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Abstract 

 The Hepatitis C Virus, the cause of hepatitis C in humans, affects 170 million 

people worldwide.  Chronic hepatitis, present in up to 85% of patients, often results in 

liver failure, cirrhosis, or hepatocellular carcinoma, making Hepatitis C the largest 

contributor to liver transplants in the world.  Hepatitis C Virus is a negative strand RNA 

virus with a genome of 10,000 nucleotides that encodes a polyprotein that is post-

translationally spliced into 10 individual proteins.  The p7 protein, a 63 amino acid long 

peptide, oligomerizes in the endoplasmic reticulum to form a hexameric ion channel 

crucial for viral assembly and virion release, although its exact mechanism of action is 

unknown.  This study examined the genetics of p7 in 30 virus infected patients and 15 

HIV co-infected patients by cloning and sequencing the p7 gene from serum extracts and 

liver biopsies.  Amino acid sequences were analyzed and the conservation of sequences 

was compared using dN/dS ratios across all patients and different disease stages.   

Conservation of certain residues were also analyzed and used in coordination with current 

research to propose potential functions and structures of those residues.  There was no 

significant variation in the conservation of the p7 gene between mild and severe disease 

patients, however, a significant correlation was observed between the conservation of the 

gene sequence between mild and severe disease patients amongst HIV co-infected 

patients, suggesting additional purifying stabilization.  This study examines the genetics 

of HCV p7, suggests candidate residues for biochemical analysis, and proposes roles for 

residues S21, C27, K33, R35, P38, P49, and P58, key amino acids necessary to maintain 

proper p7 structure and function.   
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Introduction 

Hepatitis C Virus Epidemiology 

 The Hepatitis C Virus (HCV), the cause of the disease Hepatitis C in humans, is 

the leading cause of hepatitis in the United States, and is one of the major contributors to 

liver failure requiring liver transplant throughout the world (Griffin et al., 2003).  First 

identified in 1989, hepatitis C is an infectious disease affecting 130-170 million people 

worldwide, with an infection rate of 2.2-3.0% (Lavanchy 2009).  HCV infection results in 

death by cirrhosis (widespread disruption of liver function by fibrosis, or the formation of 

excess connective tissue in the liver) or hepatocellular carcinoma in roughly 20% of case 

(Centers for Disease Control and Prevention, 2012).  In the United States, 3.2 million 

people are infected with HCV, with estimates of 17,000 new infections in 2007 (Center 

for Disease Control and Prevention, 2012).  75-85% of HCV patients develop chronic 

infection which is characterized by the persistence of the virus in the body for more than 

six months.  More importantly, two thirds of patients diagnosed with chronic infection 

develop chronic liver disease that progresses to cirrhosis in 5-20% of cases (Center for 

Disease Control and Prevention, 2012).    

 Transmission of HCV occurs mainly through blood contamination: by blood 

transfusion, intravenous drug use, used syringes and needles, and hemodialysis (Shepard 

et al., 2005).  While introduction of blood screening has virtually eliminated blood 

transfusion as a mode of transmission of HCV in first world countries, blood transfusions 

continue to pose a risk in many developing countries.  Today, the main source of HCV 

infections in most developing countries is through injection drug use, accounting for 

more than 40% of those infected (Lavanchy, 2009).  While much less frequently 
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observed, HCV transmission can also occur through perinatal, occupational, and sexual 

exposure (Centers for Disease Control and Prevention, 2012).   

 Although the epidemiology of Hepatitis C has been studied for years, researchers 

believe that the exact number of infections reported is severely underestimated, a result of 

the infection remaining asymptomatic for an indeterminate amount of time between 4 and 

12 weeks post-exposure (Centers for Disease Control and Prevention, 2012).  Only 20% 

to 30% of patients infected with HCV experience symptoms such as malaise, weakness, 

anorexia, and jaundice during this variable time post-infection (Chen et al., 2006).  The 

development of chronic infection as seen in 75%-85% of infections is heterogenous and 

depends on a variety of factors, including age at time of infection, gender, ethnicity, 

consumption of alcohol during infection, and the development of jaundice during the 

acute infection (Centers for Disease Control and Prevention, 2012).  However, chronic 

infection ultimately leads to serious disease, such as cirrhosis, hepatocellular carcinoma 

(HCC), and death (Chen et al., 2006).   

 Numerous tests have been developed over the past several decades to detect HCV.  

Current screens include enzymatic immunoassays, enhanced chemiluminescence 

immunoassays, and recombinant immunoblot assays, which enable the detection of HCV 

antibodies as early as 8 to 12 weeks post-infection (Ghany et al., 2009).  Diagnosis tests 

that detect the presence of HCV ribonucleic acid (RNA), such as polymerase chain 

reaction (PCR) and HCV titers, are efficient as early as two weeks post-infection (Centers 

for Disease Control and Prevention 2012).  However, the test most commonly used is an 

enzyme immunoassay, which is usually followed by a confirmatory test, typically a 

recombinant immunoblot assay (Wilkins et al., 2010).   Screens are currently unable to 
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accurately distinguish between acute and chronic infection.  As a result, assessment of the 

progression and severity of the disease depends on the histological observation of a liver 

biopsy to quantify the extent of the liver fibrosis, or the pathological formation of 

connective tissue in the liver (Table 1).  Fibrosis level, as determined by the International 

Association for the Study of the Liver (IASL), often dictates the treatment options and 

the effectiveness of those treatments (Ghany et al., 2009). 

Classification of the disease 
stage 

Phenotypic characterization of the 
liver (IASL) 

0 No fibrosis 
1 Mild fibrosis 
2 Moderate fibrosis 
3 Severe fibrosis 
4 Cirrhosis 

Table 1.  Disease Progression  The table above displays the stage, or fibrosis score, of HCV infection 
based of liver fibrosis determined during liver biopsy.  The scale is based on the International Association 
for the Study of the Liver’s analysis. 
 
 Unlike Hepatitis A and Hepatitis B, no vaccine for HCV is currently available.   

Current treatments are designed to halt the progression of liver fibrosis and prevent the 

development of cirrhosis, enabling patients to live longer, more symptom free lives 

(Wilkins et al., 2010).  The most common treatment consists of a combination therapy of 

pegylated interferon-alpha (IFN-α) and ribavirin, resulting in undetectable HCV RNA 24 

weeks post-treatment in 40%-80% of patients (Wilkins et al., 2010; Centers for Disease 

Control and Prevention, 2012).  IFN-α induces expression of target genes that lead to an 

antiviral state within the cell and ribavirin is thought to potentiate IFN-α by stabilizing 

mediators of IFN-α and ultimately increasing IFN-α antiviral capacity (Feld et al., 2005).   

Addition of polymerase and protease inhibitors has recently been shown to improve 

treatment success rates by preventing transcription and preventing cellular breakdown 
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(Centers for Disease Control and Prevention, 2012).  Yet the treatment, the length of 

which varies by the viruses genotype, is accompanied by side effects such as fatigue, 

depression, difficulty sleeping, fever, headaches, diarrhea, loss of appetite, hair loss, 

thyroid problems, and nausea (Centers for Disease Control and Prevention, 2012; Wilkins 

et al., 2010).   

 

Viral Classification and Life Cycle 

 The Hepatitis C Virus is a small, positive-sense single stranded RNA virus and a 

member of the viral family Flaviviridae.  Despite being similarly named, HCV is only 

very distantly related to the Hepatitis B and Hepatitis A viruses.  HCV is more closely 

related to viruses of the genus Flavivirus - the west nile virus, yellow fever virus, and 

dengue virus, among others - and of the genus Pestivirus, whose members include viruses 

such as bovine viral diarrhea virus. 

 

Figure 1.  HCV Genotype Worldwide Variance.  This chart displays the variety of HCV genotypes and 
their prevalence throughout the world.  Numbers are based off sequenced genomes present in the Los 
Alamos National Laboratories HCV database.  Image courtesy www.lanl.gov. 
 

One key characteristic of HCV is its immense genetic heterogeneity, a result of 

rapid viral replication and an error prone RNA-dependent RNA polymerase (Forns et al., 
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1999)  The diverse genetics of the virus are a major contributing factor to the difficulty in 

treating the disease.  There are currently 7 known genotypes of HCV, with numerous 

subtypes in each genotype category.  Of the 7 genotypes, the most common is genotype 

1, with subtypes 1a and 1b making up a combined 73.5% of HCV cases worldwide 

(figure 1) (Los Alamos National Laboratory, 2012).  Unfortunately, ribavirin and 

pegylated interferon treatment only clear infection in 40%-50% of the patients infected 

with the genotype 1 HCV and the mechanism by which these drugs act remains to be 

elucidated (Houghton, 2009).  HCV virus was shown to circulate as a population of 

closely related, yet distinguishable, variants whose genomes differ by no more than 10%, 

termed viral quasispecies (Li et al., 2011).  This is an important aspect of the 

heterogeneity of HCV that is directly correlated with the existence of quasispecies. In 

fact, it is the presence of these quasispecies variants that may allow the virus to 

circumvent the immune response of the host and drug treatments, thus allowing the 

infection to become chronic (Farci et al., 2000).  

 One method typically used for analyzing the evolutionary pressures and genetics 

of HCV is the analysis of the ratio of non-synonymous mutations to synonymous 

mutations (dN/dS).  This ratio was originally used to analyze the genetic sequences of 

diverging species and compares the neutral silent mutations (a DNA mutation that does 

not result in a change in amino acid), dS, to those of the non-silent mutations (a DNA 

mutation that changes an amino acid), dN.  This ratio is expected to show the selective 

pressures being applied to the sequence in question by determining the types of mutations 

selected for.  When this theoretical analysis is applied to microbes, strong positive 

selection is expected to produce a dN/dS<1 (Kryazhimskiy et al., 2008).  Previous work 
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has shown that infected patients with mild disease show greater dN/dS ratios than similar 

patients with severe disease (Li et al., 2011), suggesting that some HCV proteins may 

play a larger role in pathogenesis.  Therefore, the application of dN/dS ratios provides 

insight into the conserved motifs of the nucleotide sequences encoding these proteins.  

Furthermore, this approach offers potential for the development of treatments targeting 

conserved regions, assuming that their conservation represents the natural selection of 

critical sequences.  

 The HCV virion consists of a lipid bilayer where two envelope proteins (E1 and 

E2) are positioned.  This envelope surrounds a nucleocaspid, which houses the Core 

protein and the viral genome (Chevaliez et al., 2006).  The HCV genome is organized as 

a single open reading frame (ORF) of approximately 9,600 nucleotides surrounded on 

both sides by untranslated regions (UTR’s).  The 5’-UTR is composed of a series of 

folds, hairpin loops, and non-coding regions that act as an internal ribosome entry site 

(IRES) enabling the initiation of translation at the AUG at the beginning of the protein 

(Harris 2007).  The unique encoded polyprotein is 3010 amino acids long prior to 

processing by viral and cellular proteases, which generates 10 functional proteins 

(Dubuisson, 2007; Chevaliez et al., 2006).  While amino-terminus of the polypeptide 

ultimately generates the structural proteins of the virus - Core, E1, E2, and p7 - the 

remaining part gives rise to six nonstructural proteins, namely NS2, NS3, NS4A, NS4B, 

NS5A, and NS5B (figure 2) (Harris 2007).   
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Figure 2.  HCV Proteins  The structural (S) and non-structural (NS) proteins of p7 are displayed above.  
p7 is a small transmembrane protein that oligomerizes with itself to form a hexamer in the ER membrane.  
Image courtesy Cho, 2011. 
 

Replication of HCV is necessary for infection and advancement of disease, and an 

understanding of the mechanisms of replication and infection are crucial in the 

development of potential therapies.  For numerous years, the study of HCV has been 

limited by the lack of an adequate tissue culture system for sustaining virus replication 

that would permit the molecular analysis of HCV replication (Steinmann et al., 2010).  

Recent developments, including the development of a reliable in vitro system - a JFH1-

based infection cell culture system - have provided researchers with the tools to study the 

molecular interactions of HCV replication and infection.  This has lead to an 

accumulation of new findings into many of the essential aspects of the HCV replication 

cycle (Lindenbach et al., 2005).   

 Prior to infection of host cells, viral entry is mediated by several cell surface 

molecules of the host cells, including glycosaminoglycans (GAGs), low density 

lipoprotein receptors (LDL-Rs), scavenger receptor class B type I (SR-BI), CD81, 

asialoglycoprotein receptors, and a few other organ specific receptors (Harris, 2007).  
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After the viral particle attaches to the host cell, the nucleocapsid enters via receptor-

mediated endocytosis in a pH dependent process (figure 3a).  Decapsidation of the viral 

nucleocapsids frees the positive strand RNA of the HCV genome, allowing it to be 

immediately translated (figure 3b).  The HCV IRES binds the 40s ribosomal subunit of 

endoplasmic reticulum associated ribosomes.  Upon translation, the core proteins – Core, 

E1, E2, and p7 – remain in the endoplasmic reticulum (figure 3c) (Harris 2007; Chevaliez 

et al., 2006). 

 
Figure 3.  HCV Replication.  The stages of HCV replication are displayed above, starting with (a) 
endocytosis, then (b) cytoplasmic uncoating, (c) translation, (d) RNA replication, (e) packaging and 
assembly, and (f) exocytosis).  Image courtesy Moradpour, 2012.   
 
 The replication of viral particles is carried out by the six non-structural viral 

proteins in RNA replication complexes located in the ER (figure 3d).  Viral replication is 

thought to be semi-conservative and asymmetric with two steps catalyzed by the viral 

RNA-dependent RNA polymerase NS5B.  The first step is the synthesis of a negative 

RNA strand, which is then used in the second step to synthesize numerous positive strand 

RNAs that are used for polyprotein translation, synthesis of new replication 
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intermediates, and packing into viral particles (Chevaliez et al., 2006).  Viral assembly is 

initiated in the cytosol, where an initial phase of core protein assembly with cytosolic 

storage organelles (lipid droplets - LDs) occurs (figure 3e).  This is soon followed by 

numerous viral factors making contributions to viral assembly. There is currently no 

evidence to support a mechanism for packaging of viral RNA and proteins into the viral 

capsid, but it has been shown that the final events of viral assembly occur on the luminal 

side of the ER membrane, where the release of HCV virions coincides with the very low-

density lipoprotein pathway (figure 3f) (Jones et al., 2010).   

 

P7 Protein 

 HCV p7 belongs to the family of proteins called viroporins, a group of proteins 

that contains small virally encoded membrane proteins, such as Vpu of the human 

immunodeficiency virus HIV-1 and M2 of the influenza virus.  Viroporins are known to 

alter the cellular membranes permeability to ions and small molecules (Montserret et al., 

2010).  The p7 protein is thought to function as an ion channel crucial for viral assembly 

and virion release in vitro and infectivity in vivo (Boson et al., 2011).  More specifically, 

p7 protein was shown to function as a H+ permeation pathway, a critical function to 

produce infectious particles by preventing the acidification of intracellular compartments 

(Wozniak et al., 2010).  However, the molecular mechanism by which p7 plays an 

integral role in virion assembly remains to be elucidated. 
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Figure 4. HCV p7 Hexameric Structure  Figure 4  P7 is seen here in its ion channel form, with 6 of the 
proteins binding together to form a hexameric ion channel located in the endoplasmic reticulum.  Half the 
subunits are shown in space-filling form, the other half are shown as secondary structures.  Image courtesy 
of Luik et al., 2009.   
 

 The p7 protein is encoded at the junction between the structural proteins and the 

nonstructural region in the HCV polyprotein.  The mature p7 protein is a highly 

hydrophobic, 63 amino acid long protein.  While its exact secondary structure has been 

disputed for several years, p7 is currently thought to be made of two transmembrane 

(TM) alpha helices joined by an interhelical loop.  Based on the most recent study, the 

first transmembrane alpha helix, the N-terminal helix, is composed of two alpha helices, 

one from residues 6-16, and the other from amino acids 17-27.  The C-terminal helix 

stretches from amino acids 41-57, and is again composed of two alpha helices (Cook et 

al., 2011).  Mature p7 is expressed in the host endoplasmic reticulum with both the N-

terminus and C-terminus regions extending the the ER lumen and the interhelical loop 

domain extending into the cytoplasm (Steinmann et al., 2010; Brohm et al., 2009).  It has 

been shown that the p7 monomers assemble into a flower shaped hexamer in artificial 

membranes, with six protruding petals oriented toward the ER lumen, further supporting 

the putative role of p7 as an ion channel (figure 4) (Montserret et al., 2010; Luik et al., 

2009).   
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  In the context of the presence of HCV quasispecies circulating in an individual, 

studying the genetic variation of p7 is crucial to better understand the variation in the 

pathogenesis of hepatitis C.  Here, the natural variability in the HCV p7 proton channel 

was determined in chronically infected humans by analyzing the amino acid sequence of 

p7 and its specific dN/dS ratio.  Specifically, the goal of this study is to determine the 

degree of conservation amongst different HCV strains and determine the relationship 

between disease stage and the conservation observed in groups of p7 sequences.  Based 

on prior studies, I expect 1) the dN/dS ratios of p7 sequences taken from liver biopsies 

would be lower in severe diseased patients than in patients diagnosed with mild disease 

and 2) amino acid conservation would be observed in key secondary structure motifs of 

the p7 amino acid sequence.  By analyzing the frequency of mutations in the whole 

protein, I expected to correlate the mutation in a particular region of p7 with the proposed 

function of that region.  Finally, I expect this study to identify amino acid residues that 

can be potential targets for biochemical analysis and could, in the long term, be used as 

targets for potential drug therapies.   
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Materials and Methods 

RNA Extraction Serum 

 In order to obtain p7 protein sequences, viral RNA was extracted from the serum 

samples of all patients.  A total RNA extraction was used to extract HCV RNA from 

serum samples.  A QIAamp viral RNA mini kit (QIAGEN, Valencia, CA) was used to 

carry out the RNA extraction.  Prior to beginning, RNAseZap (Ambion, Grand Island, 

NY) was used on all counters, pipettes, and gloves.  Serum samples were taken out of 

storage at –70 °C and thawed on ice.  Meanwhile, 560 µL of Buffer AVL was added to 

5.6 µL of carrier RNA (1 µg/µL) and carefully mixed.  Once the serum is completely 

thawed, 140 µL of the serum is added to the AVL/RNA mixture and vortexed for 15 

seconds.  The tube is then briefly spun down and set to incubate at room temperature for 

10 minutes.  Next, 560 µL of 100% ethanol was added.  The solution was pulse vortexed 

for 15 seconds.  Following centrifugation, 630 µL of the solution at a time is placed in a 

QIAamp Mini column and centrifuged at 8,000 rpm for 1 minute and the filtrate is 

discarded.  The column is placed into a clean collection tube and 500 µL buffer AW1 is 

added.  The column is then centrifuged for 1 minute at 8,000 rpm and the filtrate is 

discarded.  A new collection tube is used with 500 µL buffer AW2 and the column is 

centrifuged at 14,000 rpm for 3 minutes.  The filtrate is discarded, the column is placed in 

a new tube, and centrifuged at 14,000 rpm for one minute.  Finally, the column is placed 

into a 1.5 mL centrifuge tube and 60 µL of room temperature buffer AVE is added and 

allowed to incubate at room temperature for one minute.  The column is centrifuged for 1 

minute at 8,000 rpm.  The extracted RNA was stored at –70 °C.  All serum RNA 

extractions were carried out in a biosafety hood.  
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RNA Extraction Liver Tissue 

 Just like with serum samples, HCV RNA had to be extracted from liver tissue.  

An extraction was performed using a QIAGEN RNA extraction kit and homogenizer.  

This enabled the extraction of the viral RNA while limiting contamination from other 

cellular products.   

 A total RNA extraction was used to extract HCV RNA from infected liver 

samples.  An Rneasy Mini Kit (QIAGEN, Valencia, CA) was used to carry out the 

procedure.  Prior to the start of the RNA extraction, the lab bench, pipettes, and other 

equipment was wiped down with RNAseZap (Ambion, Grand Island, NY).  Samples 

(stored in both RNAlater and OCT8) were taken from the –70 °C freezer and thawed on 

ice.  Samples stored in OCT8 were carefully excised using a razor blade to isolate the 

liver tissue.  The tissue was placed in 700 µL buffer RLT with added β-mercaptoethanol 

(1 µL β-ME to 100 µL RLT).  The tissue was homogenized using an Omni-TH tissue 

homogenizer for one minute.  The lysate was transferred to a 1.5 mL microcentrifuge 

tube and centrifuged for three minutes at full speed.  The supernatant was removed by 

pipetting and transferred to a new tube.  1 volume (700 µL) of ethanol (70%) was added 

and mixed by pipetting.  Up to 700 µL of the sample was transferred to an RNeasy spin 

column and centrifuged for 1 minute at 10,000 rpm.  The flow-through was discarded and 

the previous step was repeated until no more solution remained.  700 µL buffer RW1 was 

added to the column and centrifuged for 1 minute at 10,000 rpm.  The flow through was 

discarded, then 500 µL buffer RPE was added and the column was centrifuged for 1 

minute at 10,000 rpm.  500 µL buffer RPE was added and the column was centrifuged for 
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2 minutes at 10,000 rpm.  The flow-through was discarded and the column was 

centrifuged for one minute at 14,000 rpm.  30 µL RNase-free water was added to the spin 

column membrane and centrifuged for 1 minute at 10,000 rpm. Extracted RNA was 

stored at –70 °C.  All liver RNA extractions were carried out in a biosafety hood. 

 
cDNA Synthesis 

 In order to proceed with the experiment, complementary DNA (cDNA) had to be 

synthesized using a reverse transcriptase and a specific set of primers.  The synthesis of 

the target gene provides an easy means to amplify the target DNA sequence. 

 cDNA synthesis reactions were carried out in the clean room using a SuperScript 

III first-strand synthesis for RT-PCR kit (Invitrogen, Grand Island, NY).  Reagents were 

added in the following order:  6 µL GIBCO ultrapure distilled water (DNase, RNase 

free), 1 µL random hexamers (50 ng/µL) or 1 µL specific primer, 1 µL dNTP mix (10 

mM), and 2 µL RNA.  The solutions were incubated at 65°C for 5 minutes then chilled 

on ice for 1 minute.  While the solutions were incubating, the following cDNA synthesis 

mix was prepared by adding the following in order:  2 µL 10X RT buffer, 4 µL MgCl2 

(25 mM), 2 µL DTT (dithiothreitol – 0.1 mM), , 1 µL RNase OUT on ice (40 U/µL), and 

1 µL SuperScript III reverse transcriptase (200 U/µL).  After mixing gently, 10 µL of the 

cDNA synthesis mixture was added to each RNA/primer mixture.  The mixture was then 

incubated according to the following schedule:  if Oligo(dT) primed, incubated for 50 

minutes at 50°C; if random hexamer primed, incubated for 10 minutes at 25°C followed 

by 50 minutes at 50°C.  The reactions were terminated at 85°C for 5 minutes then chilled 

on ice.  After the termination of the reactions, 1 µL of RNase H (2 U/µL) was added to 
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each reaction mixture.  The tubes were briefly spun down and incubated for 20 minutes at 

37°C.  cDNA synthesis reactions were used immediately for PCR or stored at -20°C.   

 
Reverse Transcription-PCR (RT-PCR) 

 In order to amplify the nucleic acid sequence, PCR was used in conjunction with 

a polymerase.  The purpose of this step is to repeatedly copy the sequence, generating a 

large number of identical gene sequences required for later steps. 

 PCR reactions were carried out using a Platinum Taq high fidelity polymerase kit 

(Invitrogen, Grand Island, NY).  A PCR reaction mixture was made as follows (µL per 

tube):  16.3 µL of GIBCO ultrapure distilled water, 2.5 µL of high fidelity PCR buffer, 2 

µL MgSO4 (50 mM), 1 µL dNTPs (40 mM), and .2 µL Taq platinum high fidelity (2 

U/µL).  The solution was mixed and 22 µL of the mixture was pipetted into each PCR 

tube.  After addition of the PCR mixture, 1 µL of the sense primer and 1 µL of the anti-

sense primer were added.  After addition of the primers, 1 µL cDNA was added to the 

wall of the PCR tube and briefly centrifuged.  PCR reactions were carried out in an 

Applied Biosystems Veriti 96-well Thermal Cycler.  Reactions were initialized at 94°C 

for 2 minutes, amplified for 35 cycles (94°C for 15 seconds, 50°C for 15 seconds, 68°C 

for 1 minute and 10 seconds), and elongated at 68°C for 5 minutes.  Multiple primer 

combinations were used (see Table 1) in order to get the most amplified sequence.   

Primer Length Sequence 
2413s 20 bp ACCTCCACCAGAACATYGTG 
2535s 21 bp TGCTCCTGCTTGTGGATGATG 
2539s 21 bp CCTGCTTGTGGATGATGTTAC 
3060as 20 bp GCAAACTGGCTTGAAGAATC 
3510as 19 bp CCTCCACTTGGTTTTTGTC 

Table 2.  PCR Primers Primers used in PCR and Clone PCR.  A combination of these primers were used 
in order to get a better sequence.   
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Agarose Gel Electrophoresis and Imaging 

 In order to determine the size, in base pairs (bp), of DNA in the PCR reactions, 

PCR samples were run on agarose gels in TBE buffer.  To prepare the gel, agarose (1% 

agarose in .6X TBE) was melted in the microwave.  100 mL was then transferred to an 

Erlenmeyer flask, where 2 µL ethidium bromide (10 mg/mL) was added and stirred to 

mix.  The agarose was then carefully poured into the gel mold and set aside to cool for 45 

minutes.  Once the gel was cooled, it was placed in the gel chamber and covered with .6X 

TBE buffer solution.  Prior to sample loading, 2 µL of the PCR reaction mixture was 

mixed with 1 µL 10X loading buffer and 2 µL 1X TE.  PCR reaction mixtures were then 

added to wells, along with a DNA ladder (1 Kb+ [1 µg/µL]).  Electrodes were then 

attached to the gel chamber and the gel was run for approximately 30 minutes at 187 

volts.  After the DNA was finished running, an image of the gel was captured using the 

GelDoc program (Bio-Rad, Hercules, CA).   

 

Gel Purification 

 In order to extract the purified PCR product, slices of agarose gel containing the 

PCR product were extracted and the DNA was removed using a series of buffer washes.  

This step further purifies the DNA and removes any contaminants from the PCR reaction.  

 Gel purification procedures were carried out using the QIAquick gel purification 

protocol (QIAGEN, Valencia, CA).  The PCR fragment of desired length was excised 

with a razor blade and place in a 1.5 mL microcentrifuge tube.   The weight of the gel 

fragment was determined and a volume of buffer QG equal to 3x the gel weight was 

added to the tube and heated at 50°C for 10 minutes.  After the gel completely dissolved, 
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1x gel weight of isopropanol (100%) was added and the solution was mixed by vortexing.  

Using a gel purification column, 800 µL of the previous solution was transferred and 

centrifuged at 13,000 rpm for 1 minute and the flow-through was discarded.  This process 

is repeated until there is no more solution.  Next, 0.5 mL buffer QG was added to the 

column and centrifuged at 13,000 rpm for 1 minute and the flow through was discarded. 

0.75 mL buffer PE (ethanol added) was added to the column and centrifuged at 13,000 

rpm for 1 minute.  After the flow through was discarded, the column was centrifuged at 

13,000 rpm for 1 minute and placed into a new 1.5 mL centrifuge tube.  Lastly, 30 µL 

buffer EB (heated to 65°C) was added directly to the column membrane, incubated for 

one minute at room temperature, and centrifuged at 13,000 rpm for 1 minute.  Gel 

purified products were stored at -20°C.   

 

Ligation and Transformation 

 Ligating the p7 gene product into a plasmid and inserting that plasmid into  

E. coli enables significant replication of the p7 gene in bacteria.  By utilizing the rapid 

proliferation of bacteria and their ability to take up foreign plasmid DNA, amplification 

of target genes can be performed.   

 Ligation and transformation procedures were carried out using the TOPO TA 

Vector cloning kits (Invitrogen, Grand Island, NY).  4 µL of gel purified PCR product 

was mixed with 1 µL salt solution (1.2 mM NaCl, 0.06 M MgCl2) and 1 µL PCR II 

TOPO Vector (figure 5).  The tube was gently tapped and incubated at room temperature 

for 30 minutes.   
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Figure 5 TOPO Vector.  The plasmid used to transform E. coli with the p7 gene.  Depending on the 
quasispecies diversity in each patient, it is possible that different E. coli may have been transformed with 
unique quasispecies. 
 

 During incubation, preparation of agar plates was begun.  Lysogeny broth (LB) 

agar was melted in the microwave and transferred to an Erlenmeyer flask.  For each plate, 

35 mL LB agar was mixed with 35 µL ampicillin (100 mg/mL) and 35 µL kanamycin (50 

mg/mL).  The LB agar mixture was carefully poured into Petri dishes, and left to cool for 

30 minutes.  After the LB agar plates had cooled completely, 40 µL XGAL (40 mg/mL) 

was spread on the surface of the LB agar using glass beads.   

 Once the incubation completed, all of the TOPO vector reactions were mixed with 

TOP 10 chemically competent E. coli cells (Note: the E. coli cells must always remain on 

ice).  The cells were gently mixed by tapping and incubated on ice for 30 minutes.  They 

were then heat shocked for 30 seconds at 42°C and transferred back to ice to cool for a 

few minutes.  250 µL S.O.C. medium was added to the cells and the cells were shaken at 

37°C and 220 rpm for 45 minutes.  50 µL of E. coli were plated on the LB agar plates and 

spread using glass beads.  The plates were incubated overnight at 37°C.  Plates with 

bacterial colonies were stored at 4°C.   
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Colony PCR 

 Now that the target gene is in bacteria, colony PCR provides a way to not only 

amplify the target gene, but also isolate it from bacterial colonies.  Colony PCR is a 

simple method that enables the synthesis of high levels of DNA to permit DNA 

sequencing.  Reaction mixtures containing 18.3 µL 10x high fidelity PCR buffer, 2.5 µL 

of MgSO4 (50 mM), 1 µL  dNTP’s (40 mM), and 0.2 µL Platinum Taq DNA Polymerase 

High Fidelity were added to each test tube.  1 µL of the positive sense primer and 1 µL of 

the anti-sense primer were added to the sides of the test tube and briefly spun-down in a 

centrifuge. 12 colonies were used for each patient to ensure quasispecies diversity and to 

account for any potential errors.  Colonies that were completely white were preferentially 

chosen.  If there were no completely white colonies, colonies with a blue center and 

white on the outside were chosen, using only the white edge of the colony.  The bacterial 

colonies were lightly dabbed with a toothpick, which was then dipped into the reaction 

mixture.  The reaction tubes were then run in the PCR machine using the time parameters 

previously described.   

 

Sequencing 

 12-PCR amplified clones per patient were sequenced to analyze the nucleic acid 

and amino acid sequence diversity of HCV quasispecies.  Vacuum purification was 

performed on 12 PCR-amplified clones using the QIAGEN, Valencia, CA MinElute 96-

well PCR Purification Kit.  The desired DNA fragments were isolated from PCR 

remnants and salts using several washes of purified water.   
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  The vacuum purified PCR products were prepared for bidirectional sequencing.  

Two sequencing reaction were created for each purified clonal PCR product; an anti-

sense strand and a sense strand.  10 µL purified water was added with 1 µL purified 

colony PCR product and 1 µL primer.  The sequencing preparations were then carried out 

by the University of Washington Department of Biochemistry DNA Sequencing Facility.  

A fluorescence-based Taq dideoxy terminator cycle sequencing system was used to 

create two electropherograms for each of the 12 clones of each patient sample.   

 

Glycerol Stocks 

 In order to maintain the potential for future research on the same clones, glycerol 

stocks were used to store p7 clones used for potential further study. 2 mL of LB broth 

with 2 µL ampicillin and 2 µL kanamycin were put in a 15 mL tube.  Using a toothpick, 

the desired colony was dabbed and put in the tube.  The tube was shaken at 220 rpm 

overnight at 37°C.  The next morning, 150 µL of molecular grade glycerol was added to a 

1.5 mL microcentrifuge tube.  After the glycerol had cooled, 850 µL of incubated cells 

were added to the tube.  Glycerol stocks were stored at –80°C. 

 

Genetic Analysis and Statistics 

 Sequences were collected in MacVector, where it was possible to align sequences 

and determine the mutations that affect each unique clone and patient (MacVector Inc., 

Cary, NC).  

 Electropherograms were briefly examined for signal quality, then aligned using 

the ClustalW alignment tool for MacVector.  Sequences from all clones were aligned 



 22 

using the H77 strain 1a genotype (Kolykhalov, 1997).  MacVector was then used to 

convert each nucleotide sequence into the amino acid sequences for all clones and 

aligned against the H77 strain amino acid sequence (Kolykhalov, 1997).  The amino acid 

sequences for each clone were then used to make a consensus sequence for each 

individual patient, as well as identifying the frequency and type of mutations in the p7 

genome.   

 Rates of synonymous (dS) and non-synonymous (dN) mutations were calculated 

using a phylip analysis program from the Sanger Institute.  Using these values, the dN/dS 

ratio was calculated, a measure of sequence conservation of viral genes, with p-values 

calculated using non-parametric T-tests.  The dN/dS ratios were compared to ratios from 

previous studies and to ratios within this study from patients of varying disease stage.   
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Results 

Patient Classification 

 In order to properly analyze p7 sequences with specific disease states, patients 

were grouped into three disease groups.  This experiment analyzed the p7 sequences of 

30 HCV infected individuals from the Alaska Native and American Indians cohort.  

Groupings were dependent on severity of disease, as assessed by the clinical fibrosis 

scores of each patient on a scale of 0-4 (see table 1).  Patients with a fibrosis score of 0-1 

were classified as mild disease, a fibrosis score of 2 was termed bridging (or moderate) 

disease, and a fibrosis score of 3-4 was defined as severe disease.  There were a total of 6 

patients with mild disease, 15 patients with bridging disease, and 9 patients with severe 

disease (table 3).  Although bridging disease patients were included in data, their 

significance during the analysis of data was minimal, for bridging disease prognosis is, 

unreliable, leading to potential discrepancies in data. 

 Mild           
(fibrosis 0-1) Bridging (fibrosis 2) Severe (fibrosis 

3-4) 

Patient ID 
L43, L93, L129, 

L206, L207, 
L234 

L46-3, L210, L211, L213, 
L214, L217, L218, L222, 
L223, L228, L229, L232, 

L233, L238, L240 

L17, L86, L132, 
L154, L193, 
L208, L230, 
L235, L239, 

L241 
# Patients 6 15 9 

# HIV co-infected 
patients 3 7 5 

Table 3.  Patient Groupings by Disease Stage and Co-infection  Patients were grouped according to the 
fibrosis as determined during liver biopsy.  See Table 1 for definitions of fibrosis scores.  Number of 
patients indicates the number of patients in each group with HCV, while HIV co-infected patients indicates 
the number of patients per disease group that are infected with both HCV and HIV. 
 
dN/dS Correlations 

 To determine the correlation between disease stage and the genetic variation 

present in p7, dN/dS ratios were determined and used as a common measure of the 
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sequence conservation in viral genes.  As mentioned in the introduction, dN/dS ratios are 

the ratio of non-synonymous mutations to synonymous mutations and have been shown 

to decrease in patients with more advanced disease.  dN/dS ratios were calculated and used 

to make comparisons of p7 sequence variation between different groupings of HCV 

 
Figure 6.  dN/dS Correlations Amongst All Patients  dN/dS values among HCV infected patients.  Again, a 
noticeable trend with decreasing dN/dS ratios can be observed, however there is no statistical significance to 
these values.  Mild dN/dS  = 0.224, bridging dN/dS  = 0.172, and severe dN/dS  = 0.129, p = 0.158.  Data is 
expressed as mean (black bar) with 50% of data points encompassed by box (25th-75th percentile).  Bars 
represent standard error of the mean (SEM). 
 

infected patients based on disease progression.  No significant difference was observed 

between the dN/dS of severe disease patients and mild disease patients, with severe 

patients mean dN/dS = 0.129, bridging patients had a mean dN/dS = 0.172, and mild patients 

had a mean dN/dS = 0.224, p = 0.158 (figure 6).  In order to determine if viral quasispecies 

evolution varied in different compartments in the body, dN/dS ratios were analyzed from 

serum and compared with liver values.  There was no significant difference in dN/dS ratios 

of the p7 sequences from liver and serum samples, with a p = 0.575 for mild disease 

(liver dN/dS = 0.223, serum dN/dS = 0.156), 0.709 for bridging disease (liver dN/dS = 0.172, 
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serum dN/dS = 0.178), and 0.517 for severe disease (liver dN/dS = 0.129, serum dN/dS = 

0.136).   

 dN/dS ratios were also measured in HIV co-infected patients.  For the majority of 

cases, there was no significant correlation observed in the dN/dS ratios associated with 

patients positive for co-infection and patients negative for co-infection.  However, dN/dS 

relationships analyzed between mild disease co-infected patients and severe disease co-

infected patients showed a significant correlation, with dN/dS ratios for mild patients equal 

to 0.2873 and 0.0630 for severe patients, with a p = 0.050 (figure 7).  Bridging diseased 

patients showed no significant correlations, with dN/dS = 0.197.   

 
Figure 7.  dN/dS Correlations Amongst HIV co-Infected Patients  dN/dS values in HIV co-infected 
patients for mild, bridging, and severe patients.  dN/dS can be observed decreasing as the severity of the 
disease increases, however, the difference is significant only between mild and severe patients.  Mild dN/dS  
= 0.287, severe dN/dS  = 0.063, p ≤ 0.050.  Data is expressed as mean (black bar) with 50% of data points 
encompassed by box (25th-75th percentile).  Bars represent standard error of the mean (SEM). * indicates 
statistical significance.   
 

P7 Sequence Conservation 

 To determine the conservation of p7 coding sequences, all p7 clones from each 

patient were sequenced and aligned using MacVector to create a consensus sequence.  

These consensus sequences were aligned with the consensus sequences from all other 
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patients (figures 9, 10, and 11) to enable interpretation of mutations and identify potential 

key residues.  All 63 amino acid residues of p7 were examined to distinguish between 

non-conservative and conservative mutations, and after careful analysis, several 

conclusions could be made regarding the nature of mutations in the gene.  First, that the 

p7 gene across our samples is characterized by very few mutations.  Secondly, where 

there were mutations, the majority of them were of a conservative nature.  Thirdly, there 

were large areas in the gene where conservation of the sequence was observed.   

 When analyzing the amino acid p7 sequences, all mutations observed are results 

of non-synonymous mutations in the DNA.  However, not all non-synonymous mutations 

are bad, as mutations that result in amino acid changes that maintain similar polarity and 

size have little impact on the protein structure as a whole and the function of the residue 

is conserved.  A major trend observed in the nature of p7 mutations was the conservation 

of amino acid residues.  Conservative changes of amino acid maintain the amino acid 

class, for instance a hydrophobic residue might be mutated to another hydrophobic 

residues, while non-conservative changes alter the amino acid class.  Non-conservative 

changes are thought to have a more detrimental effect on the protein structure.  Amino 

acids were grouped into three separate categories, depending on their polarity and charge 

(Appendix 2).  If a residue mutated to stay within its category, it was considered 

conservative.  If it mutated to an amino acid in a different group, it was non-conservative.  

In this study, an overall conservative mutation rate of 5.5% in p7 across the patients 

studied was seen.  This mutation rate is more than four times greater than the non-

conservative mutation rate of 1.13%.  For severe patients, 4.2% of clones had 

conservative mutations, while only 1.4% had non-conservative mutations.  Mild patients, 
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on the other hand, showed much higher levels of non-conservative mutations, with a 

3.8% non-conservative mutation rate and a 4.0% conservative mutation rate.   

 
Figure 8.  Total Mutations in p7.  A graphical representation of the data in Table 4.  Conservative (blue) 
and non-conservative (red) mutations are displayed as a percentage of total possible clones for each amino 
acid of p7.  Amino acids that had zero mutations are not listed.   
 
 Table 4 indicates the total mutation frequency for all amino acids of p7.  The 

average mutation rate per amino acid is 6.8%.  Of all residues, residue 7 showed the 

highest mutation rate, with 71.0% of clones mutated.  These mutations consisted of four 

different types, I-L, I-V, I-T, and I-A, with all of the mutations except I-T maintaining 

similar hydrophobicity and steric bulk.  Other residues with high mutation rates include 

residue 44 (64.1%), 41 (32.5%), 20 (26.5%), 40 (24.5%), 6 (23.5%), 37 (21.8%), and 16 

(20.3%).  The majority of mutated residues had very low mutation rates, with many of 

them having only a few mutated clones (i.e. residue 4 has 1 mutated clone, or 0.3% 

mutation rate).   

 Non-conservative mutations were extremely rare in the p7 gene (1.13%) and did 

not correlate to one disease state in particular.  They were typically found in 1 or 2 clones 

per residue for each disease state and were found in only 18 of the 63 p7 amino acids 
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(28.6%) (Table 4; Appendix 5).  Most of these residues had very low mutation rates.  The 

highest non-conservative mutation rate was observed in residue 16 with a substitution of 

T to A (T16A) in 16.9% of all clones.  Yet the mutation rate of T16 was not significantly 

different between severe and mild disease patients, with 59.0% of mutations occurring in 

bridging patients, and 21.4% and 19.6% of mutations occurring in mild and severe 

diseased patients, respectively (Appendix 5).  Residue 7 also showed high non-

conservative mutations, with 14.5% of clones mutated.  Again, however, there was no 

significant relationship between mutations and disease state, as 50% of the mutations 

occurred in mild disease while the other 50% occurred in severe disease (Appendix 5).   

 Conservative mutations were more common than non-conservative mutations, 

although still uncommon (5.5%).  The most conservatively mutated residue was amino 

acid F44 with a total mutation rate of 66.6% (47.3% F44L, 10.0% F44V, 3.3% F44I).  Of 

these mutations, most occurred in bridging disease state patients for unknown reasons 

(45.9% of F44L, 66.7% of F44V, and 100% of F44I mutations)(Appendix 4).  Amongst 

all conservative mutations, the majority of them occur primarily between uncharged 

hydrophobic groups, such as valine, isoleucine, leucine, and alanine (Appendix 4).  A 

great example of a residue with many of these mutations, similar to residue 44, occurred 

at amino acid 7, with 35.2% of I7L, 21.2% of I7V, and 0.9% of I7A.  The similarity of 

these residues, in both steric bulk and hydrophobicity, means that protein function and 

structure is largely conserved.  Other fairly common conservative mutations occurred 

between arginine (R) and lysine (K) at multiple amino acid positions, particularly K33 

and R35. (Table 4; Appendix 4). 
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Amino 
Acid 

Position 

Frequency 
of 1st 

Mutation 
Type 

Frequency 
of 2nd 

Mutation 
Type 

Frequency 
of 3rd 

Mutation 
Type 

Frequency 
of 4th 

Mutation 
Type 

Total 
Mutation 

Frequency 
(%) 

4 0.3% (N-S)       0.3% 
6 23.5% (V-I)       23.5% 
7 33.6% (I-L) 22.7% (I-V) 13.8% (I-T) .8%B (I-A) 71.0% 

10 .3% (A-V)       0.3% 
12 .3% (S-F)       0.3% 
13 2.9% (L-V)       2.9% 
14 1.1% (A-V)       1.1% 
16 16.9% (T-A) 3.1% (T-V) .3% (T-M)   20.3% 
17 6.9% (H-Q) 3.7% (H-R) 2.7% (H-N) .3% (H-Y) 13.6% 
19 6.0% (L-V) 3.2% (L-A) .9% (L-F)   10.1% 
20 19.8% (V-A) 3% 3.4% (V-I) .3% (V-T) 26.5% 
21 5.7% (S-P)       5.7% 
22 1.7% (F-L)       1.7% 
23 4.0% (L-F)       4.0% 
24 3.2% (V-A) 1.5% (V-I) .3% (V-L) .3% (V-M) 5.3% 
25 .6% (F-L) .3% (F-V)     9.0% 
26 .3% (F-L)       0.3% 
28 3.7% (F-L) 3.0% (F-A)     6.7% 
31 6.3% (Y-H) 2.9% (Y-C)     9.2% 
33 6.0% (K-R)       6.0% 
34 .3% (G-R)       0.3% 
35 18.4% (R-K) .3% (R-G)     18.7% 
36 2.9% (W-L) 2.7% (W-V) .3% (W-R)   5.9% 
37 18.4% (V-A) 3.4% (V-M)     21.8% 
40 19.9% (A-V) 4.3% (A-M) .3% (A-T)   24.5% 
41 32.5% (A-V)       32.5% 
43 .3% (A-G) .3% (A-T)     0.3% 
44 50.3% (F-L) 10.0% (F-V) 3.2% (F-I) .6% (F-C) 64.1% 
47 5.7% (M-V) 2.9% (M-T) 2.3% (M-A)   10.9% 
48 .3% (W-R)       0.3% 
50 8.7% (L-F)       8.7% 
51 1.4% (L-F)       1.4% 
52 2.9% (L-F) .6% (L-M)     3.5% 
53 .6% (L-F) .3% (L-P)     0.9% 
54 .3% (L-P)       0.3% 
55 3.4% (L-V) 2.9% (L-A)     6.3% 
56 3.4% (A-T)       3.4% 
59 3.2% (Q-P)       3.2% 
62  .3% (Y-C) .3% (Y-F)     0.6% 

Table 4 Total Mutation Types and Frequencies  Mutations, both conservative and non-conservative, are 
listed as percentages of all possible clones (n=332) for each p7 residue.  The type of mutation observed and 
the frequency of that mutation is recorded for each amino acid.  Total mutation frequency, on the far right, 
is the sum of the frequencies of each individual mutation.  Residues without any mutations are not listed. 
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Although it is important to assess the role of conservative and non-conservative 

mutations, the lack of mutations is a strong indicator that a residue may be of importance 

to protein structure and function.  24 (38.1%) p7 residues were never mutated across all 

30 patients and all clones amongst those patients.  The following residues never mutated 

in the quasispecies examined:  A1, L2, E3, L5, L8, N9, A11, G15, G18, C27, A29, W30, 

L32, P38, G39, Y42, Y45, G46, P49, L57, P58, R60, A61, A63.  These high areas of 

conservation frequently coincide with the experimentally determined alpha helix regions 

of the protein, residues 6-27 and 41-57 (Cook et al., 2011).   

 

Structure-Function Study of Key p7 Residues and Secondary Structures  

through Hydrophobic Analysis 

 To analyze the consensus sequences and the potential impact of mutations on the 

p7 structure, patient consensus sequences were grouped by two different systems.  

Sequences were grouped by conservation of important characteristics like charge and 

hydrophobicity (figure 9; appendix 2) and by hydrophobicity (figure 10; appendix 3.1), 

providing simple analysis of the effects mutations have on the secondary structures of the 

p7 protein.   

 Consensus identity across all patients is the first way to assess the mutations and 

their potential affects on the protein.  Figure 9 shows the consensus sequences of amino 

acids across all 30 patients.  Groupings were based off maintenance of similar 

hydrophobic character (appendix 2).  Certain regions of the protein entirely lacked 

mutations, indicating extreme conservation.  These highly conserved regions are 

indicated by dark gray regions, especially the regions from residues L8-G15, L22-W30, 
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and L51-A63.  It is important to note that there are 5 glycine residues were never mutated 

(G15, G18, G34, G39, G46), suggesting that this position plays a critical role in the 

function of p7 (figure 9; table 4).  It is possible that glycine at these crucial positions, 

most of which are located in transmembrane helices, are integral for the helix-helix 

interactions (Javadpour et al., 1999). 

 
Figure 9  Consensus sequences were aligned, and the %identity was analyzed for each amino acid position.  
Dark gray represents 100% across all 30 consensus sequences at that residue, while light gray represents an 
amino acid that was mutated in a number of patients.  White represents an amino acid mutated from the 
standard amino acid, or in two instances (residues 7 and 44), an amino acid that was so highly mutated the 
correct residue was impossible to determine.  Patients are grouped into three disease groups; mild, bridging, 
and severe disease. 
 
 To understand the role that disease severity played in the accumulation of 

mutations and genetic variation of the sequence of p7, sequences were grouped by 

disease stage.  Analysis of these alignments revealed the expression of a group of 

residues, L13, L19, F22, F28, L52, and Q59 (9.5% of residues), for which mutations only 

occurred in mild disease patients (figure 9).  Another group of residues could be 

identified for which mutations seemed to correlate with severe and bridging disease 

patients, specifically L23, K33, L50, and L55 (6.3% of all residues) (figure 9).  Thus, 

although some residues only mutate in specific disease states, they are insignificant 
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mutations in the context of the virus, for they are observed in very few quasispecies and 

patients. Finally, two residues, residue 7 and residue 44, displayed such a high variability 

in conservative and non-conservative mutations across all patients that the standard 

amino acid for this postion could not be determined. 

 When assessing the role mutations play in the functionality of the protein, the 

conservation across patients is an easy way to determine important residues and residues 

where more variation occurs.  Other analyses, such as hydrophobicity charting, can also 

provide another level of depth to mutational analysis.   

 
Figure 10  The table above shows aligned consensus sequences for all 30 patients.  The alignment was then 
color coded according to the seven categories at the bottom of the figure.  Patients are grouped into mild, 
bridging, and severe disease categories.   
 
 In figure 10, amino acids are grouped based on their relative basicity or acidity.  

This analysis reveals the highly hydrophobic regions expected in the protein, particularly 

in the regions where transmembrane helices are expected.  Predominantly for the second 

transmembrane helix, a large area of uninterrupted hydrophobicity stretching from 

residues 49-55 is observed, with scattered hydrophobic residues throughout the rest of the 

helical length.  Helix one (residues 6-27) is also largely composed of hydrophobic amino 
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acids. Conservative mutations are not just isolated to the TM helixes, as conservation of 

basicity is also observed in residues 33 and 35 in the cytosolic loop, residues that have 

been shown to be crucial for infectivity and ion channel activity (Steinmann et al., 2007).  

Even though mutations have occurred, they have preserved the basic nature of the amino 

acid, thereby preserving the structure and function of the p7 ion channel.  Conservation of 

basicity at these positions also supports the notion that these two amino acids are highly 

conserved, suggesting that they play a crucial role in the functionality of p7.    

Figure 10 reinforces the notion that p7 is a highly conserved protein.  Despite this 

extreme conservation, there are still several important non-conservative mutations.  In 

particular, there are several locations where hydrophobic (light blue) or amphiphilic 

(green) residues, typically located in transmembrane helix regions, have mutated to 

hydrophilic neutral (yellow) residues (i.e. residues 7, 16, 31, and 47).  The patterning of 

these mutations appear to be random and seem to only appear mutated in one or two 

patients, suggesting that they are not significant.  Residue Y31, however, has several 

mutations that are of a drastically different category, mutating from an acidic side chain 

to a neutral or basic amino acid.  Residue 31 is located in the cytosolic loop, and as the 

loop has been shown to play a key role in the functionality of the virus, these mutations 

could have deleterious effects on the protein.   

 

Steric Bulk and the Impacts it may have on the Structure-Function  

Relationship of p7 Amino Acid Residues 

 To continue the analysis of the secondary structures of p7 and the implications 

mutations could have on the function of the protein, amino acids were grouped into five 
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different categories based on the size and type of side chain (figure 11; appendix 3.2)  

Steric bulk is a characteristic of amino acids that plays a critical role in the functionality 

of proteins.  Steric bulk is the relative size of the side group of an amino acid and plays a 

role in the structure of proteins because of the potential for molecular interactions (i.e. 

van der Waals, dipole-dipole, etc.) that accompany the location and proximity of 

molecules.  If steric bulk is different in a mutated amino acid than the original, these 

crucial molecular interactions will alter, potentially resulting in loss of protein function. 

Figure 11, below, displays changes in the steric bulk of each amino acid as determined by 

the R-group of each amino acid.  As was observed with figure 9 and figure 10, p7 

residues are primarily conserved.  In particular, continued conservation in specific 

regions associated with key, functional secondary structures is observed.  There are no 

variations in steric bulk in the first 15 residues, encompassing a portion of the first 

transmembrane helix as well as conservation of residues towards the latter end of the 

second transmembrane helix and the protein (residues 50-63).  Conservation is also 

observed in the cytosolic loop region, from residues 25-34.  The conservation of steric 

bulk observed makes sense considering the limited space available in a transmembrane 

helix and the importance of van der Waals interactions in helix structure.  This 

conservation suggests a dependence on steric bulk crucial for maintaining the proper 

structure and function of p7. 
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Figure 11.  Steric Bulk Alignment.  Consensus sequences were aligned using MacVector.  Amino acids 
were then organized according to the steric bulk of their side-chain.  The groupings are listed at the bottom 
of the figure.  Patients are organized according to disease state; mild, bridging, and severe disease.   
 
 Although the majority of residues are largely conserved in the protein, the amino 

acids making up the end of the cytosolic loop and beginning of TM2, residues 35-44, 

seem to depend less on steric bulk.  Amino acid 35, conserved in hydrophobicity, does 

not show the same sort of conservation with steric bulk.  20% of patients mutated from a 

R-K for residue 35, indicating that steric bulk is not as important for the function of the 

protein at this residue.  Just as with hydrophobicity changes, there are a few amino acids 

were mutations can be separated by class.  For example, two patients with mild disease 

underwent mutations at residue 28, one mutation shifting from a ring-system to a linear 

side chain (F-A) and the other mutation from a ring-system to a branched side chain (F-

L).  In other instances, such as position Y31 (ring-system to linear side chain; Y-C) or 

L55 (branched side chain to linear side chain; L-A), the only cases of mutations were in 

patients with severe disease.   
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Discussion 

 Prior studies have determined many secondary, tertiary, and quaternary structures 

of the p7 protein through biochemical analysis, NMR, and mass spectrometry.  In doing 

so, many p7 positions that are important for the regulatory functions of the protein have 

been documented (Montserret et al., 2010; Wozniak et al., 2010; Luik et al., 2009; 

Steinmann et al., 2007; Sakai et al., 2003).  Many of these studies hypothesize that 

specific residues are crucial for the function of oligomerizing p7 peptides, ion channel 

activity, or protein-protein interactions.  In addition, these studies demonstrate alterations 

to several residues that have a detrimental effect on the virility of HCV (Steinmann et al., 

2007).  Here we sought to 1) determine the relationship of dN/dS ratios to the severity of 

disease, 2) support the hypotheses formed through previous studies by doing a genetic 

analysis of the p7 protein in 30 patients to study the conservation of sequences and 

residues of p7 and 2) provide discussion on areas of the p7 gene that may play an 

important role in the function of the protein and open the door to biochemical studies on 

these regions.   

 

P7 Sequence Variation is Independent of Disease State 

 Previous studies have demonstrated that HCV selects for fewer mutations in more 

severely diseased individuals (Li et al., 2011).  This is largely due to a combination of 

Darwinian evolution and neutral evolution, mechanisms that alter the structure of genes 

in terms of fitness and by accident, respectively (Simmonds, 2004).  The selection of 

mutations is assessed with the dN/dS ratio, a method used to determine the selective 

pressures applied to a protein (Li et al., 2011; Kryazhimskiy et al., 2008; Yang et al., 
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2000).  Due to these previous studies, I hypothesized that p7 would show similar 

characteristics, having lower dN/dS ratios in individuals with severe disease as opposed to 

those with mild disease. 

 After sequencing the p7 gene of all 30 patients, dN/dS ratios were calculated.  It 

was determined that, although there was minor variation, there was no significant 

variation in the dN/dS values between mild and severe disease patients (p = 0.158) (figure 

6).  This indicates that, contrary to what previous studies have shown, there is very little 

selection that reduces the amount of variation in p7 amino acid residues in more severe 

patients.  Although the dN/dS ratio was not significant, there was a noticeable trend 

associated with lower dN/dS in more severe diseased patients, indicating a need for follow 

up studies.  Further research, by increasing the size of the patient cohort, will strengthen 

the data and lead to a more resounding conclusion.   

 HCV patients co-infected with HIV were also studied.  dN/dS analysis was again 

conducted, and a significant correlation was observed between mild and severe disease 

patients (p = 0.05) (figure 7).  This indicates that HIV plays a role in the selective 

pressure applied to the virus.  It is likely that, due to a weakened immune system, it is 

easier for the hepatitis C virus to progress to severe disease.  This may result in fewer 

mutations as a less competent virus will be able to take advantage of the weakened 

immune system.  The significant data presented for co-infected patients can be 

strengthened by increasing the cohort size, for few patients were co-infected (table 3).  

Although further study is needed, the co-infection analysis brings to light some important 

insight into the evolution of HCV quasispecies, especially when combined with the 

immunosuppressant effects of HIV.   
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 Lastly, dN/dS analysis was performed on different compartments that are infected 

with HCV, namely the liver and blood (serum).  The liver is the main area of HCV 

replication and infection by HCV, so analysis was performed to assess any potential 

differences in sequence evolution between these two compartments.  Sequences were 

recorded and their dN/dS values were analyzed to determine any variations.  For severe 

liver patients, dN/dS =0.1293, while severe serum patients had a mean dN/dS =0.1361 (p = 

0.539).  Mild patients displayed similar results, with liver samples having a dN/dS =0.2237 

and serum samples had a dN/dS =0.1560 (p = 0.589).  This data indicates that there is no 

differential evolution between compartments. As a result, the data effectively acts as an 

experimental control, for it shows that when quasispecies diversity should be uniform, as 

is the case here, dN/dS values are not significant.  This insignificance indicates that the 

dN/dS ratios correctly measure the selective pressures applied to HCV by the human 

immune system.   

 Overall, the dN/dS analysis performed on liver and serum samples of HCV and 

HIV co-infected HCV suggest that the HCV p7 protein is more conserved in severe 

disease patients than in mild disease patients.  The higher levels of conservation of p7 in 

severe patients are likely a result of negative selection pressure, where virions that show a 

poorer ability to replicate are slowly eradicated.  This makes sense in the context of the 

disease, as virions associated with severe disease are more efficient at replication and 

infection, resulting in the more severe symptoms associated with severe disease.  While 

increasing the cohort of patients should definitely strengthen our data, focusing first on 

patients co-infected with HCV and HIV may be a great alternative to this genetic study 
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because it would reduce the interindividual variations in HCV quasispecies by 

significantly reducing the contribution of the immune response.  

 

P7 Analysis Supports Current Estimates of Locations of Secondary Structures 

 It is now commonly accepted that p7 is comprised of two trans-membrane helices 

separated by a cytosolic loop, along with the N termini and the C termini extending into 

the ER lumen.  A recent study using NMR spectroscopy, performed by Gabriel Cook and 

Stanley Opella, has provided precise boundaries to these structures, with the helices 

falling between residues 6-27 and 41-57, and an interhelical loop present from residues 

28-36 (Cook et al., 2011).   

 The cytosolic loop is a critical p7 motif, and as a result, conservation of cytosolic 

loop residues is commonly observed.  Of the 9 amino acids present in the loop, residues 

29, 30, and 32 have zero mutations.  Of the remaining residues, the majority of mutations 

are conservative mutations.  F28 undergoes two conservative mutations (F-L, F-A), as 

does W36 (W-L, W-V) (appendix 4).  K33 and R35 are also highly conserved, and are 

discussed in further detail below.  The high degree of conservation in all these residues 

not only suggests the prominent role they play in the function of p7, but also the critical 

role the cytosolic loop plays in p7’s role as ion channel as a potential channel gate 

(StGelais et al., 2009; Griffin et al., 2004).   

 Despite the high conservation observed in the cytosolic loop, some residues 

experience non-conservative changes.  Of the four residues that undergo non-

conservative changes, three of them experience these mutations in 1 out of 332 possible 

clones (G34, R35, W36) (table 4).  Residue 31, on the other hand, has a fairly high 
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mutation rate, considering the non-conservative nature of the mutations.  This suggests a 

less preponderant role for residue 31 and a more critical role in the function of the protein 

for residues 34, 35, and 36.   

 Of the crucial residues in the protein, the two basic residues in the cytosolic loop - 

K33 and R35 - have been largely studied and shown to play a crucial role in the 

infectivity of the virus.  When mutated, the virus is not viable, demonstrating the 

necessity of this residue to be conserved (Sakai et al., 2003).  The data presented in this 

paper supports the important role of conservation in these two residues.  K33 was 

mutated in 6.3% of all clones, with over half of those mutations coming in severe 

diseased patients (table 3; appendix 4).  Despite the relatively high mutation rate, all of 

the mutations were conservative, mutating from a lysine to an arginine, a mutation that 

would have very little effect on function, even in severe disease patients.  The variation in 

these residues is thus minimal, as lysine is identical to arginine except for an additional    

-CH2- group, which has a minimal affect on the steric bulk properties of the residue.  

Their pKa values are also extremely similar.  Thus, despite the mutations present, see 

extreme conservation is seen in the K33 residue.  This conservation is additionally 

observed in R35, where 19.3% of clones were mutated, and all clones except one 

experienced conservative changes, from an arginine to a lysine (appendix 4).  As 

mentioned, this mutation has almost no effect on the basicity of the residue, and very 

little steric alterations.  Thus, even though both residues were mutated, the type of 

mutation observed maintains conservation of the residue function. 

 The conservation of K33, R35 and the other cytosolic loop amino acids is 

important to understand the role this structure plays in the function of the protein.  The 
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cytosolic loop likely is crucial in forming the opening of the hydrophilic pore that is 

created by the oligomerization of six p7 proteins.   Thus, conservation of these residues 

becomes a necessity, or else the permeability of the ER membrane reduces and HCV is 

not able to successfully replicate. 

 One of the important functions of individual p7 proteins is to oligomerize, for this 

oligomerization is required to form the ion channel necessary for proper viral replication.  

In order for proper oligomerization, however, the necessary residues must be conserved.  

Thus, a high degree of conservation among residues that are required for inter-protein 

binding would be observed.  Previous studies in proteins similar to p7 have found 

conserved sequences necessary for inter-helical oligomerization.  Two of these typical 

residues are Gly-X-X-X-Gly and Gly-Val-X-X-Gly-Val-X-X-Thr/Ser (Clarke et al., 

2006).  In analyzing the sequences of p7, a small region in the first trans-membrane helix, 

spanning residues 14-18, has a very similar sequence to those used in oligomerization in 

other proteins.  Starting at amino acid 14, the sequence is Ala-Gly-Thr-His-Gly (figure 

9).  This sequence, when looked at in a different light (Ala-Gly-X-X-Gly), is very similar 

to the sequence described by Clarke et al., 2001.  Despite having only two amino acids 

between the two glycines, it is possible that these residues can still enable the 

oligomerization of different proteins (Clarke et al., 2006).  In addition, alanine has similar 

characteristics to that of glycine, potentially enabling it to substitute for glycine and 

oligomerize.   

 The potential that this sequence may be used as a means of oligomerization is 

reinforced by the consensus of the residues that may be involved in binding.  The three 

important residues - A14, G15, and G18 - all show extreme cases of amino acid 
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conservation.  Both G15 and G18 have zero mutations out of all 332 clones, while A14 

has a 1.1% mutation rate (table 4).  The sequence fits almost all criteria for control of 

oligomerization, for it is located in a trans-membrane helix, is very similar in structure to 

other sequences in similar proteins, and is extremely conserved in patients of all disease 

states.   

 Other potential oligomerizing residues have been identified in the C-terminal 

trans-membrane helix.  These amino acids are Gly-39, Ala-40, Ala-43, and Gly-46 

(Clarke et al., 2006).  As observed in the N-terminal TM helix, high conservation of these 

residues is observed.  Both glycine residues, again, were not mutated in a single clone 

and Ala-43 had very few mutations (0.6%), all of which were conservative (table 4).  

Ala-40, on the other hand, was highly mutated, with a total mutation rate of 24.5%.  Of 

that, 19.9% was A-V and 4.3% was A-M, both conservative mutations (appendix 4).  

0.3% was a non-conservative mutation, a change from A-T (appendix 5).  The 

conservation of the majority of these residues suggests the importance they likely play in 

oligomerization.  Contrary to TM1, however, TM2 has far more mutations in its 

oligomerizing residues, particularly A40.  This may have an impact on the ability of the 

sequence to oligomerize, thereby affecting the functions of the ion channel.   

 Cook et al., using NMR spectroscopy, established defined boundaries for many of 

the secondary structures of p7.  The sequences presented in this experiment support these 

previous findings and provide further analysis into the composition and function of p7 

secondary structures. 
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Conservation of Amino Acid Residues Identifies Targets for  

Further Biochemical Analysis  

 Very little is known about how the primary sequence of p7 affects channel 

permeability or potential drug interactions with the protein even though several residues 

have been determined to be crucial in the function of the protein (Khaliq et al., 2011).  

Although this study discusses the potential effects of amino acid mutations on the 

structure and function of the p7 protein, the methods used here are not sufficient to 

determine the exact biochemical properties of the residues.  However, the data obtained 

does provide information on key residues where biochemical analysis may be later 

performed.   

 One of the first regions identified as highly conserved was the cytosolic loop of 

p7, particularly residues K33 and R35.  Biochemical analysis was performed and it was 

determined that these residues are integral to the proper functioning of the virus and 

extend into the ER lumen, acting as an ion channel gate (Griffin et al., 2004).  Studies, 

such as the one performed by Griffin et al, have demonstrated the conservative nature of 

the cytosolic loop in the p7 virus.  When mutations to K33 and R35 occur, the protein is 

unable to act as a pore in the ER membrane, resulting in the inability of the virus to 

replicate, indicating the crucial biochemical role of these residues.  The data gathered in 

this study supports the conservation of K33 and R35, as these residues are almost 

completely conserved (Table 4; Figure 7), highlighting the significant biochemical 

impact of these residues on protein structure and function.   
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 The conservation of the cytosolic loop has been confirmed in this study, as the 

majority of the residues in the cytosolic loop (F28-W36) have little to no mutations 

(Table 4).  However, there have been no documented biochemical analyses on any of the 

residues other than K33 and R35.  Due to the relationship between high conservation and 

biochemical significance in residues K33 and R35 mentioned above, it would be of 

particular interest to design a biochemical analysis to study the effect of mutations on ion 

channel activity on the other conserved proteins in the cytosolic loop.  It is immediately 

apparent that L32 and G34 are good candidates for biochemical analysis – determining 

whether or not mutations at this residue interfere with oligomerization and channel 

functions.  Not only are these amino acids in the cytosolic loop - which has already been 

proven to play a significant role in the function of the protein - they are adjacent to two 

residues with a major role in the function of the protein and they show almost complete 

conservation (Table 4).  Mutations in these amino acids could impact the neighboring 

residues, particularly G34, a residue without any hydrophobic affect or steric effects.   

 Besides controlling the flow of ions through the channel, another function of the 

p7 protein involves oligomerization of p7 molecules.  Due to the necessity of this 

oligomerization for channel function and proper virion creation, one can expect high 

conservation in residues necessary for oligomerization.  Figure 12 displays potential 

residues (in red) that are thought to contribute to oligomerization between p7 proteins 

through hydrophobic interactions with other helixes (Clarke et al., 2006).  When cross-

referenced with the data presented in this study, it becomes evident that many of these 

amino acids are highly conserved and good potential targets for biochemical analysis.   
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 In the N-terminal helix, three of the four potential amino acids (G15, G18, A29) 

have no mutations, displaying complete conservation across all disease stages (Table 4).  

The fourth residue, A14, also shows a high degree of conservation, with 1.1% percent of 

clones mutated and 100% of those mutated clones being conservative mutations from an 

alanine to a valine (Table 4).  The high conservation in the residues present is likely 

indicative of their necessary role in the proteins function, as observed with residues K33 

and R35.  However, the importance of these residues will not be fully known unless 

further analysis is performed to directly determine the effect mutations of these residues 

have on oligomerization. 

 
Figure 12.  Key Residues Thought to Be Involved in Oligomerization and Pore Channel Environment  
Three dimensional structure was determined by mass spectrometry.  Blue residues are hypothesized to 
contribute to amphipathicity of the poron channel.  Residues in red are small and neutral and thought to 
contribute to oligomerization of p7 proteins.  Figure courtesy Clarke et al., 2006. 
 
 The C-terminal helix is also characterized by four potential oligomerization sites:  

G39, A40, A43, and G46 (figure 12) (Clarke et al., 2006).  Just as with the N-terminal 

helix, the C-terminal residues potential oligomerizing properties are supported by the data 

presented in this study.  Both glycine residues, G39 and G46, are absolutely conserved, 

while A43 is highly conserved (Table 4).  Due to the conservation observed, it can be 
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theorized that these residues play a critical role in the function of the protein and further 

biochemical analysis would elucidate the role of these amino acids in the context of the 

protein channel.  Contrary to the other three residues, the fourth amino acid, A40, is not 

highly conserved, with 24.5% of clones being mutated.  Of those 24.5%, 19.9% are 

mutation from alanine to valine, while another 4.3% are from alanine to methionine, with 

the final 0.3% (1 clone being mutated) is from an alanine to a threonine (Table 4).  

Although almost all the mutations are conservative, this residue is not as conserved as the 

other three residues discussed in the C-terminal helix, likely indicative of a minor role in 

the oligomerization of p7 proteins.  Needless to say, G39, A43, and G46 have 

demonstrated extreme conservation, indicating a biochemical analysis is necessary to 

determine why they are so conserved and the effect they have on the protein function. 

 Clarke et al., also hypothesize the presence of key residues responsible for the 

regulation of the environment inside the pore.  Serine (S), cysteine (C), and histidine (H) 

are thought to be present in the lumen of the pore, their polar bodies contributing to the 

function of the channel (Figure 12).  H17, S21, and C27 are all p7 residues thought to be 

located in the pore lumen and responsible for channel activity (Clarke et al., 2006).  

Previous studies have demonstrated that H17 is in fact crucial to the function of the p7 

pore, and therefore the infectivity of the virus.  When H17 is replaced with an alanine or 

a glycine, virus infectivity was reduced (Khaliq et al., 2011; Meshkat et al., 2009).  In this 

experiment, it was shown that residue 17 has a total mutation rate of 13.6% (6.9% H-Q; 

3.7% H-R; 2.7% H-N; 0.3% H-Y) (Table 4).  Although superficially this high mutation 

rate does not appear to support previous work, all the mutations present in H17 are 

mutations from a charged polar group to a charged polar group or an uncharged polar 



 

47 
 

group (Li et al., 2011; Clarke et al., 2006).  Thus, even though H17 is undergoing 

mutations at an above average rate, selection for polar mutations is still occurring, 

suggesting the necessity that this residue maintain its polarity.  Residues S21 and C27, 

however, are both highly conserved.  C27 is completely conserved, while S21 has a 

mutation rate of 5.7% (S-P).  This data supports the theory that these residues present in 

TM1 are contributing to the polar atmosphere present in the channel lumen, and indicates 

that further biochemical analysis is necessary to determine the relative importance of 

each of these residues in maintaining protein function. 

 In addition to the residues mentioned above, there are several other residues 

present in the primary sequence of p7 that could have potential impacts on protein 

function, such as S12.  Although not present in any transmembrane helix, it is highly 

conserved, with only one mutated clone (S-F) and is an uncharged polar group, similar to 

many of the residues responsible for channel activity.  It is possible that this residue could 

act as a type of marker at the entrance to the channel, enabling molecules to easily flow 

through.  In order to determine the potential effects on the protein, it is important that a 

study on the role this residue has on the function of the ion channel is carried out.   

 Other potentially important residues are the proline residues located in the C-

terminal helix.  These prolines, P38, P49, and P58 flank TM2 (recall - TM2 is comprised 

of two short alpha-helices) and may have potential impacts on the structure of the 

transmembrane helix (Cook et al., 2011).  All three prolines are perfectly conserved in all 

clones from all patients.  This likely indicates a crucial role for the residues, although that 

function has yet to be determined.  It is likely that the proline residues alter the structure 

of the TM helices, for they have been shown to introduce kinks or very tight turns into 
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helices (Betts et al., 2003).  Thus, a biochemical and structural analysis of these residues 

would provide great insight into TM2 and lead to a greater understanding of how p7 

functions.   

 This study has identified numerous residues crucial for the proper function of p7 

based off conservation of hydrophobicity and steric bulk.  In order to determine the role 

these residues play in the structure of p7 and its ion activity, biochemical analysis must 

be pursued in further research to elucidate their role.  One potential aspect of future 

research could be the analysis of point mutations inserted into the p7 gene.  Investigating 

the p7 ion channel function through ion conductance experiments and biochemical assays 

following site directed mutagenesis would enable the exploration of the role these key 

residues play in p7 function. Such an approach would be beneficial to our understanding 

of HCV, providing researchers with an understanding of the mechanism of p7 function 

and possible drug targets, as well as opening many avenues of research into treatments 

and therapies not currently available.    
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Conclusion 

 This study had multiple goals.  First, using dN/dS ratios, it was designed to 

determine the relationship between the severity of HCV infection in patients and the 

amount of genetic variation in p7, a protein critical virion assembly.  Second, I sought to 

perform a detailed structure-function analysis of p7 across three disease stages based on 

the conservation of its sequence.  While no significant differences were found in the 

primary structure of the p7 gene between mild and severe disease, I accumulated strong 

evidence that variations in the p7 gene significantly correlated with the stage of Hepatitis 

C in HCV patients co-infected with HIV, likely a result of the immunosuppression effects 

of HIV.  The data supports the idea that variations in immune responses to HCV and 

mutations in other viral proteins can significantly affect the virulence of HCV by altering 

the negative selective pressure on the viral proteins.  In this context, increasing the size of 

cohorts while focusing on HCV patients co-infected with HIV would strengthen our 

strong preliminary data and should provide additional information instrumental in better 

understanding the genetic variations in p7.  This study reinforced much of the literature 

on HCV and importantly, by studying the implication of conservation in specific amino 

acids throughout the p7 gene, provided a strong rationale to target specific residues as 

potential sites for biochemical analysis, such as point mutation analysis to study the 

effects of individual mutations on the function of the p7 ion channel.  
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Appendices 
 
Appendix 1:  p7 Mutations, amino acids 1-10  Amino acid residues with zero 
mutations are not shown. 

Patient ID 4 6 7 10 
L206   10/10 (I-V)  
L43   11/11 (I-L)  
L93   12/12 (I-L)  
L129  12/12 (V-I) 12/12 (I-L)  
L207     
L234     
L46-3  12/12 (V-I) 12/12 (I-T)  
L210     
L211     
L213   10/10 (I-L)  
L214   10/10 (I-L)  
L217  6/9 (V-I) 9/9 (I-L)  
L218   11/11 (I-V)  
L222   8/8 (I-V)  
L223     
L228   9/9 (I-L)  
L229   11/11 (I-V)  
L232   1/12 (I-A); 9/12 (I-V)  
L233   12/12 (I-V)  
L238  12/12 (V-I) 12/12 (I-T)  
L240   12/12 (I-V)  
L132  12/12 (V-I) 3/12 (I-V)  
L193   10/10 (I-L)  
L208 1/12 (N-S)    
L230   12/12 (I-L)  
L235   11/11 (I-L) 1/11 (A-V) 
L239  12/12 (V-I) 12/12 (I-T)  
L241   2/11 (I-T); 3/11 (I-V)  
L17   11/11 (I-L)  
L86  12/12 (V-I) 2/12 (I-A); 10/12 (I-T)  
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Appendix 1:  p7 Mutations, amino acids 12-17 Amino acid residues with zero 
mutations are not shown. 

Patient ID 12 13 14 16 17 
L206  10/10 (L-V)    
L43    11/11 (T-V)  
L93      
L129    12/12 (T-A)  
L207      
L234     12/12 (H-R) 
L46-3      
L210    2/12 (T-A) 1/12 (H-Y) 
L211      
L213    10/10 (T-A)  
L214    10/10 (T-A)  
L217     9/9 (H-N) 
L218 1/11 (S-F)   11/11 (T-A)  
L222      
L223      
L228   4/9 (A-V)   
L229      
L232      
L233      
L238     12/12 (H-Q) 
L240     12/12 (H-Q) 
L132     1/12 (H-R) 
L193      
L208      
L230      
L235      
L239      
L241    1/11 (T-M)  
L17    11/11 (T-A)  
L86      
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Appendix 1:  p7 Mutations, amino acids 19-22 Amino acid residues with zero 
mutations are not shown. 

Patient ID 19 20 21 22 
L206 10/10 (L-V) 10/10 (V-L)  4/10 (F-L) 
L43  2/11 (V-A)   
L93     
L129  12/12 (V-A)   
L207     
L234     
L46-3  1/12 (V-A)   
L210  12/12 (V-A)   
L211     
L213 1/10 (L-F)    
L214  1/10 (V-T); 6/10 (V-A)   
L217  9/9 (V-A)   
L218   11/11 (S-P)  
L222  8/8 (V-A)   
L223   9/9 (S-P)  
L228     
L229 11/11 (L-A) 11/11 (V-I)   
L232 2/12 (L-F) 1/12 (V-A)   
L233  1/12 (V-A)   
L238     
L240  12/12 (V-A)   
L132  1/12 (V-I)   
L193     
L208  1/12 (V-A)   
L230     
L235     
L239  4/12 (V-A)   
L241     
L17 11/11 (L-V)    
L86     
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Appendix 1:  p7 Mutations, amino acids 23-28 Amino acid residues with zero 
mutations are not shown. 

Patient ID 23 24 25 26 28 
L206     10/10 (F-A) 
L43      
L93      
L129     12/12 (F-L) 
L207      
L234    1/12 (F-L)  
L46-3      
L210      
L211      
L213      
L214 1/10 (L-F) 1/10 (V-A)    
L217  9/9 (V-A)    
L218  1/11 (V-L)    
L222      
L223      
L228 1/9 (L-F)  2/9 (F-L)   
L229      
L232      
L233     1/12 (F-L) 
L238      
L240 12/12 (L-F)     
L132  5/12 (V-I)    
L193      
L208  1/12 (V-A) 1/12 (F-V)   
L230      
L235      
L239      
L241      
L17      
L86  1/12 (V-M)    
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Appendix 1:  p7 Mutations, amino acids 31-36 Amino acid residues with zero 
mutations are not shown. 

Patient ID 31 33 34 35 36 
L206    6/10 (R-K) 10/10 (W-L) 
L43    2/11 (R-K)  
L93      
L129    1/12 (R-K)  
L207 11/11 (Y-H)     
L234    12/12 (R-K)  
L46-3      
L210      
L211      
L213      
L214      
L217     9/9 (W-V) 
L218      
L222    8/8 (R-K)  
L223  9/9 (K-R)  9/9 (R-K)  
L228   1/9 (G-R) 2/9 (R-K)  
L229    1/11 (R-G)  
L232      
L233    12/12 (R-K)  
L238      
L240      
L132      
L193      
L208 9/12 (Y-C)   12/12 (R-K)  
L230  12/12 (K-R)    
L235 11/11 (Y-H)     
L239      
L241 1/11 (Y-C)    1/11 (W-R) 
L17      
L86      
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Appendix 1:  p7 Mutations, amino acids 37-43 Amino acid residues with zero 
mutations are not shown. 

Patient ID 37 40 41 43 
L206 1/10 (V-A)    
L43  11/11 (A-V)   
L93 5/12 (V-A)    
L129 12/12 (V-A) 12/12 (A-M)  1/12 (A-T) 
L207 11/11 (V-A)  11/11 (A-V)  
L234     
L46-3   9/12 (A-V)  
L210   12/12 (A-V)  
L211     
L213     
L214  9/10 (A-V)   
L217  9/9 (A-V) 9/9 (A-V)  
L218 1/11 (V-A)  11/11 (A-V)  
L222  1/8 (A-V)   
L223 9/9 (V-A)  9/9 (A-V)  
L228  3/9 (A-M); 6/9 (A-V)   
L229  1/11 (A-T)   
L232  1/12 (A-V) 11/12 (A-V) 1/12 (A-G) 
L233 12/12 (V-M)  12/12 (A-V)  
L238   12/12 (A-V)  
L240  6/12 (A-V)   
L132     
L193 10/10 (V-A)    
L208     
L230 12/12 (V-A) 12/12 (A-V)   
L235     
L239   7/12 (A-V)  
L241   11/12 (A-V)  
L17  11/11 (A-V)   
L86     
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Appendix 1:  p7 Mutations, amino acids 44-51 Amino acid residues with zero 
mutations are not shown. 

Patient ID 44 47 48 50 51 
L206  10/10 (M-V)   5/10 (L-F) 
L43 2/11 (F-L)     
L93 12/12 (F-L)     
L129 12/12 (F-L)     
L207      
L234      
L46-3 12/12 (F-L)     
L210 12/12 (F-L)     
L211 12/12 (F-L)     
L213 10/10 (F-V)     
L214 8/10 (F-L) 10/10 (M-T)    
L217 1/9 (F-C)   9/9 (L-F)  
L218 11/11 (F-I)     
L222  8/8 (M-A)  8/8 (L-F)  
L223 9/9 (F-L)     
L228      
L229 1/11 (F-L)     
L232 12/12 (F-L)     
L233      
L238 12/ 12 (F-V)     
L240 6/12 (F-L)     
L132 12/12 (F-L)     
L193  10/10 (M-V)    
L208 12/12 (F-L)     
L230    12/12 (L-F)  
L235 11/11 (F-V)     
L239 12/12 (F-L)     
L241 11/11 (F-L)  1/11 (W-R)   
L17 1/11 (F-C)     
L86 12/12 (F-L)     
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Appendix 1:  p7 Mutations, amino acids 52-56 Amino acid residues with zero 
mutations are not shown. 

Patient ID 52 53 54 55 56 
L206 10/10 (L-F)     
L43      
L93   1/12 (L-P)   
L129      
L207      
L234      
L46-3      
L210      
L211     12/ 12 (A-T) 
L213  1/10 (L-P)    
L214      
L217      
L218    11/11 (L-V)  
L222      
L223      
L228 2/9 (L-M)     
L229      
L232  1/12 (L-F)   1/12 (A-T) 
L233    1/12 (L-V)  
L238      
L240  1/12 (L-F)    
L132      
L193    10/10 (L-A)  
L208      
L230      
L235      
L239      
L241      
L17      
L86      
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Appendix 1:  p7 Mutations, amino acids 59-62 Amino acid residues with zero 
mutations are not shown. 

Patient ID 59 62 
L206 10/10 (Q-P)  
L43  1/11 (Y-C) 
L93   
L129   
L207   
L234   
L46-3   
L210   
L211   
L213   
L214   
L217   
L218   
L222   
L223   
L228  1/9 (Y-F) 
L229   
L232   
L233   
L238   
L240   
L132   
L193   
L208   
L230   
L235 1/11 (Q-P)  
L239   
L241   
L17   
L86   
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Appendix 2  Amino Acid Class Groupings (Berg et al., 2006) (Figure 9) 
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Appendix 3 
 

2.1  Hydrophobicity and Charge Groupings of Amino Acids (Figure 10) 
Hydrophobicity 

 

Hydrophobic Amphiphilic Hydrophilic 
Neutral 

Slightly 
Basic Basic Slightly 

Acidic Acidic 

F,R,M,V,L,I,P W,A,G N,Q,T,S,C H K,R Y E 

 
 
 

2.2  Steric Bulk of Amino Acids (Figure 11) 
Steric Bulk 

 

No Side Chain Linear Side 
Chain 

Branched Side   
Chain Proline Ring-

System 

G A,C,S,M,K T,V,N,D,I,L,B,Q,E,R P H,F,Y,W 
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Appendix 4 
 
Conservative Amino Acid Mutations of p7   
This table documents the conserved mutations found in all clones (n=332).  Percent of 
mutated clones per disease stage is listed.  Amino acid residues not showing any 
conservative mutations are not shown. 
 

Amino 
Acid 

Position 
Mutation 

% 
Mutated 
Clones 

% 
Mutated 
Clones - 

Mild 
Disease 

% 
Mutated 
Clones - 
Bridging 
Disease 

% 
Mutated 
Clones - 
Severe 
Disease 

4 N-S 0.3% 0% 0.0% 100.0% 
6 V-I 23.5% 15.4% 38.5% 46.1% 
7 I-L 35.2% 30.0% 32.5% 37.6% 
 I-V 21.1% 14.3% 77.1% 8.6% 
 I-A 0.9% 0.0% 33.3% 33.3% 

10 A-V 0.3% 0.0% 0.0% 100.0% 
13 L-V 3.0% 100.0% 0.0% 0.0% 
14 A-V 1.2% 0.0% 100.0% 0.0% 
17 H-R 3.9% 92.3% 0.0% 7.7% 
19 L-V 6.3% 47.6% 0.0% 52.4% 
 L-A 3.3% 0.0% 100.0% 0.0% 
 L-F 0.9% 0.0% 100.0% 0.0% 

20 V-A 20.8% 20.3% 72.5% 7.2% 
 V-L 3.0% 100.0% 0.0% 0.0% 
 V-I 0.3% 0.0% 0.0% 100.0% 

22 F-L 1.8% 100.0% 0.0% 0.0% 
23 L-F 4.2% 0.0% 100.0% 0.0% 
24 V-A 3.3% 0.0% 91.0% 9.0% 
 V-I 1.5% 0.0% 0.0% 100.0% 
 V-M 0.3% 0.0% 0.0% 100.0% 
 V-L 0.3% 0.0% 100.0% 0.0% 

25 F-L 0.6% 0.0% 100.0% 0.0% 
 F-V 0.3% 0.0% 0.0% 100.0% 

26 F-L 0.3% 100.0% 0.0% 0.0% 
28 F-L 3.9% 92.3% 7.7% 0.0% 
 F-A 3.0% 100.0% 0.0% 0.0% 

31 Y-C 3.0% 0.0% 0.0% 100.0% 
33 K-R 6.3% 0.0% 42.9% 57.1% 
35 R-K 19.3% 32.8% 48.4% 18.8% 
36 W-L 3.0% 100.0% 0.0% 0.0% 
 W-V 2.7% 0.0% 100.0% 0.0% 
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Amino 
Acid 

Position 
Mutation 

% 
Mutated 
Clones 

% 
Mutated 
Clones - 

Mild 
Disease 

% 
Mutated 
Clones - 
Bridging 
Disease 

% 
Mutated 
Clones - 
Severe 
Disease 

37 V-A 18.4% 47.5% 16.4% 36.1% 
 V-M 3.6% 0.0% 100.0% 0.0% 

40 A-V 19.9% 16.7% 48.5% 34.8% 
 A-M 4.5% 80.0% 20.0% 0.0% 

41 A-V 34.0% 9.7% 75.2% 15.0% 
43 A-G 0.3% 0.0% 100.0% 0.0% 
44 F-L 47.3% 16.6% 45.9% 37.6% 
 F-V 10.0% 0.0% 66.7% 33.3% 
 F-I 3.3% 0.0% 100.0% 0.0% 

47 M-V 6.0% 50.0% 0.0% 50.0% 
 M-A 2.4% 0.0% 100.0% 0.0% 

50 L-F 8.7% 0.0% 58.6% 41.4% 
51 L-F 1.5% 100.0% 0.0% 0.0% 
52 L-F 3.0% 100.0% 0.0% 0.0% 
 L-M 0.6% 0.0% 100.0% 0.0% 

53 L-F 0.6% 0.0% 100.0% 0.0% 
 L-P 0.3% 0.0% 100.0% 0.0% 

54 L-P 0.3% 100.0% 0.0% 0.0% 
55 L-V 3.6% 0.0% 100.0% 0.0% 
 L-A 3.0% 0.0% 0.0% 100.0% 

62 Y-C 0.3% 100.0% 0.0% 0.0% 
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Appendix 5 
 
Non-conservative Amino Acid Mutations of p7 
This table documents the non-conservative mutations found in all clones (n=332).  Of the 
mutated clones, the percent of mutated clones per disease stage is listed.  Amino acid 
residues not showing any non-conservative mutations are not shown. 
 

Amino 
Acid 

Position 
Mutation 

% 
Mutated 
Clones 

% Mutated 
Clones - Mild 

Disease 

% Mutated 
Clones - 
Bridging 
Disease 

% Mutated 
Clones - 
Severe 
Disease 

7 I-T 14.5% 0.0% 50.0% 50.0% 
12 S-F 0.3% 0.0% 100.0% 0.0% 
16 T-A 16.9% 21.4% 59.0% 19.6% 
 T-V 3.3% 100.0% 0.0% 0.0% 
 T-M 0.3% 0.0% 0.0% 0.3% 

17 H-Q 7.2% 0.0% 100.0% 0.0% 
 H-N 2.7% 0.0% 100.0% 0.0% 
 H-Y 0.3% 0.0% 100.0% 0.0% 

20 V-T 0.3% 0.0% 100.0% 0.0% 
21 S-P 6.0% 0.0% 100.0% 0.0% 
31 Y-H 6.6% 50.0% 0.0% 50.0% 
34 G-R 0.3% 0.0% 100.0% 0.0% 
35 R-G 0.3% 0.0% 100.0% 0.0% 
36 W-R 0.3% 0.0% 0.0% 100.0% 
40 A-T 0.3% 0.0% 100.0% 0.0% 
43 A-T 0.3% 100.0% 0.0% 0.0% 
44 F-C 0.6% 0.0% 0.0% 100.0% 
47 M-T 3.0% 0.0% 100.0% 0.0% 
48 W-R 0.3% 0.0% 0.0% 100.0% 
56 A-T 3.9% 0.0% 100.0% 0.0% 
59 Q-P 3.3% 91.0% 0.0% 9.0% 
62 Y-F 0.3% 0.0% 100.0% 0.0% 
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