corresponded to a high molecular weight protein peak (Fig. 7B, left panel, bars). This vesicle fraction exited well before the bulk of the fluorophore eluted from the column (Fig. 7B, right panel, circles).  Unloaded vesicles had no intrinsic fluorescence (data not shown).  Adding Triton X-100 (final concentration of 0.5%) to the loaded vesicle homogenate just prior to column purification resulted in complete HPTS release (Fig. 7C).  This confirmed the intra-vesicular localization of HPTS.
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Figure 7. Preparation and pH indicator loading of p7-containing membrane vesicles. 
(A)  HPTS (100 nM solution) was titrated to varying pH values from 4.5 to 10.5 and fluorescence emission (F) at 520 nm was determined using excitation wavelengths of 450 and 405 nm. The ratio of F450/405 is presented as a function of pH.  Dotted lines represent the linear range.  (B)  Frozen 120k vesicle pellet was thawed in the presence of HPTS and re-homogenized as described in Materials and Methods. The mixture was applied to a Bio-Gel P-10 size exclusion column and eluted with constant flow.  The column void volume eluted at approximately fraction 28. The right panel shows both fluorescence and protein content of fractions over the whole column profile while the left panel shows results around the void volume only with a magnified ordinate. Solid symbols (() represent fluorescence; bars indicate protein concentration.  (C) Protocol was similar to that shown in C except that the vesicle prep was first exposed to Triton X-100 prior to gel filtration.  In this experiment the void volume eluted approximately at fraction 15.  Note the absence of a fluorescence peak associated with the eluted protein.

Measurement of Proton Permeability in Isolated Membrane Vesicles
To assess vesicular H+ permeability, of native membrane vesicles, I measured the fluorescence response of intra-vesicular HPTS to a sudden increase of extra-vesicular pH.  While this method cannot distinguish between levels of high proton conductance states, the assay itself can readily differentiate high proton permeability vesicles from low proton permeability vesicles.  HPTS-loaded intracellular membrane vesicles were pre-equilibrated at pH 7.0 in conductance assay buffer.  Sudden addition of KOH alkalinized the extra-vesicular space, inducing a rapid pH change from 7.0 to 8.0.  Fig. 8 illustrates the response of HPTS fluorescence ratio to sudden extravesicular alkalinization. 

When HPTS was free in solution, i.e. in the absence of vesicles, (Fig. 8A, circles), the addition of KOH rapidly alkalinized the solution from pH 7.0 to 8.0.  A rapid and immediate increase in fluorescence occurred within 5 s as a pH of 8.0 was immediately reached.  However, when the HPTS was present within vesicles (Fig. 8A, grey triangles), KOH addition produced an initial change in pH followed by a slower equilibration phase whereby the vesicle interior ultimately reached a steady-state pH of approximately 7.4, considerably more acidic than the extravesicular solution. This signal resulted from an intravesicular localization of HPTS because the fluorescence ratio was not affected by the addition of a membrane-impermeant fluorescence quencher, p-xylene-bis-pyridinium bromide (DPX) (Fig. 8A, black triangles).  When added to the extravesicular environment, 15 mM DPX quenched extravesicular fluorescence, leaving the intravesicular signal intact.  Fig. 8B-C shows that 15 mM DPX was sufficient to completely eliminate the pH-dependent fluorescence wavelength (F450) of HPTS in free solution.  This confirms that the addition of DPX fully quenches extravesicular HPTS.  Furthermore, rapid and full equilibration to pH 8.0 occurred after disruption of vesicles by Triton X-100 (data not shown).
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Figure 8. Measurement of proton permeability in isolated membrane vesicles.  HPTS-loaded vesicle suspensions or HPTS solution without vesicles were subjected to rapid alkalinization by sudden injection of 10 µl of 50 mM KOH into a total volume of 100 µl.  Fluorescence ratio (F450/F405) and corresponding pH was measured at 1 s intervals in a fluorescence plate reader. (A) Comparison of pH changes of HPTS in free solution (gray circles) vs. in suspensions of HPTS-containing vesicles (gray triangles).  Free solution rapidly equilibrated to pH 8.0 while vesicles alkalinized more slowly and failed to equilibrate with the extravesicular solution pH during the observation period.  Inclusion of DPX, a membrane impermeant fluorescence quenching agent (black triangles) did not affect intravesicular pH changes.  (B) Effects of DPX on extracellular solution fluorescence. Absolute fluorescence, F450, was measured in HPTS solution before and after alkalinization. The presence of DPX (15 mM) completely quenched fluorescence of this fluorochrome. (C) Steady state pH values measured at 240 s from a series of experiments performed as in panel A.  Data is presented as mean ± SE, n=4 independent vesicle preparations.
The finding that native vesicles failed to fully equilibrate pH within 5 min was unexpected. I postulated that vesicles prepared from normal 293FT cells might have delayed pH equilibration with the external solution because H+ conductance was rate limiting in the face of ionic transport processes that tended to produce a net acidification. To test this hypothesis I examined the effect of a proton ionophore on pH equilibration in this system. The addition of FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) immediately prior to vesicle alkalinization resulted in a more rapid intravesicular pH rise that reached full equilibration with the extravesicular solution (Fig. 9, red).  Furthermore, addition of FCCP during the period of pH equilibration caused a rapid alkalinization to full pH equilibrium (Fig. 9, green). As expected, FCCP had no effect on HPTS fluorescence in bulk solution.  This demonstrates that H+ efflux is limited by the intrinsic H+ permeability/conductance of the membrane in these vesicles.  The intrinsically low H+ permeability of these vesicles allows me to directly measure the ability of p7 increase the permeability of these membranes to H+.

Conductive Properties of p7 Proteins from Different HCV Strains Expressed in Native Intracellular Membranes

I next examined the ability of p7 proteins from different HCV genotypes to alter membrane H+ permeability.  Native intracellular membrane vesicles (120,000 x g pellet) expressing either genotype 1b (J4 isolate, “FLAG-p7”) or 2a (JFH-1 isolate, “FLAG-JFH1p7”) p7 displayed a significant elevation in H+ permeability when compared to vesicles from control cells (Fig. 10) and stabilized at an intra-vesicular pH of approximately 8.0.  The addition of FCCP had no additional effect on the efflux of H+ from p7-containing vesicles showing that conductive H+ flux was no longer rate limiting for pH equilibration. 
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Figure 9. Control vesicles have low proton permeability.  (A) Measurement of the effect of the protonophore FCCP on intravesicular pH changes. HPTS-loaded vesicles were incubated with or without FCCP (4 μM) added either immediately prior to (red line) or 4 min after (green line) the pH shift. FCCP had no effect on free solution pH as shown in the black and grey curves. (B) Steady state pH values as described for panel C. n=4 independent membrane preparations.   * indicates P ≤ 0.05 compared to control vesicles.  
The membrane spanning domains of p7 are separated by a basic loop which is conserved amongst HCV genotypes further suggesting it plays a role in p7 function.  It has been previously shown that mutating these basic residues to alanine (FLAG-p7K33A/R35A mutant and FLAG-JFH1p7R33A/R35A mutant) renders p7 incapable of protecting HA from acidic pH [17], or serving as a permeation pathway in in vitro liposome-based assays for channel function [19], yet its effect on p7-induced H+ permeability is unknown.  Vesicles isolated from cells expressing the mutated FLAG-p7KR or FLAG-JFH1p7RR displayed a H+ permeability profile, similar to that of control vesicles from untransfected 293FT cells.  Furthermore, the addition of FCCP was still able to restore rapid and full pH equilibration demonstrating that the failure of the mutant p7 to cause rapid pH equilibration was due to a lack of an effect on proton permeability.  This result indicates that these conserved amino acids are in fact necessary for p7-induced H+ conductivity.
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Figure 10. Conductive Properties of HCV p7 Proteins.  Vesicle pellets were isolated from HEK-293FT cells that were transfected with either genotype 1b p7 (J4 sequence), genotype 2a p7 (JFH1 sequence), the corresponding channel inactive mutants p7K33A/R35A (p7KR) and p7R33A/R35A (p7RR) or mock control vector. Vesicles were loaded with HPTS as described in Materials and Methods and subjected to rapid alkalinization by sudden injection of KOH at time zero according to the protocol shown in Fig. 2. Where indicated, FCCP (4 µM) was added immediately prior to the addition of KOH. (A) A single representative experiment is shown demonstrating the time course of intravesicular pH changes in control, p7- or mutant p7-expressing vesicles.  (B) The average steady state pH change at 200 s was determined as in A, in response to extravesicular alkalinization. Data is presented as mean ± SE. n = a minimum of 6 independent vesicle preparations for each condition. * indicates P ≤ 0.05 compared to control vesicles with no FCCP.

HCV p7-Induced H+ Conductance is Sensitive to Known Viroporin Inhibitors 

Several viroporin inhibitors have been shown to abolish p7 ion channel activity in artificial lipid bilayers [7-9], as well as to inhibit infectious particle production in a genotype-dependent manner [23]. However, it is not known whether they function to block intracellular H+ conductance. To confirm the specificity of the observation that p7 induces a significant H+ conductance, I assessed the effect of several candidate p7 inhibitors.  Vesicles incubated with 1 μM amantadine, a concentration shown to inhibit p7 in artificial bilayers 
 ADDIN EN.CITE 
[28,32,65]
 as well as specifically inhibit the M2 viroporin of influenza 
 ADDIN EN.CITE 
[25,63]
, reduced the H+ permeability induced by the J4/1b p7 to that of control vesicles (Fig. 11).  Inhibition of J4/1b p7 H+ conductance was also seen with the amantadine derivative, rimantadine, as well as hexamethylene amiloride (HMA).  In agreement with my previous observations in vitro and in the context of infectious virus 
 ADDIN EN.CITE 
[44]
, inhibitor sensitivity varied according to p7 sequence; H+ permeability induced by the JFH1/2a p7 was eliminated by rimantadine and HMA, yet was insensitive to amantadine (Fig. 11 b).  The addition of FCCP induced an H+ conductance despite the presence of these inhibitors, indicating that the compounds did not alter vesicle stability or have a direct effect on HPTS fluorescence (data not shown).    

[image: image11.png]Intravesicular pH

8.2
8.0
78
76
7.4
72
7.0

‘@ Control + FCCP
e D7 (J811D)
/\: - T (J4l1b) + FCCP.
b7 20)
o7 (2a) + FoCP

a— Control
e BTKR (J4/1b)
- PTRR (22)

0 30 60 90 120150180210
Time (s)

Steady State pH

8.4
8.2
8.0
7.8
76
7.4
7.2
7.0





Figure 11. Sensitivity of p7-Associated pH Changes to Known Viroporin Inhibitors.  
HPTS loaded vesicles were subjected to rapid alkalinization by sudden injection of KOH as described for Figs. 2 and 3.  The H+ conductance induced by the J4/1b p7 (A) and JFH1/2a/p7 (B) was inhibited by several viroporin inhibitors.  Data is presented for each of the two genotypes as mean ± SE of the steady state pH change observed in control, p7-expressing vesicles (WT) and in p7 containing vesicles in which inhibitor compounds (1 µM) were added immediately prior to the pH shift. Ama = amantadine, Rim = rimantadine and HMA = hexamethylene amiloride.  n = a minimum of 3 independent vesicle preparations. * indicates P ≤ 0.05 compared to control, ** indicates P ≤ 0.05 compared to wild-type.  
Vesicles Isolated from p7-Containing Replicon Bearing Cells Have Increased H+ Permeability
Thus far, I have shown p7-containing vesicles to initiate a rapid efflux of H+ when exposed to a trans-vesicular pH gradient.  However liposome-based expression systems present uncontrollable parameters.  Liposome transfection is in itself toxic to the cells resulting in a broad over-expression of p7; an over-expression for which I cannot easily control.  Also, single p7 protein expression may not allow for proper targeting and/or localization.  To overcome limitations presented by a transfection-based system, an HCV replicon system was utilized.  This allowed for better analysis of the relationship between HCV viral proteins and the host cell.  I studied Huh7-derived cell lines harboring RNAs from the HCV genotype 1a strain (H77) 
 ADDIN EN.CITE 
[66,67]
.  Replicon cell lines contained stably replicating sub-genomic RNA (NS2 – NS5b) or full-length RNA (Core – NS5b). A cured full-length replicon cell line, in which the HCV RNA had been eliminated by prior treatment with interferon, served as a control.  The response to a trans-vesicular pH gradient was greatly enhanced in vesicles prepared from cells containing the full-length replicon, which rapidly equilibrated to pH 8.0, when compared to the cells containing the sub-genomic replicon that does not express p7 (Fig 12).  Vesicles isolated from the cured replicon cells displayed a similar conductance pattern as the vesicles isolated from sub-genomic replicon cells.  Isolated full-length replicon cell vesicles also showed specific viroporin-mediated H+ permeability; as seen previously 
 ADDIN EN.CITE 
[44]
, the H77 p7-induced H+ permeability was inhibited by amantadine, rimantadine and HMA.  Pretreatment of vesicles from full-length replicon cells with 1 μM inhibitor resulted in almost 100% inhibition of H+ conductance.  
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Figure 12.  Effect of p7 on Intracellular pH in HCV Replicon-bearing Cells.  Intravesicular pH was measured in vesicles isolated from HCV replicon bearing cells that were subjected to rapid alkalinization as shown for Fig. 2.  (A) A single representative experiment is shown demonstrating the time course of intravesicular pH changes in vesicles isolated from full-length (FL), sub-genomic (SG) and cured full-length (CFL) HCV replicons.   (B) The average steady state pH change at 180 s in response to extravesicular alkalinization was determined. Data is presented as mean ± SE. n = a minimum of 6 independent vesicle preparations for each condition. Inhibitor compounds were added immediately prior to the pH shift as in Fig. 4.  * indicates P ≤ 0.05 compared to control, ** indicates P ≤ 0.05 compared to full-length.  
Discussion
While several methods exist to study the possible membrane permeability induced by p7, many, if not all, prior studies have been performed in artificial lipid bilayers and liposomes.  This system has its advantages in that liposomes can withstand harsher experimental manipulation without worry of liposome breakage. Yet, it does not fully account for the physiological necessities needed for p7 to function properly. For normal cellularly encoded proteins, it is relatively straightforward to perform various techniques such as protein reconstitution in artificial lipid bilayers, patch-clamp, and protein expression in bacteria to deduce whether or not that particular protein can function as a channel.  However, the situation becomes complicated for ion channel proteins encoded by viruses, simply because recording ion channel activity from the intracellular organelle in which the channel resides is difficult.  Nevertheless, using various expression systems in conjunction with defined virus lifecycle steps, one can deduce the conductive properties of a viral viroporin.  

Channel activity has been reported for several viral ion channels including Vpu of HIV-1, M2 of influenza A and 2B of poliovirus and some have been shown to have ion channel activity that is required at some stage of the virus life cycle 
 ADDIN EN.CITE 
[23,27,68]
.  However, thus far, p7 ion channel activity has only been shown using a reconstituted protein and as stated above, this may not represent the function of p7 during infection.  Therefore, it remains unknown whether p7 is sufficient to alter membrane permeability of native biological membranes or whether p7 functions as a channel at all inside infected cells.  I therefore evaluated the ability of p7 to facilitate equilibration of intracellular pH gradients in a fraction of light intracellular membrane vesicles which more closely represent p7 in its physiological sense.  I demonstrate that p7 mediates proton (H+) equilibration in isolated vesicles from both single protein expression as well as from Huh-7.5 cells stably replicating HCV RNA.  Furthermore, I found that several viroporin inhibitors were able to completely block p7-induced channel activity.

Native intracellular vesicles with an entrapped pH sensor served as a reliable system for determining the time course of intravesicular pH changes in response to a sudden shift of extravesicular pH.  I chose the compound HPTS because it does not readily bind phospholipids, is relatively membrane impermeant, has a pronounced pH dependent fluorescence in the relevant pH range, and a simple gel filtration step is able to separate vesicle-incorporated fluorophore from free compound.  The measurements are based on the fact that in response to sudden titration, intravesicular pH equilibrates more slowly than bulk solution pH.  However, in spite of my attempts to remove extravesicular HPTS, there was a distinct biphasic increase in fluorescence upon titration.  The initial rapid phase behaved identically to that seen in fluorophore solutions without membrane vesicles and would be expected if a proportion of the fluorophore was present in the external medium (released from broken vesicles) or if a subset of the vesicle population were extremely leaky to protons and counter-ions.  This basic phenomenon has been observed previously and does suggest that the vesicle population is fragile.  Nonetheless, there is sufficient retention of fluorophore inside the vesicles that a distinct slower phase of fluorescence increase can be observed. Evidence shows that this slow phase is limited by vesicle proton conductance and was derived from an intravesicular source and not from the extravesicular environment.  This was demonstrated by the findings that, (1) the addition of an extravesicular fluorescence quencher did not alter ratio signals, (2) the probe was trapped in a detergent sensitive, vesicle-associated space, and (3) the addition of the well defined proton ionophore, FCCP, resulted in a rapid equilibration between intra- and extravesicular pH.  

Native vesicles without p7 expression showed a low permeability for H+ as evidenced by slow and incomplete pH equilibration upon exposure to a shift in extravesicular pH. The reason for this is not clear however it could be due to Donnan equilibrium whereby ions fail to distribute evenly across membranes due to the presence of another charged ion that is unable to pass through the membrane and thus creases an uneven electrical charge.  When exposed to a sudden pH shift, vesicles slowly equilibrate pH and fail to fully equilibrate over a 3 min period. In contrast, vesicles derived from cells expressing p7 from genotypes 1a, 1b or 2a HCV were capable of rapid pH equilibration, similar to normal vesicles in the presence of FCCP.  This is the first time p7 has been shown to specifically conduct H+ or to function in native intracellular membranes.  

Several compounds have been used to abrogate viroporin channel activity and even more, they have been used as a means of demonstrating channel activity.  For example, one of the first lines of evidence that M2 initiated the low-pH induced uncoating step came from experiments with amantadine, which was shown to block this early step 
 ADDIN EN.CITE 
[51,69,70]
.   Various amantadine-resistant escape mutants of influenza came about and were found to contain alterations in M2 sequence suggesting that amantadine and M2 interact in some manner 
 ADDIN EN.CITE 
[71,72]
.  Since, several derivatives of amantadine as well as amilorides have been shown to block viral ion channels, making them a useful tool to examine viroporin-mediated conductance.  I found that p7-induced H+ permeability was inhibited in a genotype-specific manner by amantadine, rimantadine and hexamethylene amiloride.  Using a concentration shown to specifically inhibit the M2 channel, the H+ permeability induced by a J4/1b genotype p7 was completely blocked by amantadine.  Channel abrogation was also seen with the amantadine derivative rimantadine as well as hexamethylene amiloride. Various strains of M2 have been shown to be resistant to amantadine and this resistance has been mapped to specific residues.  Interestingly, the H+ permeability of p7 from genotype 2a was blocked by rimantadine and hexamethylene amiloride yet unaffected by treatment with amantadine suggesting that possible “escape” mutants in HCV also exist.  

In summary, this study reports a novel finding that p7 can rapidly equilibrate an imposed pH gradient when expressed in native biological intracellular membrane vesicles.  Furthermore, I show that this increased H+ permeability is due to p7 since several known viroporin inhibitors abrogate p7-induced channel activity. 

Chapter 4: Effects of p7 on the pH of Intracellular Organelles
Background
Viroporin channel activity in an artificial bilayer or a bacterial cell may not necessarily or accurately represent its function in a live cell and establishing channel properties only gives part of the story.  This is because the viroporin may function differently when present in the intracellular environment which can depend on cellular ionic homeostasis, presence of accessory proteins, or other mechanisms It is therefore important to examine the channel activity of viroporins in a live cell system 
 ADDIN EN.CITE 
[60,61,62]
. 

While the main function of a viroporin is to help in the release of progeny virus from infected cells, viroporin-mediated effects in cells can be diverse and the mechanisms by which they promote the viral life-cycle can differ greatly.  For cytolytic viruses, their viroporins often permeabilize the cell plasma membrane 
 ADDIN EN.CITE 
[16,73,74]
.  This permeabilization occurs late in infection and is accompanied by a drop in membrane potential which in turn initiates cell lysis and release of viral progeny.  For example, picornaviruses will allow the free dissipation of both Na+ and K+ across the plasma membrane ultimately causing membrane destabilization 
 ADDIN EN.CITE 
[17,73,74,75]
.  For non-lytic viruses, including HCV, the viral ion channel is often confined to distinct intracellular locations making the dissipation of ions less drastic and more difficult to measure.  Viroporin activity may also have consequences for cellular metabolism and morphology.  Modifications in ionic concentrations in virus-infected cells are responsible for the virus-induced shut-off of host protein translation [74].  As seen during togavirus infection, the translation of cellular mRNAs is rapidly inhibited by the action of a viroporin whereas viral RNA translation tolerates such ionic disturbances.  

Combining subcellular localization studies, and what is known about the channel activity in bilayers, correlations have been made to determine a functional role of viroporins in live cells.  For example, the p7 protein of BVDV is able to disrupt the H+ gradient in exocytic vesicles carrying influenza virus HA to the surface of cells 
 ADDIN EN.CITE 
[31]
. It is localized within the ER and ER-associated membranes, and having been shown to display cation-selective channel activity in several biochemical assays, it has been suggested to function late in the viral lifecycle to promote virus release 
 ADDIN EN.CITE 
[16,50]
.  

I have previously shown that p7 localizes to a fraction of light membrane compartments comprising ER, endosomes and lysosomes and based on peptide reconstitution experiments, p7 forms a channel that is preferential to the passage of cations.  Even more, it was able to replace M2 in protecting HA from low pH 
 ADDIN EN.CITE 
[31]
.  The HCV p7 protein has thus been proposed to act in a similar fashion as M2, and in support I clearly show that single protein expression of p7 in native intracellular membranes can result in the rapid equilibration of imposed pH gradients.  However, single protein over-expression systems in themselves can misrepresent a protein’s role in the virus lifecycle.  Function in an artificial lipid membrane or over-expression system may not resemble the true function of that particular protein when it is expressed in the relative levels as it would during infection.  Furthermore, viroporins, like nearly all viral proteins, act in concert in with other proteins to enhance their function.  In this chapter, I present data on the ability of p7 to alter intracellular ion gradients while in the presence of other viral proteins in both isolated membrane vesicles as well as in live cells.

Results
The Effect of p7 on Intracellular pH in HCV Replicon Bearing Cells  

p7 functions as proton permeation pathway in vesicles prepared from native, intracellular membranes and has inhibitor sensitivities identical to those determined in bilayers and artificial liposomes 
 ADDIN EN.CITE 
[44]
.  To determine if this activity is present in live cells, I incubated replicon cells with LysoTracker Red DND-99, a fixable fluorescent probe that has high selectivity for acidic organelles. LysoTracker Red DND-99 partitions into acidic compartments and including lysosomes, endosomes and the trans-Golgi network (TGN).   Once inside acidic compartments, this fluorophore will fluoresce red while more neutral compartments will remain non-fluorescent. I found that cells containing the replicating full-length HCV RNA demonstrated a significant loss in acidic organelle staining with punctuate red fluorescence (Fig. 13 A-B) compared to both full-length and cured HCV replicon cells.  These data are consistent with the data that p7 acts as a pH equilibrating H+ channel in vivo.  

To better identify the compartments that LysoTracker Red DND-99 labels, I performed co-localization studies with several organelles.  Huh-7.5 cells were loaded with LysoTracker Red DND-99, fixed with paraformaldehyde and immunostained for LAMP-1 (plasma membrane and lysosomes), LAMP-2 (late endosomes and lysosomes), PDI (ER) and GM130 (TGN).  Comparison of the individual and merged images show that the LysoTracker-positive vesicles co-localize nearly 100% with Lamp-1 and Lamp-2 (Fig. 14).  Partial and incomplete overlap is seen with PDI and little if any overlap with GM130. This indicates that the LysoTracker-positive vesicle population is primarily lysosomes and late endosomes.
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Figure 13.  p7 alters the Intracellular pH in HCV Replicon-bearing Cells.  (A) Presence of highly acidic organelles was assessed in HCV replicon-bearing cells by incubation for 30 min with LysoTracker Red DND-99 (100 nM).  Nuclei were counterstained with DAPI.  Excitation and emission wavelengths for LysoTracker Red were excitation 560 nm and emission 607 nm, represented as red, and excitation 380 nm and emission 440 nm for DAPI, represented as blue. Acidic organelles appear as red structures. Scale bar represents 20 µm. (B) Total LysoTracker cellular fluorescence for experiments conducted as in panel F is shown. Data are presented as mean ± SE of total cellular LysoTracker fluorescence. Data represents the average of at least 25 cells in a minimum of 3 independent cell preparations with the mean of each individual cell preparation counted as n=1. * indicates P ≤ 0.05 compared to sub-genomic replicons. 
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Figure 14. Co-localization of LysoTracker Red with Cellular Organelles.  Identification of the LysoTracker-positive acidic vesicles. A series of immunostaining experiments was performed to identify the LysoTracker-positive acidic vesicles. Normal, uninfected Huh-7.5 cells were incubated with LysoTracker for 30 min and then fixed, permeabilized and immunostained for Lamp 1 (lysosome and late endosomes), Lamp 2 (lysosomes and late endosomes), PDI (primarily ER), and GM130 (Golgi). Comparison of the individual and merged images show that the LysoTracker-positive vesicles co-localize nearly 100% with Lamp-1 and Lamp-2.  Partial and incomplete overlap is seen with PDI and little if any overlap with GM130. This indicates that the LysoTracker-positive vesicle population is primarily lysosomes and late endosomes.

LysoTracker Red identifies the presence of acidic organelles and cannot be used to measure organelle pH.  Because the presence of p7 dramatically decreased the presence of LysoTracker Red positive organelle staining, it was necessary to determine whether the organelles disappeared or had increased pH.  To test this, I used an alternate pH probe LysoSensor Yellow/Blue DND-160 a pH probe that exhibits a pH-dependent fluorescence shift in upon exposure to acidification.  As shown in the calibration curve in Fig. 15 A, LysoSensor Yellow/Blue DND-160 can be efficiently used to monitor intracellular vesicular pH of live cells.  Live cell ratiometric imaging of HCV replicon-bearing cells showed punctuate vesicles of varying size (Fig. 15 B). Cells containing full-length HCV replicon RNAs, expressing p7, had a net alkalinization of these vesicular structures and an average vesicular pH of nearly 6.0, whereas both sub-genomic and cured cells possessed an intra-vesicular pH of approximately 4.5 (Fig. 15 A-B).  
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Figure 15. Live Cell Imaging of LysoSensor Loaded Replicon Cells.  (A) Free solution calibration of LysoSensor Yellow/Blue DND-160.  Fluorochrome (100 nM) was dissolved in HEPES solution and titrated to various pH values.  Aliquots (750 µl) were placed in a 25 mm cover slip chamber and the fluorescence was measured using a Nikon TiE fluorescence microscope at excitation 380 emission 525 (wavelength 1) and excitation 340 emission 440 (wavelength 2). Ratio is presented as wavelength 1/wavelength 2. (B) Sub-genomic (SG), full-length (FL) and cured full-length (CFL) HCV replicon bearing cells were loaded with the ratiometric pH sensor, LysoSensor Yellow/Blue DND-160, and imaged at the 2 wavelength pairs used for the calibration in panel C. Fluorescence ratio images are presented where the fluorescence ratio at each pixel was mapped to a pseudocolor representation based on the calibration curve. (C) Mean vesicular pH as determined from the fluorescence ratio images in multiple experiments as in panel D is shown. Data is presented as mean ± SE of cytosolic fluorescence ratio with the corresponding pH scale indicated on the right. Data represents the average of 25 cells in each of 4 independent cell preparations with the mean of each individual cell preparation counting as n=1. * indicates P ≤ 0.05 compared to sub-genomic replicons. Scale bar represents 20 µm. 

Effects of Viroporin Inhibitors on Vesicular pH  

 I have shown that the channel activity of J4/1b, JFH-1/2a and H77/1a p7 proteins, when present in isolated membrane vesicles, is blocked by several viroporin inhibitors including amantadine and rimantadine. However, p7 channel inhibitors have yet to demonstrate clinical efficacy in the treatment of chronic hepatitis C, suggesting the possibility that the channel present in intact cells may not be as sensitive to these inhibitors. I therefore examined whether the p7 effects on vesicular pH in live cells could be reversed by channel inhibitors.  Full-length replicon cells were loaded with LysoSensor Yellow/Blue DND-160 and treated with either amantadine or rimantadine.  As shown previously, basal vesicular pH of full-length replicon cells was nearly 6.0, markedly more alkaline than sub-genomic or cured full-length replicon-bearing cells (Fig. 16A-B).  Treatment of full-length replicons with increasing concentrations of both amantadine and rimantadine was able to partially restore vesicular acidic pH within 5 min of treatment while sub-genomic replicons and cured cells were unaffected by inhibitor treatment.  Consistent with previous observations [23], rimantadine was a more potent inhibitor (EC50 ≈ 15 µM) than amantadine (EC50 ≈ 75 µM), but in both cases, the concentration required to alter channel function in live cells was considerably higher than for isolated membrane vesicles, and full restoration of acidic compartments was not achieved. Rimantadine was able to re-acidify vesicular compartments to approximately pH 5.0 and amantadine to roughly 5.5 (Fig. 16).
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Figure 16.  Effects of Viroporin Inhibitors on Intracellular Vesicular pH. (A) The ability of inhibitors to affect p7 channel function in vivo was assessed in full-length replicon bearing cells loaded with LysoSensor Yellow/Blue DND-160. Amantadine or rimantadine were added directly to LysoSensor loaded cells and the cells were imaged after 5 min.  Fluorescence ratio images are presented as for Fig. 15D and pH is represented by pseudocolor mapping as indicated. Scale bar represents 20 µm. (B)  Average pH changes from a minimum of 3 experiments performed as in panel A. pH values were determined from fluorescence ratios by interpolation on the calibration curve as shown in Fig. 15. FL = full-length, SG = sub-genomic and CFL = cured full-length HCV replicons.

HCV p7 Induces Channel Activity Within Infected Cells  

Given that p7 acts as a H+ channel in cells containing HCV replicons, I sought to determine whether this conductance was also present during HCV infection.  Live cell imaging using LysoSensor Yellow/Blue DND-160 does not allow for the identification of infected cells.  Therefore, I used LysoTracker Red DND-99 whereby the cells can be fixed with paraformaldehyde and subsequently immunostained for HCV core protein to identify infected cells.  Huh-7.5 cells were infected with the parental HJ3-5 virus at an MOI of 0.1, and stained with LysoTracker Red DND-99 to label acidic compartments. Infected cells were identified by immunofluorescence staining for core protein. Infection of Huh-7.5 cells with HJ3-5 resulted in a global loss of highly acidic organelles and compartments (Fig. 17A-B, HCVcc).  To ensure that the loss of acidic structures seen during HJ3-5 infection was due to p7 activity, I tested the effect on pH equilibration following electroporation of cells with either HJ3-5 RNA containing the wild-type or mutant p7KR sequence (Fig. 17).  Unlike the parental HJ3-5 viral RNA, the p7KR mutant was unable to alter intracellular pH, confirming that p7 acts as a proton channel during HCV infection.  To quantify LysoTracker positive staining, single wavelength fluorescence images were acquired at 560 nm excitation, 607 nm emission. A region of interest was chosen to include the entire area of a single cell and mean pixel intensity of each cell was determined and reported as mean cellular fluorescence intensity. 
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Figure 17.  p7 Channel Activity within Infected Cells. (A) Huh-7.5 cells were infected with HJ3-5 virus (HCVcc) or electroporated with parental HJ3-5 or mutant HJ3-5(KR) HCV RNA and assayed after 3 days.  Cells were subsequently incubated with LysoTracker Red DND-99 as described in Materials and Methods and viral replication was detected by immunostaining for core protein (green). Representative images showing both infected and non-infected cells are shown for each condition. Scale bar represents 20 µm. (B) Mean ± SE of total cellular LysoTracker fluorescence. Total magnitude of red fluorescence was calculated separately for non-infected cells and for cells infected with each of the different virus constructs as described for Fig. 15G. Data represents the average of at least 6 cells in each of 4 independent cell preparations with the mean of each individual cell preparation counted as n=1. * indicates P ≤ 0.05 compared to uninfected cells.

Discussion
Viroporins alter ion gradients for several reasons and while the main function of viroporins is to help in the release of progeny virus from the infected cell, the mechanisms by which this occurs vary from virus to virus.  These can be manifested as modifications in normal cell morphology and metabolism including the up- or down-regulation of host genes, evasion of the immune response or the induction of scaffolds for genome replication.  This is seen with HIV-1 where its viroporin, Vpu, seems to have functions that are independent of its channel activity whereby it promotes HIV-1 infectivity through protein-protein interaction with host cell proteins.  It is therefore of critical importance to examine viroporin-mediated virus production in live cells studies.  

Several methods have been developed to measure intracellular pH including several fluorescence techniques that offer continuous and rapid intracellular pH measurements.  BCECF (2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein),a widely used fluorescent indicator for intracellular pH, has also been used to assess various functional properties of cells including cytotoxicity, apoptosis, and adhesion.  However, this probe measures bulk cytosolic pH and cannot be targeted to particular sites or organelles within a cell.  In this case, pH sensitive photoproteins such as pHlourin could be a useful tool.  By genetically fusing a pH-sensitive GFP mutant with organelle-specific targeting motifs, they can be used to measure the pH of different cellular environments.  Yet, they have potential difficulties as well, including difficulties in assuring their targeting to all relevant intracellular compartments as well as difficulties in ascertaining their precise membrane orientation or maintenance within the lumen upon isolation.  Also, the need to co-express them along with the particular protein of study can add another potential variable to the experiments. 

To determine the extent to which p7 alters cellular ionic homeostasis, I utilized two fluorometric pH sensors that serve as pH reporters in live cells but work by different mechanisms.  LysoTracker Red DND-99 is an acidotropic probe with high selectivity for acidic organelles. Although its fluorescence is largely independent of pH, it can be fixed with paraformaldehyde and serves to mark the presence of highly acidic organelles.  LysoSensor Yellow/Blue DND-160 is a ratiometric pH sensor. It concentrates in organelles with less pH sensitivity, but undergoes a pH-dependent fluorescence spectrum shift that can be used to directly measure pH.  Each fluorophore showed that the expression of the HCV p7 protein by replicon RNAs or during infection resulted in an alkaline shift of organelle pH and a dramatic reduction in the number of highly acidic intracellular compartments.  This loss of organelle acidity only occurred in HCV infected or p7-containing cells and did not occur with electroporation of viral RNA containing the inactive channel mutant, p7KR. 

It was notable that loss of acidification was not restricted to one location or structure in the cell and seemed to be a global effect. The data are novel in that they are the first to show that a viroporin can directly induce a global loss in organelle acidity.  The implication of this is unknown, however cellular regulation of pH is extremely important because nearly all biological processes are pH sensitive.  Changes in intracellular pH can lead to modifications in membrane trafficking events, aberrant protein modifications and aggregations or alterations in cell growth. Agents that increase vacuolar pH lead to the inhibition of lysosomal function and molecular sorting/ recycling as well as the inhibition of intracellular fusion events.  Interestingly, similar effects occur during viral infections and while seemingly detrimental to the host cell, may be necessary for efficient virus production.  This drastic and promiscuous pH change during HCV infection suggests that HCV relies on and utilizes several organelles to promote infection and pH disruption is absolutely necessary to achieve this.  I have previously shown that subcellular fractionation of cell homogenates show p7 to localize to a population of light membranes not unlike those within the endocytic and exocytic pathways.  Co-localization studies of LysoTracker Red demonstrate that there is nearly complete co-localization with the lysosomal markers LAMP-1 and LAMP-2 with very little, if any, overlap with the Golgi suggesting that p7 exerts its effect in lysosomes and possibly ER.  These are sites often altered by viroporins including the homologous viroporin of BVDV which causes ER dilation and tubular formation [76].  It has also been noted that M2 affects lysosomal fusion with autophagosomal vesicles 
 ADDIN EN.CITE 
[77]
.  

The results show that the p7-associated proton conductance is inhibited by the viroporin inhibitors, amantadine and rimantadine.  However, it is worthy to note that these channel blockers had very different concentration dependence in isolated vesicle systems compared with live cells. In vesicles, my results confirmed most of what has been reported for bilayers and artificial liposomes 
 ADDIN EN.CITE 
[32]
. Both amantadine and rimantadine were effective at concentrations of 1 µM for genotype 1a p7 and only rimantadine was effective as a channel blocker at 1 µM for genotype 2a p7.  However, in live cells I observed a radically different concentration dependence.  Preliminary studies showed that 24 hr incubations with amantadine had nonspecific effects on cells even in the absence of p7 expression (unpublished observations). These include increased granularity, formation of membrane blebs and aggregation of intracellular organelles.  Nonetheless, there was no overt inhibition of viral RNA.  I therefore evaluated its effect as an intracellular channel blocker by measuring organelle pH in full-length replicon bearing cells, before and 5-min after incubation with the inhibitor. Under these conditions I found that amantadine did not affect or restore vesicular acidity at concentrations lower than 50 µM.  Rimantadine was effective at concentrations approximately 5-fold lower.  The reason for the difference between isolated vesicles and cells is not clear but could be due to limited entry into cells, active cellular extrusion or intracellular binding of the compounds.  Amantadine has been shown to be taken up into hepatocytes by members of the OCT family of organic cation transporters and is likely actively extruded from the cells by ABC transporter efflux pumps such as MDR1.  Until steady-state intracellular amantadine concentrations are known, it may not be possible to compare the effectiveness of this drug in subcellular systems with those in intact cells.  Intrinsic resistance of the genotype 2a p7 protein, to amantadine may also be contributing to its failure as an antiviral in JFH1 infection.

Chapter 5: The Role of pH in the HCV Viral Lifecycle
Background
To further explore the precise role of a virus’s respective viroporin, trans-complementation systems have been developed for a number of viruses, including West Nile, Sindbis and polyomavirus JC virus (JCV).  Trans-complementation systems provide an otherwise absent viral protein in trans, to restore the null phenotype and rescue virus production at least for a single round of infection 
 ADDIN EN.CITE 
[78,79,80]
.  This system has provided a tool to determine the requirement for particular viral proteins including viroporins. Several viruses with a deleted viroporin gene can be rescued if their viroporin is provided in trans.  Only recently, however, has this system been used for HCV whereby the rescue of p7-defective HCV genomes was accomplished by providing p7 both in a transient complementation assay as well as in stable cell lines 
 ADDIN EN.CITE 
[41,42]
.  While data presented in previous chapters suggests that p7 channel activity is required for virus production, the mechanism of this remains unknown.  
Viroporins favor the release of viral progeny through a diverse array of mechanisms, many of which remain unclear.  Thus, it is necessary to make direct functional evaluations in cells.  While HCV p7 is clearly essential for infectious particle formation 
 ADDIN EN.CITE 
[39,40,41,42]
, its exact function in the viral lifecycle is unknown.   It has been proposed to act in a similar fashion to M2 and cause a proton leak preventing acidification during the exocytosis of viral particles.  However this function has not been demonstrated and moreover, the requirement for p7 channel activity itself in virus production is unknown.  I therefore evaluated the contribution of p7-induced vesicular alkalinization to the production of infectious virus using various complementation methods.  These included either direct inhibition of acid secreting intracellular ATPases or replacement of p7 with an alternative viral ion channel.  I also examined the sensitivity of both extra- and intracellular HCV virions to an acid milieu. Finally, if p7’s only function was to dissipate H+ gradients, then I hypothesize that a similar viroporin might be able to fully complement a p7 channel mutant. 
Results
The Effects of p7-Induced pH Changes During Infectious Virus Production    

I have shown that treatment of full-length replicons with increasing concentrations of both amantadine and rimantadine partially restores vesicular acidic pH within 5 min of treatment. Yet, the concentration required to alter channel function in live cells was considerably higher (>50 µM) than for isolated membrane vesicles (1 µM).  Even more, full restoration of acidic compartments was never achieved, even after using concentrations as high as 200 µM.  To explore the involvement of p7 H+ channel activity in virus production, I examined whether a correlate existed between the re-acidification achieved by blocking p7 channel activity with infectious virus production and/or release. 

It was first necessary to perform a toxicity dose response of amantadine on Huh-7.5 cells.  Cells were treated with increasing concentrations of amantadine and their viability was assessed using the CellTiter-Blue Assay.  This assay is based on the ability of living cells to convert the redox dye, resazurin, into the fluorescent end product, resorufin.  Non-viable cells will rapidly lose metabolic capacity and can therefore not generate the fluorescent signal.  After 24 h, amantadine was relatively non-toxic at concentrations upwards of 500 µM (Fig. 18). Longer times of exposure to amantadine increased its cytotoxicity and approximately 50% of the cells died after a 72 h exposure to 500 µM amantadine.  I therefore chose to use a 24 h treatment at concentrations well below this dose with a maximum concentration of 100 µM.  

To determine if blocking p7 channel activity with amantadine would also reduce virus production, Huh-7.5 cells were infected with HJ3-5 virus and cultured in medium supplemented with varying concentrations of amantadine.  Fig. 18 B-C shows the titer of infectious virus released into the extracellular supernatant as well as the ratio between intracellular and extracellular virus after amantadine treatment.  Amandine, at 1 µM, had 
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Figure 18.  Effects of Viroporin Inhibitors on Infectious Virus Production. (A) Cytotoxicity of amantadine in Huh7.5 cells.  Cells were cultured in the presence of various concentrations of amantadine for the indicated times. Cell viability was determined using CellTiter-Blue Reagent (see methods).  Data are presented as the number of live cells, with untreated (no amantadine) set to 100%.  (B) Comparison of the effect of various concentrations of amantadine on both intravesicular pH (data from Fig 16 B) and infectious virus present in the extracellular culture medium. For measurement of virus titers, Huh-7.5 cells were incubated with the indicated concentration of amantadine for 24 hours prior to collection of medium and tittering by the FFU assay as described in Materials and Methods. (C)  Intra- and extracellular infectious virus production after amantadine treatment.  Huh-7.5 cells were infected with HJ3-5 virus and treated with amantadine as described in Materials and Methods.  Medium was collected for determination of infectious virus titer by FFU assay (Extracellular), and cell pellets were washed, disrupted by freeze-thaw and then assayed similarly (Intracellular). Bars represent the proportion of the total infectious virus yield that was present in each compartment.
no effect on the release of infectious virus (Fig. 18B, bars), yet, similar to previous results with both amantadine and rimantadine 
 ADDIN EN.CITE 
[44]
, increasing concentrations of amantadine reduced the release of infectious virus.  At 50 µM, a 30% decrease in virus released into the supernatant was seen and a 50% reduction was seen with 100 µM.  Furthermore, these two concentrations only slightly increased the levels of intracellular virus possibly suggesting a block late in virus egress.  Interestingly, the ability of amantadine to block virus production correlated directly with its ability to reverse the p7-induced loss of acidic intra-organelle pH (Fig 18B, compare line and bars). This result confirms the existence of a relationship between the antiviral effect of amantadine and its ability to specifically inhibit intracellular p7 channel activity.
p7 Channel Activity is Required for Production of Infectious Virus    

To definitively determine whether the p7-induced loss of vesicle acidification contributes to infectious virion production, I determined whether preventing this acidification pharmacologically using the vATPase inhibitor, bafilomycin A1, could compensate for the p7KR defect.  The mutation of the basic residues, K33/R35 to alanine renders the channel inactive and it can no longer increase H+ permeability.  Bafilomycin A1 is a specific inhibitor of the vATPase.  Characterization of this compound has shown that bafilomycin A1 increases both endosomal and lysosomal pH and abolishes the intralysosomal degradation of endocytosed materials.  The goal here was to alkalinize the intravesicular compartments to a similar extent as seen with p7 expression.  To achieve this, it was necessary to find a concentration of bafilomycin that did not entirely eliminate vesicular pH gradients but rather significantly alkalinized them.  To assess this, I used LysoSensor Green DND-189.  This compound will partition into acidic compartments and fluoresce while more alkaline compartments will remain non-fluorescent.  Huh-7.5 cells were plated on cover slips and loaded with LysoSensor Green DND-189.  After fluorophore loading, the cells were immediately imaged and after a baseline image was taken, bafilomycin A1 was added directly to the coverslip.  After an additional 5 min, another image was taken.  This procedure was repeated with increasing concentrations of bafilomycin A1 until the vesicular structures were no longer visible. As shown in Fig. 19A, 25 pM bafilomycin A1, completely blocked vesicular acidification while 2.5 pM resulted in a 50% reduction.

The acidic lumens of organelles such as the Golgi, secretory and coated vesicles, endosomes and lysosomes are all maintained by the vATPase.  Their acidic pH is required for organelle function and therefore disrupting this by treatment with bafilomycin A1 could lead to organelle malfunction and cellular toxicity.  It was therefore necessary to use a concentration of bafilomycin A1 that did not alter cell viability.  Huh-7.5 cells were treated with increasing concentrations (10-10 - 102 µM) of bafilomycin A1 and, after 24 hrs, their viability was assessed using the CellTiter-Blue Assay.  Bafilomycin A1 proved to be non-toxic at concentrations less than 1 nM, however there was a significant decrease in cell viability at concentrations above 1 nM and at 1 µM, a concentration often used to study vATPase function, nearly 50% of the cells were dead (Fig. 19B).

The HCV lifecycle has several different pH-dependent steps and it requires the low pH environment within the endosome to uncoat and initiate viral replication.  Previous studies show that treating Huh-7.5 cells with as little as 25 nM bafilomycin A1 can completely block viral entry which can in turn, directly affect the assessment of viral infection by the FFU assay.  Determining the infectivity of viral supernatants relies on the ability to infect naïve Huh-7.5 cells, and any bafilomycin A1 that is present in the collected virus supernatants can potentially interfere with my ability to assess infectious virus.  Therefore it was necessary to perform a careful titration to assess which concentration of bafilomycin A1 would not block virus uptake.  To determine this, Huh-7.5 cells were incubated in complete media containing varying concentrations of bafilomycin A1 for 1 hr, after which time the media was removed the cells were infected is HJ3-5 virus in the presence of bafilomycin A1.  The infected cells were then fixed, 
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Figure 19.  Bafilomycin A1 Rescue of Infectious Virus Production.  

(A) Concentration dependence of bafilomycin A1 on intravesicular pH in Huh-7.5 cells. Cells were loaded with the single wavelength pH indicator, LysoSensor Green DND-189, and treated with various concentrations of bafilomycin A1 as indicated.  The increase in vesicular pH was measured as a decrease in fluorescence intensity at Ex/Em 443/510.  Each data point represents mean ±SE from a minimum of 10 cells.  (B)  HCVcc (MOI 1.0) was used to infect naïve Huh-7.5 cells in the presence of varying concentrations of bafilomycin A1.  Cells were then fixed and immunostained for core protein 3 days later. Relative infectivity was determined by measuring the intensity of core immunostaining normalized to cell number (see methods).  (C)  Cytotoxicity of bafilomycin A1 in Huh7.5 cells.  Cells were cultured in the presence of various concentrations of bafilomycin A1 for 72 hrs. Cell viability was determined using CellTiter-Blue Reagent (see methods).  Data are presented as the number of live cells, with untreated (no bafilomycin A1) set to 100%.  (D)  Huh-7.5 cells were electroporated with parental HJ3-5, mutant HJ3-5(KR) or HJ3-5(Δp7) HCV RNA and allowed to grow for 96 h.  The cells were then treated with 2.5 pM bafilomycin A1 for 24 h after which time, intra and extracellular virus was collected and used to infect naïve Huh-7.5 cells as described in Materials and Methods.  Wild-type virus supernatants were diluted 10-fold, KR and Δp7 supernatants were undiluted.  These cells were immunostained for core protein (green).  Example images of the formation of FFUs in each condition are presented.  The scale bar represents 200 µm.  (E)  Titers of intra- and extracellular virus production in the presence or absence of 2.5 pM bafilomycin were determined from 4 experiments conducted as in panel D.  No FFU were detected in the KR virus in the absence of bafilomycin in any of the experiments. (F)  Western blot for the presence of core protein in whole cell lysates prepared from Huh-7.5 cells electroporated with WT (HJ3-5), KR (HJ3-5(KR)) or Δp7 (HJ3-5(Δp7)) HCV RNA.
immunostained for core protein and foci of infected cells were counted. Interestingly, 250 pM bafilomycin A1, a concentration well below the 25 nM which is typically used, blocked 60% of the virus entry.  Taken together, I found that at 2.5 pM, bafilomycin A1 was not cytotoxic, did not significantly inhibit viral entry, yet alkalinized vesicular acidic compartments to a similar extent as seen during HJ3-5 infection (Fig. 19C).  

To determine whether bafilomycin A1, could compensate for the p7KR defect, Huh-7.5 cells were electroporated with the parental HJ3-5 virus RNA, the channel-inactive p7 mutant, HJ3-5(KR), or an RNA in which the p7 sequence had been removed by an in-frame deletion, HJ3-5(Δp7).  After four days, the media was replaced with fresh media containing 2.5 pM bafilomycin A1.  Twenty-four hours later, the cells were harvested and the titer of both intra- and extracellular infectious virus was determined by inoculation onto naïve Huh-7.5 cells.  Bafilomycin A1 treatment of cells electroporated with the parental HJ3-5 virus RNA had no effect on the production of infectious virus, as intra- and extracellular virus titers remained ~103 and ~104 FFU/ml, respectively (Fig. 19D-E).  As expected, cells electroporated with either the mutant HJ3-5(KR) or HJ3-5(Δp7) RNAs showed no evidence of either extracellular or intracellular infectious virus production. However, treatment with 2.5 pM bafilomycin A1 was able to partially rescue infectious virus production by the KR mutant, resulting in approximately 102 FFU/ml in both the intracellular and extracellular compartments. Replication foci were noticeably smaller in cells inoculated with the rescued HJ3-5(KR) virus compared to the parental virus, consistent with a defect in cell-to-cell spread of virus within the naïve cells in the absence of drug treatment. Antibody to CD81 prevented infection by this HJ3-5(KR) virus, suggesting that it enters cells via the well characterized HCV receptor mechanism (data not shown).  CD81 is required for HCV entry into cells, and blocking this receptor with an antibody is a common tool used to determine HCV-specific entry.  These results thus demonstrate that p7 H+ channel activity is essential for production of infectious HCV, both within the cell and in cell culture supernatant fluids. Importantly, infectious virus production could not be rescued from HJ3-5(Δp7)-electroporated cells by bafilomycin A1 treatment, suggesting that other, non-H+ channel p7 functions are likely to be required for the assembly and release of infectious virus. Equal expression of HCV core protein was detected for each of these viral constructs, indicating that each of these RNAs is capable of replicating following electroporation into cells (Fig 19F).

Exposure to Acidic pH Renders Intracellular Infectious Virus Non-Infectious  

I have shown that p7 can dramatically alter the pH of intracellular compartments and that this vesicular alkalinization is required for infectious virus production.  I reasoned that this dramatic alkalinization is keeping mature HCV virions from acid-
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Figure 20. Intracellular Infectious Virus is Acid Sensitive. (A)  Huh-7.5 cells were infected with JFH-1 virus.  After five days, cell culture supernatants (extracellular virus) and freeze-thaw lysates (intracellular virus) were collected and diluted 1:1 in MES/HEPES buffer to give final pH values of 7, 6, 5 and 4.  After a ten min incubation at 37°C, the viral titers were determined by FFU assay. Example images of the formation of FFUs in each condition are presented.  (B)  Titers of intra- and extracellular virus production after incubation in buffers of varying pH as in panel A.  Data are represented as mean ± SE from three independent experiments.

induced premature conformational changes.  However, it has previously been shown that mature HCV particles are acid resistant.  I therefore hypothesized that nascent, immature intracellular infectious particles differ from mature particles with respect to their acid sensitivity and that p7-induced alkalinization could protect them from an acid milieu.  To examine this, I isolated both extracellular and intracellular virus and exposed them to acidic solutions.  Huh-7.5 cells were infected with cell culture passaged JFH-1 virus.  After five days, both extracellular and intracellular virus was harvested and incubated for 10 min at 37 ºC in identical broadly buffered HEPES/MOPS solutions to achieve final pH values of 7.0, 6.0, 5.0, and 4.0.   This solution was then neutralized back to pH 7.0 and used to inoculate naïve Huh-7.5 cells. Infectious titer was determined by the standard FFU assay.  Similarly to what has been reported [81], extracellular virus was acid stable and infectivity was unaffected when the virions were exposed to pH values as low as 4.0 (Fig. 20).  However, intracellular infectious virions displayed greatly increased acid sensitivity, with nearly a 2 log10 decrease in infectivity at pH 4.0

Influenza M2 Protein Can Trans-Complement an HCV p7 Channel Mutant
Proton channel activity of M2 is important to prevent the acidification of the trans-Golgi network, thus avoiding the premature conformational changes of influenza hemagglutinin in virus-producing cells.  It has been postulated that p7 acts in an M2-like fashion, since p7 was able to substitute for M2 in a cell-based assay 
 ADDIN EN.CITE 
[31]
.  Because bafilomycin A1 partially rescued infectious virus production for the channel-inactive p7KR mutant, I hypothesized that the influenza A M2 (IAV M2) proton channel might act similarly.  Therefore, I assessed if M2 could rescue the virus production of an HCV genome lacking functional p7.

The ability of M2 to alter pH gradients in live cells was first examined.  This experiment required single protein expression and one caveat to standard lipofectamine transfection is that at best, 75% of the cells will express the protein of interest.  In order to perform these live imaging experiments, it was imperative that the M2-expressing cells be easily identifiable and thus recordable. It was therefore necessary to express M2 along with a fluorescent marker/tag that did not affect its ability to oligomerize or function as a proton channel.   I chose the vector pLVX-IRES-mCherry which allows the simultaneous expression of the particular protein of interest and mCherry.  It expresses the two proteins (M2 and mCherry) from a bicistronic mRNA transcript, allowing mCherry to be used as an indicator of expression.  

I chose to use LysoSensor Yellow/Blue DND-160 to assess M2-induced alkalinization of cellular compartments because it partitions into the most acidic compartments, and M2 localization/functional studies have shown it to exert its channel activity in such organelles.  As a negative control, I included a channel inactive mutant M2, M2(A30P), as described by Watanabe et al. [55].  Huh-7.5 cells were transfected with M2 or the channel inactive M2, M2(A30P) and loaded with LysoSensor Yellow/Blue DND-160 (Fig. 21A).  The presence of M2 caused a net alkalinization of highly acidic vesicular structures measuring an average pH of 5.5 while cells expressing an empty vector or the channel inactive M2(A30P) measured an intravesicular pH of approximately 4.3.  These results indicate the M2 can equilibrate pH gradients in live cells.  
To assess whether M2 H+ channel activity was specifically able to rescue p7-deficient HCV, I exploited the genotype-dependent sensitivity of p7 to amantadine. Thus, I assessed the ability of an amantadine-sensitive M2 protein to rescue the amantadine resistant genotype 2a JFH-1 HCV, thereby utilizing amantadine sensitivity to identify an M2-specific effect. Huh-7.5 cells were co-electroporated with plasmids encoding the amantadine-sensitive IAV M2 protein or the channel inactive M2, M2(A30P), along with  wild-type JFH-1, JFH-1(RR) or polymerase mutant, JFH-1(GND) RNA. Following amantadine treatment, yields of extracellular infectious virus were assessed. Cells electroporated with JFH-1 RNA produced approximately 104 FFU/ml and the release of infectious virus from JFH-1-electroporated cells was not affected by the expression of M2, M2(A30P) or the presence of 50 µM amantadine (Fig. 21B). JFH-1(RR) RNA produced no detectable infectious virus, however, co-electroporation of JFH-1(RR) and IAV M2 resulted in a partial rescue of infectious virus production, yielding between 103 and 104 FFU/ml. Unlike JFH-1 infected cells, however, the release of infectious virus by the M2 trans-complemented JFH-1(RR) mutant was partially inhibited by amantadine.  In addition, the M2 mutant, M2(A30P) was unable to rescue the JFH-1(RR) mutation. This result confirms the requirement for H+ channel activity for virus production.
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Figure 21.  Influenza M2 Protein Can Trans-complement an HCV p7 Channel Mutant.  (A) Huh-7.5 cells were loaded with the ratiometric pH sensor LysoSensor Yellow/Blue DND-160 and imaged as described in Materials and Methods.  Mean vesicular pH as determined from the fluorescence ratio in multiple experiments is shown. Data is presented as pH ± SE.   Data represents the average of 20 cells in each of 3 independent cell preparations with the mean of each individual cell preparation counting as n=1. * indicates P ≤ 0.05 compared to empty vector. (B) Huh-7.5 cells were co-electroporated with mCherry-M2 or the channel inactive mCherry-M2(A30P) and one of three HCV RNAs: wild-type JFH-1, channel inactive JFH-1(RR) or polymerase null JFH-1(GND) HCV RNA as described in Materials and Methods.  Supernatants were collected and assayed for infectious virus titer by FFU determination. Where indicated, cells were treated with 50 µM amantadine for the final 24 hrs prior to harvesting the medium. Data are represented as mean ± SE from three independent experiments.
Discussion
To date, a link between p7 channel activity and virus production has remained unknown.  I have shown that the channel activity of p7 is required for virus production.  Multiple lines of evidence demonstrate that the p7-induced loss of acidification is necessary for production of infectious virus.  While it was confirmed that the mature HCV virions are acid stable, intracellular virus is not and therefore, there appears to be a phase during maturation in which protection from an acid environment is required. HCV circulates in the blood as low-density and very-low-density lipoprotein virus particles while intracellular infectious particles exhibit a higher density than does the secreted virus.  This suggests that the low-density configuration of infectious HCV particles might be acquired during viral maturation and egress. Whether this acquisition requires protection from an acid milieu is unknown although pH manipulation of subcellular compartments can slow transport through the secretory pathway possibly allowing sufficient time for intracellular HCV particles to obtain their low density composition.  

The necessity for p7-induced alkalinization is supported by the observation that concentrations of the V-ATPase inhibitor bafilomycin A1 sufficient to raise the pH of acidic organelles, partially rescued both intra- and extracellular infectious virus production in the null p7KR phenotype. Virus produced from the p7KR mutant virus, as a result of bafilomycin rescue, was subsequently able to enter cells by the normal viral receptor-mediated entry pathway which was inhibited by anti-CD81 antibody; this suggests that p7 is not required for viral entry. Another line of evidence in support of a role for p7 channel activity in infectious virus production was the observation that the JFH-RR mutant virus could be rescued by expression of influenza M2 protein. This viroporin has been shown to be a proton equilibrating channel in the secretory pathway 
 ADDIN EN.CITE 
[25,26]
, but is unlikely to be able to trans-complement other potential HCV p7 specific functions such as viral protein-protein interactions.  

Further evidence that supports an ion channel function for p7 in virus production is the correlation between the effects of amantadine on intravesicular pH and virus production.  As shown in Fig. 18B, amantadine did prevent virus production but only at concentrations for which it was effective as an intracellular channel inhibitor in live cells. Previous studies examining the effect of amantadine on the HCV p7 protein have been difficult to reconcile. Amantadine inhibits the genotype 1 p7 channel in bilayers at low micromolar concentrations, but it does not inhibit virus production until 50-100 µM 
 ADDIN EN.CITE 
[28,44]
, and it has failed to have a clinically significant  antiviral effect in patients where blood concentrations of 1-2 µM are the highest that can be achieved 
 ADDIN EN.CITE 
[82]
.  My results in live cells, however, clearly show that higher extracellular concentrations of amantadine are required to restore the acidic pH of intracellular vesicles in p7 expressing cells.  Furthermore, this effect has the same concentration dependence as does inhibition of virus production, thus implying a direct role of p7 channel activity in virus production and supporting that amantadine would have a specific antiviral effect in vivo should it reach sufficient local concentration. 

The M2 protein functions as an ion channel that modulates the pH of intracellular compartments and is activated at low pH.  No one has shown M2 to alter pH gradients directly.  I therefore examined the ability of M2 to increase intravesicular pH using the ratiometric pH sensor LysoSensor Yellow/Blue DND-160.  I found that the presence of M2 alone was sufficient to increase intravesicular pH from approximately 4.4 to 5.5.  It is important to note that while previous results show that p7 has a more global effect of intracellular pH, M2 seems to be more specific and less profound and is limited to the most acidic vesicles.  This is not surprising since M2 is a gated H+ channel that is activated at low pH.  Subcellular localizations studies presented in earlier chapters have also shown p7 to be slightly more promiscuous in its distribution, while literature consensus has shown that M2 localizes to the Golgi and plasma membrane regions.  

Trans-complementation assays have proven useful to determine the function and/or requirement of viral proteins.  For example, a series of defective Sindbis virus helper RNAs were found to package RNA replicons into infectious particles.  In addition, by counteracting tetherin, vpu facilitates not only HIV-1 release but also the release of other retro- and filoviruses.  It was recently reported that the influenza M2 protein was not able to complement the absence of p7 in a novel trans-complementation system using a helper replicon to express the complementing protein 
 ADDIN EN.CITE 
[42]
.  Using a similar construct that was used in these Δp7 experiments, that study showed that a Δp7-half deletion could be complemented to varying degrees by p7, E2p7, and E2p7NS2, but not by M2. If p7 performs distinct channel-dependent and channel independent functions, then logically M2 would not be expected to restore virus production to the p7-deleted virus as it would only compensate for the loss of H+ channel function.

As described previously, viroporin inhibitors can be used to address the specific function of a viroporin in a virus lifecycle. Yet, it is not uncommon for ion channel escape mutants to arise whereby their channel activity is no longer abrogated when exposed to the inhibitor.  This is a common occurrence for influenza where several M2 mutant channels are no longer susceptible to amantadine.  Interestingly, it has recently been shown that p7 displays a genotype-specific susceptibility to several viroporin inhibitors.  In both virus production and liposome-based assays, the JFH-1/2a p7 was not blocked by amantadine.  I therefore took advantage of this genotypic-sensitivity to test whether the amantadine-sensitive M2 could trans-complement a p7-null JFH-1(RR) genotype.  M2 was able to restore virus production in the JFH-1(RR) virus and because JFH-1 is insensitive to amantadine while M2 is sensitive, inhibition of this M2-rescued virus with amantadine is specific to the M2 channel.

In summary, I have shown compelling evidence linking the ion channel activity of p7 to its role in the assembly and release of infectious HCV particles.  First, a mutation in the conserved basic loop region of p7 abrogates ion channel activity and interferes with both intra- and extracellular virus production in tissue culture. Second, inhibiting the acidification of intracellular compartments can partially restore virus production in the KR virus.  Third, intracellular virus is sensitive to exposure to acid while extracellular virus is not.  Fourth, an unrelated viroporin, M2, can complement for a HCV genome with a defective p7.  Taken together, the data suggests that p7 alters intracellular pH gradients as a mechanism to enhance virus production and that pH resistance does not occur until exocytosis.  
Chapter 6: Conclusions and Future Directions
Background
The detailed processes by which HCV viral particles are formed and exocytosed has remained one of the most significant unknowns in HCV virology.  For several years, it has been known that p7 is absolutely required for this process but there is essentially no information as to where or how it functions.  The majority of speculation in the field has focused on the viroporin ion channel function of the protein. The p7 protein is clearly an ion channel and therefore, analogy with other viroporin channels has allowed the proposing of several speculative mechanisms that tie this ion channel function to particle formation and maintenance of particle stability.  However, in spite of the proliferation of these hypotheses, very little – if any at all - hard evidence supports any of these conjectures.   Besides analysis in black lipid membranes, it has never been demonstrated that p7 functions as an intracellular ion channel.  The work presented in this dissertation was undertaken to try to address this scientific need.
HCV p7 as a Mediator of Viral Entry
The p7 protein may function at several stages of the HCV lifecycle.  During the initial infection of cells, viroporin-induced membrane permeability is often coupled to the fusion process and, like M2, it has been suggested that p7 may be required for virus entry.   In this model p7 would be incorporated within the virion and would promote efficient disassembly and uncoating by allowing the passage of protons into the viral core during endocytosis.  Although it is unknown whether p7 resides within the viral particle, HCV infectivity can be reduced in the presence of high concentrations of p7 inhibitors 
 ADDIN EN.CITE 
[44]
.  It has also been suggested that the precursor fusion protein, E2-p7, is incorporated within the virion to serve this function [83].  However, E2-p7 in its unprocessed form is completely dispensable for the production of infectious virus [40].  Data presented in this dissertation shows that virus produced from the p7KR mutant virus, as a result of bafilomycin rescue or M2 trans-complementation, was subsequently able to enter cells by the normal viral receptor-mediated entry pathway.  The virus produced by this method does not have a functional p7 protein yet, it is still capable of a single round of infection.  This definitively proves that viral entry does not require an intact p7.  
HCV p7-Induced Membrane Rearrangement and Host Cells pH Manipulation
Viral infection can lead to any number of cellular changes including cellular remodeling which is a common feature amongst RNA viruses.  Cellular membranes can participate in the maturation and release of viral particles from the host cell, whereby the virus alters cellular functions including glycoprotein trafficking and modifications within the secretory pathway.  BVDV infection has been shown to induce the formation of tubular and spherical ER-derived fragments. Poliovirus infection inhibits ER-to-Golgi transit and induces fragmentation of the Golgi structure.  HCV assembly, budding, and release also depend on viral proteins associating with intracellular membranes.  These processes involve the ER and its associated membranes including the mitochondria, Golgi and secretory vesicles. While the role of altered membranes in HCV infection is not well understood, membrane rearrangements have been noted in the infected human and chimpanzee as well as cells infected in vitro.  The p7 protein may function to mediate modifications of membrane trafficking events which promote viral assembly and egress.  Rearranged membranes due to p7 may serve several functions.  First, they can act as a physical support for the assembly and organization of the RNA replication complex.  Second, they compartmentalize, and thus concentrate, the components necessary for viral replication.  Third, they serve to protect the viral RNA and proteins from host defense mechanisms. 
HCV p7 as an Assembly and Scaffolding Factor
Another possible functional role for p7 in the HCV lifecycle is during the assembly phase of the virus particle where p7, in addition to its role as an ion channel, would aid in the scaffolding or recruitment of other viral proteins.  Recent structural analysis shows that the JFH-1 p7 protein forms a hexameric structure with a luminally-facing, open orientation [38].  This exposed region is then available to provide protein-protein interaction sites.  Similarly, this is seen with HIV-1 where its viroporin, Vpu, promotes HIV-1 infectivity and release of infectious virus particles through protein-protein interactions with the host such as sequestration of the virus receptor CD4 and hindering of BST-2/tetherin [84].  This supports previous data for HCV showing that incompatibilities in the sequence of NS2 in inter-genotypic HCV chimeras that limit RNA replication can be overcome by spontaneous, compensatory mutations in p7, thus providing genetic evidence that critical protein-protein interactions exist between p7 and other non-structural proteins 
 ADDIN EN.CITE 
[40,53]
.  A notable finding in this study is that bafilomycin A1 was able to partially overcome the defect in the KR mutant but was not able to complement a p7 deletion mutant. Overall, this suggests that p7 has additional functions unrelated to its channel activity. The KR mutant protein may serve these other functions and therefore can be rescued by pH manipulation, but the total absence of p7 produces more profound defects that cannot be overcome by pH changes alone. 
Role of p7 in Secretory Pathway Protection
The step at which acidification suppresses HCV virus production is not yet clear. The most widely cited hypothesis, based on analogy to influenza 
 ADDIN EN.CITE 
[25,26]
 and other viruses, is that p7 protects the nascent virus from premature acid-induced conformational changes and it has been hypothesized that p7 functions solely at the final exocytosis step of infectious virions.  For this hypothesis to be true, one might expect that blocking p7 channel activity would result in an increase in intracellular virus yield.  However inhibiting p7 with amantadine has no effect on the amount of intracellular virus and does not increase the ratio of intracellular to extracellular virus.  Furthermore, the channel inactivating KR mutation completely eliminates both intra and extracellular virus production suggesting that p7 acts at an earlier stage in virus assembly or maturation prior to the formation of an infectious particle.  The KR mutation can lead to aberrant processing of the polyprotein resulting in the accumulation of various p7 fusion proteins and thus lower amount of assembled virions.  At a later stage in virion production the KR mutation may simply block the final maturation of the formed particle where protection from an acid environment is critical to virion secretion.  The majority of intracellular virus is acid-sensitive suggesting that virion resistance to low pH does not occur until the final exocytosis of the particle (Fig. 22).  
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Figure 22.  Stages where p7 May Function During the HCV Lifecycle.  The p7 protein may interact with both host and viral proteins to promote efficient assembly and trafficking of virions.  The presence of p7 in trafficking vesicles can prevent the acidification of secretory vesicles which serves in a protective manner shielding a nascent virion from cell imposed ion (H+) gradients, thus protecting the viral envelope glycoproteins from premature fusogenic changes.  The presence of the channel inactive p7KR may block virus production at one of two stages.  It may block the formation of viral particles or inhibit the maturation of the immature virion from a non-infectious to an infectious-state.  When p7KR is present, no infectious particles are made.

Mechanisms of pH Protection by p7

HCV Envelope Proteins as pH-Triggered Fusion Proteins
HCV exits the cell through a still unknown mechanism, presumably via the secretory vesicle transport system where a gradient of progressively decreasing pH is seen.  The pH of the ER is near neutral, similar to the cytoplasmic pH.  Thereafter, the compartments of the secretory pathway become progressively more acidic.  The cis-Golgi has a pH of roughly 6.7 and in the following stacks of the Golgi, the pH reaches approximately 6.0.  In the secretory vesicles, the pH reaches as low as 5.2 
 ADDIN EN.CITE 
[85,86]
.  While pH-dependent viruses require low pH to release their viral genome into the host cell, a gradient of intravesicular pH poses a potential threat to virions trafficking through secretory compartments and the viral particles can be inactivated when exposed to low pH.  pH-dependent viruses thus require a mechanism to prevent acidification of the secretory pathway and p7 may serve this function, shielding nascent HCV particles from an acid milieu.  While mature virions are acid-stable, I have shown that intracellular virions are sensitive to exposure to acid.  Furthermore, channel inactive mutants of HCV are incapable of establishing productive HCV infection suggesting a key requirement for the disruption of pH gradients infected cells.  The mechanism by which this occurs as well as proteins involved are unknown however it is likely that it involves one or more of the HCV envelope proteins which act in concert with host cell receptors.  It is reasonable to assume that virus-receptor interactions and low pH could trigger glycoprotein rearrangements, thereby allowing the transition of the protein complex from a pre-fusion state to a stable post-fusion, acid sensitive structure. 

Both E1 and E2 have been reported to act as fusion peptides suggesting that distinct regions in both E1 and E2 may cooperate to complete the fusion process.  Both play a critical role in HCV infection and it is possible that they serve as pH-triggered fusion proteins but only when bound to a host receptor.  During entry the envelope proteins within a mature, circulating virion are presumably in a pre-fusogenic, acid-resistant conformation, yet upon binding to one or more cellular receptors, they rapidly shift conformation to become acid-sensitive thus allowing membrane fusion and genome release into the cytoplasm.  It is plausible that a similar phenomenon may occur during the exocytosis of the virion.  Within the secretory vesicle, the envelope proteins may be bound to a host receptor, placing them in a conformation that would deactivate the infectious virion if exposed to acid.  The p7 protein would shunt the pH of the virion-containing vesicle to avoid this and not until E1 or E2 dissociate from their adaptor protein would the envelope proteins enter a pre-fusogenic conformation that is resistant to acid. This dissociation would occur immediately on exit.  Because bafilomycin A1 could rescue both intra and extracellular virus production and because nearly all intracellular virus is deactivated by low pH, it is clear that HCV requires the alkalinization of intracellular compartments as a step in the maturation of the virus particle. The activation of a particular viral protein by another protein is not uncommon for viruses.  For several members of the Flaviviridae family, a virus-encoded cofactor is needed to activate the NS3 serine protease.  For HCV the cofactor is the NS4A protein and the interaction with NS4A is critical for NS3 to achieve a stable, active conformation 
 ADDIN EN.CITE 
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.  NS4A deleted HCV mutants fail to cleave the junctions at NS3/4A, NS4A/NS4B and NS4B/NS5A showing that NS3 alone is not sufficient to initiate polyprotein cleavage [89]. 
Lipoprotein Particle Formation and HCV pH Sensitivity
HCV infection alters cellular metabolism, and in particular lipid homeostasis.  These HCV-induced metabolic changes may be important for HCV replication and in particular the HCV assembly process, which is closely linked to VLDL metabolism.  HCV circulates in the blood as low-density and very-low-density lipoprotein virus particles while intracellular infectious particles exhibit a higher density than does the secreted virus.  This suggests that the low-density configuration of infectious HCV particles might be acquired during viral maturation and egress. Whether this acquisition requires protection from an acid milieu is unknown although pH manipulation of subcellular compartments can slow transport through the secretory pathway 
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 possibly allowing sufficient time for intracellular HCV particles to obtain their low density composition.  

During assembly, the virion exists in several forms; immature virions comprised of capsids that are surrounded by a lipid bilayer containing the viral envelope glycoproteins and more mature virions that are associated with lipid and apolipoproteins.  The mechanism by which lipids are acquired is still under investigation however lipid association is thought to increase the infectious properties of the virion and to shield it from various host cell responses including immune responses.  It is therefore possible that the acquisition of lipid serves as a protective barrier, shielding the virion from pH gradients and that the acquisition of lipid is required for the virion to become acid resistant.  Here, HCV envelope proteins would be in an acid-sensitive conformation protected by p7 until the particle acquired sufficient lipids.  Due to the morphology differences of virions of different densities, one could speculate that the accessibility of H+ to HCV envelope proteins might be affected by the lipid surrounding of the viral particles.  I have shown that intracellular virus is rendered non-infectious when exposed to acid and it possible that the infectious intracellular virions had yet to acquire sufficient lipid.  
Consequences of p7 Presence and Future Directions
Autophagy
The presence of p7 results in a global collapse of intracellular pH gradients and most notably, the highly acidic compartments in infected cells are drastically alkalinized.  While this may be necessary to promote efficient HCV propagation, it can be somewhat unfavorable to the host cell and result in one of many cellular consequences.  Autophagy is a normal cellular process continually occurring at steady state levels.   It is a process whereby a cell degrades its components through the lysosomal machinery.  It is highly regulated and plays a significant role in normal cell growth, development and homeostasis.  Autophagy involves the formation of a membrane (phagophore) which will eventually surround a particular region of the cell.  This newly formed vesicle will then fuse with a lysosome to initiate the degradation of its contents.  Double membrane structures are a common feature of autophagy and their presence can often indicate autophagic flux.  

Autophagy can serve in innate immunity to remove intracellular pathogens including viral infection.  However some pathogens escape the host defense by blocking or altering the maturation of the sequestering vesicles.  For example, poliovirus hijacks the autophagy machinery to provide membranous scaffolds for viral RNA replication.  Bovine viral diarrheal virus incorporates the autophagy gene, LC3, into its viral genome to enhance viral replication and polyprotein processing.  Recent data suggests that HCV infection perturbs the autophagic pathway resulting in the accumulation of autophagic vacuoles.  However, the autophagic response during infection is incomplete, whereby the autophagosome fails to fuse with the lysosome 
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[90]
.  Several RNA viruses that induce autophagy also block the final maturation of the autophagosome, possibly using the autophagosomal membrane for their own replication.  It is therefore plausible that p7 plays a vital role in the perturbation of the autophagic response during HCV infection.  A similar phenomenon has been seen during other viral infections including HIV-1 where its Nef protein blocks autophagosome-lysosome fusion 
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.  Recently, the M2 proton channel has been found to act similarly and block the normal maturation of autophagosome 
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.  Misdirecting the autophagic pathway by p7 may serve to initiate viral genome replication, to prevent virion degradation or even perhaps to use the immature autophagosomes as a means of secreting virions from the cell.  
Lysosomal Integrity
Lysosomes represent the final destination for many endocytic, autophagic and secretory molecules targeted for destruction or recycling and numerous functions depend on normal lysosomal function.  These include the turnover of cellular proteins, downregulation of surface receptors, release of endocytosed nutrients and inactivation of pathogenic organisms 
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.  The importance of a properly functioning lysosome is highlighted by the number of diseases that result from defects in lysosomal biogenesis and normal degradative capacity 
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.  Lysosomes contain a variety of acid hydrolases that are active at the acidic pH maintained within their lumen.  These enzymes hydrolyze proteins, DNA, RNA, polysaccharides, and lipids and deficiencies in any single lysosomal enzyme are responsible for any number of lysosomal storage diseases.  The presence of p7 during HCV infection considerably increases the luminal pH of lysosomes which presumably inactivates one or more of the lysosomal acid hydrolases, consequently leading to an accumulation of macromolecules, vacuolation, altered cellular metabolism or immune evasion whereby the lysosome is unable to degrade and transport antigens.

In conclusion, I have specifically shown that p7 dramatically alters the pH equilibration in intracellular vesicles and causes a loss of acidification of multiple compartments in live cells. Intracellular virus itself is acid sensitive and virus production by a p7 mutant with defective channel function can be partially rescued by using alternative approaches to prevent intracellular acidification. This demonstrates that p7 functions as an H+ channel in native intracellular membranes and links p7-induced pH changes to the production of infectious intracellular viral particles.  While p7 channel inhibitors have yet to demonstrate clinical efficacy in the treatment of hepatitis C, this work shows that amantadine is ineffective at the concentrations achieved clinically and thus improved agents targeting the p7 channel activity could have therapeutic potential. These novel aspects and approaches to HCV will undoubtedly reveal new details of HCV-host interactions as well as therapy, as more is uncovered about the roles of this viroporin in virus assembly and release.
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