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Hepatitis C is a liver disease caused by hepatitis C virus (HCV). HCV is the major cause

of cirrhosis and hepatocellular cancer in the US and is the number one cause of liver trans-

plantation. An estimate of 3.5 million people is chronically infected in the US with 400,000

individuals deaths from chronic HCV infection every year. Several direct-acting antiviral

(DAA) agents have been approved by the Food and Drug Administration (FDA). HCV is

a blood-borne virus, which prior to 1992 was transmitted through blood transfusion. An

estimated 41,200 new cases of HCV infection occurred in the US with an additional 1.75

million worldwide in 2016. Therefore, there is an urgent need to control the transmission of

HCV, in addition to the antiviral intervention to limit the spread of the virus. Vaccination

is the most effective way to control the infection rate as no infectious disease has ever been

eradicated by treatment alone. However, no vaccine is available to prevent HCV infection.

A useful mammalian cell expression system was described to produce HCV envelope

glycoproteins E1 and E2, as well as the cell surface receptors, scavenger receptor class B

type I (SRB1) and cluster of differentiation 81 (CD81). Our method combines the speed
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and high efficiency of lentiviral infection with an adherent cell bioreactor to allow large-scale

production of proteins in mammalian cell lines. The full-length ectodomain of HCV E1 was

produced at milligram quantity and is recognized by conformational antibodies from patient

samples. E1 can associate with the apolipoproteins from the cell culture serum. HCV E2

produced by the mammalian cell expression system has the function to bind cell surface

receptors and antibodies. Crystals of E2 and CD81 diffract to 4.3 Å resolution allowing us

to produce a low-resolution model of the E2-receptor complex.

Overall, our result extends the current understanding of HCV entry by providing more

structural, biophysical, and functional information on the HCV glycoproteins. The studies

of the receptor interaction can contribute to vaccine design to halt the spread of HCV in-

fection.
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1

Introduction

Hepatitis is defined as inflammation of the liver, which can be caused by viral infection.

Hepatitis B virus was discovered in 1967 and hepatitis A virus was discovered in 1973. In

1989, a non-A, non-B hepatitis (NANBH) was characterized in a patient serum. A cDNA

library from an NANBH patient was expressed in E.coli and probed with various serum

samples, providing clinical evidence for NANBH infection. The clones of the cDNA, con-

structed by patient library, were identified to be derived by RNA molecules during the

infection [1]. The cloned genome of a NANBH agent was eventually designated as the hep-

atitis C virus (HCV), which can be tested by the specific antibodies and PCR based assays

in patient blood samples [2]. The discovery of HCV is a breakthrough in virology and the

HCV testing methods have further enhanced the safety of the blood supply.

1 Epidemiology

Hepatitis C is a liver disease caused by HCV, which can result in both acute and chronic

diseases. Acute HCV infection usually happens in the first six months after exposure for

a short-term illness. From 2010 to 2016, the Centers for Disease Control and Prevention

(CDC) reported a 3.5-fold increasing in HCV acute infection in US [3]. Approximately 75-

85% newly infected patients will become chronic, resulting in a lifelong infection. According

to the World Health Organization (WHO), an estimated 71 million people are chronically

infected globally [4]. An estimated of 3.5 million people are living with HCV infection

within US [5]. It is estimated that around 400,000 individuals die from chronic HCV infec-

tion every year.

Symptoms of HCV infection include loss of appetite, abdominal pain, fatigue, nausea,
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dark urine, and jaundice. Chronic HCV infection can develop into liver cirrhosis, liver

cancer, and death. However, most people are unaware of their infection, since they are

asymptomatic. As a result, HCV is the major cause of cirrhosis and hepatocellular cancer

in US and is the number one cause of liver transplantation.

Among all the HCV infected patients, 15-25% can spontaneously clear infection without

any treatment or medication. The previous treatment consisted of pegylated interferon

(PEG-INF) and ribavirin [6]. In 2011, two protease inhibitors, boceprevir and telaprevir,

were approved by the Food and Drug Administration (FDA). Since then, several new direct-

acting antiviral (DAA) agents have been approved, targeting different HCV nonstructural

proteins. Currently, there are 11 FDA approved DAAs available on the market. However,

access to DAAs is limited due to the high cost of the treatment.

HCV is a blood-borne virus, which prior to 1992 was transmitted mostly through blood

transfusion. Currently, an estimated 41,200 new cases of HCV infection occurred in US

with an additional 1.75 million worldwide in 2016 [3]. New infections in US result from

injection drug use with an average age between 20-29 [7] [8]. Therefore, there is an urgent

need to control the transmission of HCV, in addition to the antiviral intervention to limit

the spread of the virus. Vaccination is the most effective way to control the infection rate

as no infectious disease has ever been eradicated by treatment alone. However, no vaccine

is available to prevent HCV infection.

2 Virology

HCV is a positive-sense, single-strand RNA virus from the genus of Hepacivirus in the Fla-

vivirdae family. HCV has approximately 9,600 nucleotides of 3,010 amino acids with seven

major genotypes (numbered 1-7) [1] [9]. The genome of HCV has the open reading frame

(ORF) with the untranslated regions (UTRs) at 5’ and 3’ ends. The 5’ UTR contains 341

nucleotides and an internal ribosome entry site (IRES). The ORF contains around 9,100
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nucleotides, encoding into a polyprotein which can be cleaved by different proteases to ten

mature proteins, including three for the structure of the virion and seven non-structural

proteins for genome replication [10].

The structural proteins of HCV consist of the core, envelope glycoprotein 1 (E1), and

envelope glycoprotein 2 (E2). Core is the capsid protein with additional functions in signal

transduction and lipid droplet binding [11]. E1 and E2 are on the surface of the virion that

mediate the viral entry [12].

The non-structural proteins consist of p7, nonstructural protein (NS) 2, NS3, NS4A,

NS4B, NS5A, and NS5B. p7 is an ion channel for virus assembly and release [13]. NS2

plays a role as the auto-protease for NS2 and NS3 cleavage [14]. NS3 is a bifunctional

protease/helicase that mediates viral polyprotein cleavage and RNA replication [15], which

could be a target for drug design. NS4A is a co-factor of NS3, while the function of NS4B is

unclear [16]. NS5A has an interferon sensitive region and is phosphorylated by host kinases

[17]. NS5B is an RNA dependent RNA-polymerase [10].

All of the HCV proteins are necessary for viral attachment, entry, fusion, replication,

assembly and release. The NS3 protease, NS5A and NS5B are the major targets for ap-

proved DAAs.

3 Virion Paricle

Structural information for the HCV particle has been difficult to characterize due to the

low levels of viral particle production under laboratory conditions and size heterogeneity of

the virions. The cryo-electron microscope (Cyro-EM), negative-stain electron microscope,

and electron cryotomography (ECT) demonstrated that HCV virions have a broad, radial

distribution between 50-80 nm in diameter with a smooth and even surface [18]. Moreover,

HCV virions can interact with host lipoproteins and form into very low-density lipoproteins
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(VLDLs) and low-density lipoproteins (LDLs) complexes [19] [20].

4 Viral Glycoproteins

HCV envelope proteins, E1 and E2, play a pivotal role in the HCV replication cycle for

receptor binding and virus entry of the host cells. E1 and E2 are located on the outer shell

of the virus particle, mediating virus attachment to the target cell and facilitate membrane

fusion [12].

E1 and E2 glycoproteins are type I transmembrane proteins that anchor to the endo-

plasmic reticulum (ER) lumen. The N-terminal ectodomain of E1 and E2 that are highly

modified with disulfide bonds and N-linked glycosylations, while the C-terminal transmem-

brane α-helices are responsible for heterodimer formation and ER retention [21] [22]. The

ectodomains of E1 and E2 (eE1 and eE2) are heavily-glycosylated soluble protein, with

nearly half of the protein mass contributed by glycans [23]. In addition, eE1 and eE2 con-

tain several intramolecular disulfide bonds [24]. The core structure of the HCV E2 and

the N-terminal domain of E1 (nE1) were determined [23] [25] [26], providing the detailed

structural information on the HCV glycoproteins.

The crystal structure of N-terminal (amino acid 192-270) domain (nE1) of HCV was

determined in 2014, revealing a novel folded dimer [26]. nE1 has a N-terminal β-hairpin

followed by a long α-helix and three antiparallel β-sheets containing both inter- and intra-

molecular disulfide bonds (Figure 1). The nE1 structure does not show structural similarity

to any known viral fusion protein.

E2 core from genotype 1a was co-crystallized with a human neutralizing antibody

(AR3C) (PDB ID: 4MWF) [25]. While the other crystal structure of E2 was from geno-

type 2a with a mouse antibody 2A12 which recognizes a linear non-neutralizing epitope on

C-terminal (PDB ID: 4WEB) [23]. Alanine scanning studies for mapping the neutralizing
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antibody recognition sites was applied on core E2 protein, confirming the reliability of the

published structure [27]. Both structures showed a monomer globular conformation with

multiple β-sheets stabled by the hydrophobic core and several disulfide bonds. More than

half of the E2 structure was formed by flexible loops or even completely unstructured re-

gions (Figure 2).

5 Viral Entry

A complex series of receptors are necessary for HCV attachment, entry, and fusion.

Initial attachment to a host cell involves glycosaminoglycans (GAGs) and low-density

lipoprotein receptor (LDLR). GAG is the large polysaccharides expresses on the surface of

the most mammalian cells and usually play a role in the attachment for a large number of

virus from diverse families [28]. LDLR is expressed in the liver and has a major function of

capturing LDL from the blood circulation to import into the liver [29]. Scavenger receptor

class B type I (SRB1) can regulate the HCV binding as a downstream factor by interac-

tion with HCV E2 [30]. After the initial viral attachment, lipoprotein rearrangement will

undergo to allow the access of the following receptors [31].

In addition, E2 can interact with a critical receptor cluster of differentiation 81 (CD81)

to trigger multiple signaling pathway, such as the epidermal growth factor pathway [32].

Claudin 1 (CLDN) and Occludin (OCLN) are members of cellular tight junctions expressed

in the liver. Claudin 1 might interact with HCV subsequently to SRB1 and CD81 binding

[33]. Occludin was found in the downstream of the CD81 and Claudin 1 binding [34]. These

tight junctions play an important role in triggering the membrane fusion (Figure 3).

After endocytosis and internalization, HCV undergoes viral and host membrane fusion

to release viral RNA into the cytoplasm. Membrane fusion is dependent on the endosomal

acidification [35]. HCV E1E2 was classified into class II fusion proteins which requires a
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low-pH induction for membrane merging [36]. The class II fusion proteins, from alphavirus

and flavivirus, can insert vertically into the membrane triggering the pH-dependent confor-

mational change of envelope proteins. Under the endosomal acidification, HCV E1E2 may

have a series of rearrangement of both oligomeric and structural changes to form a stable

conformation [37] (Figure 3).

Currently, details and evidence of the oligomeric and conformational transition during

membrane fusion in HCV entry are poorly understood. Further structural and functional

information of E1 and E2 will provide a better mechanistic understanding of HCV entry.
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Significance

Understanding the HCV entry mechanism is important for vaccine design to halt the spread

of HCV infection. The basic need for patient treatment is to understand the mechanism of

how the virus recognizes and enters the target cells, especially the function of HCV glyco-

proteins during the entry. In addition, structural insights of the interaction between viral

surface protein and cell surface receptors would guide the vaccine design strategies.

Overall, this thesis aims to extend the current understanding of HCV entry by applying

structural, biophysical, and functional studies on the HCV glycoproteins and receptors.
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Method

1 Production of HCV E1 Ectodomain (eE1)

1.1 Plasmid Constructs Cloning

The HCV eE1 protein was cloned into pJG vector, provided by Dr. John Shires from Emory

University. The pJG vector consists of a Cytomegalovirus (CMV) promotor, a rev response

element, a woodchuck hepatitis promotor response element and a N-terminal prolactin sig-

nal sequence to promote secretion and proper trafficking, followed by tandom C-terminal

protein A and 3X-Flag tags (Sigma Aldrich) (Figure 4). Four μg of the modified pJG vec-

tor was digested by 80 units of BamHI (NEB) restriction enzyme for 16 hours at 37 °C

followed by dephosphorylation using Quick Dephosphorylation Kit (NEB) to prevent re-

ligation of the linearized plasmid. PCR amplified eE1 gene with the overlapped sequences

of the cloning vector, was introduced via InFusion-HD cloning (Clontech) into the linearized

pJG vector. The recombinant circular constructs were transformed into the HB101 strain

of E.coli. All constructs were confirmed by DNA sequencing.

1.2 Lentivirus Production

A 225 cm2 (T225) monolayer flask with 6.2 million HEK293T cells was seeded in 30 mL Dul-

becco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS). The cells

are grown in 37 °C incubator with 5% CO2 overnight. For transfection, 90 μg pJG-eE1,

60 μg psPAX2 packaging plasmid (Addgene), 30 μg pMD2.G envelope plasmid (Addgene),

450 μL 2 M CaCl2, and q.s. to 4.5 mL of ddH2O was added together gently and mixed in

a 50 mL falcon tube. 4.5 mL 2X HEBS (6.24 g HEPES, 8.18 g NaCl, and 0.11 g disodium

phosphate in 500 mL ddH2O) was added by bubbling with a 10 mL serological pipet for 10
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seconds, followed by room temperature incubation for two minutes. The reaction mixture

was added directly to the media in T225 flask (Figure 5). Media was changed after 6-8 hours

with 40 mL DMEM with 10% FBS and 1% Antibiotic-Antimycotic (A/A) (D10 media).

1.3 Lentivirus Infection

Two days later the transfection, 20,000 HEK293S GnTI– (lacking N-

acetylglucosaminyltransferase I) cells were seeded in 100 μL DMEM with 10% FBS

media into a 96-well tissue culture plate. The next day, the culture supernatant containing

lentivirus from the T225 flask was collected into a falcon tube, followed by centrifuge at

4,000 g for 30 minutes at 4 °C. The clarified supernatant was centrifuged at 25,000 rpm for

1.5 hours at 4 °C by Beckman L8-M Ultracentrifuge. The supernatant was discarded and

replaced by 120 μL of DMEM with 20% FBS, 1% A/A, and 8 ug/mL polybrene (D20PB

media) for re-suspending the virus pellet. A half volume of the virus suspension was added

to the 96-well plate to replace the original media. The following day, 150 μL of the fresh

D10 media was added to the well. The next day, 200 μL of the D10 media was used to

replace the infection well.

1.4 Western Blot

By several passages after the infection, a stable cell line was generated. The supernatant

of the cell line was collected and centrifuged at 13,000 rpm for two minutes to remove the

dead cells. Two samples were prepared for every supernatant by adding SDS-PAGE loading

buffer alone with and without 5% β-mercaptoethanol (BME) as the reducing reagent. The

samples were heated at 95 °C for five minutes and loaded onto the 4-20% precast protein gel

(Biorad) for SDS-PAGE with the protein marker. The gel was transfer to a nitrocellulose

membrane (GE Healthcare) using the semi-dry system. The membrane was blocked by

5% non-fat milk and incubated with 3-5 μg of monoclonal anti-FLAG M2 (Sigma-Aldrich)

as the primary antibody overnight at 4 °C, washed with 1X phosphate-buffered saline

with 0.05% Tween-20 (PBS-t), and further incubated with goat, anti-mouse horseradish
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peroxidase (HRP) conjugate (Southern Biotech) as the secondary antibody for an hour

at room temperature. After washing with PBS-t, the membrane was developed with

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).

1.5 Bioreactor Seeding

The stable cell line expressing the gene of interest were serially expanded from 96-well plate

to three 175 cm2 (T175) flasks. Once the confluency was reached, the cells were split in D10

media with a total volume of 30 mL. The BelloCell bioreactor (Chemglass) was pre-warmed

on the BelloStage (Chemglass) for an hour with 470 mL of D10 media. Thirty mL of the

suspended cells were slowly expelled using a serological pipet to distribute evenly over

the matrix. The seeded BelloCell was settled on BelloStage for 2-4 hours using a 2 mm/s

oscillation rate with a top hold for 20 seconds. Afterwards, the bioreactor was operated with

1 mm/s oscillation rate, top hold for ten seconds and bottom hold for one minute (Figure 6).

1.6 Bioreactor Harvest

Three days after seeding, the media was aspirated from the bottom chamber through

the center access of the matrix chamber, using a 2 mL aspiration pipet. A half-liter of

the fresh D10 media was added through the same access to the bottom chamber. For

regular maintenance, the media was harvest and replaced every other day. The harvested

supernatant was centrifuged at 4,500 rpm for 15 minutes at 4 °C and filtered through a 0.2

μm Millex filter (EMD Millipore) to remove the cell debris. One mM sodium azide solution

was added to the filtered supernatant, allowing to store at 4 °C for weeks.

1.7 Purification of eE1

Several (2-4) liters of the eE1 supernatant was loaded at a flow rate of 0.5-0.8 mL/min onto

an IgG Sepharose column (GE Healthcare) equilibrated with 20 mM sodium phosphate

pH 7.0 buffer. After loading, the column was washed with six column volumes of 20 mM
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sodium phosphate pH 7.0 buffer and equilibrated with four column volumes of 20 mM

HEPES pH7.5, 250 mM NaCl, and 5% glycerol (HEPES buffer).

Rhinovirus (HRV) 3C protease was expressed in E.coli cells and purified with a

glutathione S-transferase (GST) tag. The purified GST-HRV3C protease was diluted into

one column volume of HEPES buffer and slowly injected to the IgG column with a syringe

at around 1 mL/min. After two days of digesting, IgG column was connected on the top of

pre-equilibrated GSTrap and Q (GE Healthcare) columns with HEPES buffer. eE1 protein

was collected in tubes from the column flow-through at the flow rate of 1 mL/min. After

collecting eE1 protein, IgG column was cleaned with 0.1 M sodium citrate pH 3.0 and 20

mM KCl.

1.8 Size-exclusion Chromatography (SEC)

A Superose 6 Increase 10/300 GL (GE Healthcare) column was equilibrated with HEPES

buffer using AKTA Pure (GE Healthcare) system. Purified eE1 protein was injected to the

column with HEPES buffer as the elution buffer.

1.9 Mass Spectrometry

The eE1 samples were gel filtered in 20 mM HEPES pH 7.5 and 150 mM NaCl buffer.

Analytical mass spectrometry was performed at the Protein Chemistry Section in Research

Technologies Branch (RTB) at National Institute of Allergy and Infectious Diseases

(NIAID) using matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF),

electrospray ionization time-of-flight (ESI-TOF), and electrospray ionization quadrupole

(ESI-Quadrupole) methods. MALDI and intact mass were obtained, and post-data-

acquisition analyzed to get the mass of the substance.
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1.10 Analytical Ultracentrifugation (AUC)

The eE1 samples were purified and buffer exchanged by SEC, using the elution buffers with

different pHs: (a) 20 mM sodium phosphate pH 5.0 with 250 mM NaCl and (b) 20mM

sodium phosphate pH 7.0 with 250 mM NaCl.

The experiment was performed at University of Texas Health Science Center at San

Antonio (UTHSCSA) for Macromolecular Interactions (CMMI) with Beckman Optima

XL-I. Measurements were pelleted at 20 °C for 16 hours at 38,000 rpm and UV absorbance

was measured at both 280 nm and 230 nm for concentration determination. Data calcula-

tion and analysis was performed at UTHSCSA, using the UltraScan program suite[38].

1.11 Deglycosylation with Endoglycosidase H

Endoglycosidase H (Endo H) was expressed in E.coli cells and purified with a GST tag.

1 M sodium citrate pH 5.5 buffer was added to the purified eE1 to a final concentration

of 100 mM to lower pH for optimal enzymatic deglycosylation. Based on the ratio, 1 mg

Endo H-GST to 2 mg of eE1, Endo H-GST was added to cleave within the chitobiose core

of high mannose and some hybrid oligosaccharides from N-linked glycosylation sites. The

deglycosylation reaction was incubated at room temperature for 3.5 hours.

1.12 Purification of Deglycosylated eE1

After deglycosylation, the sample was applied to a GST column to separate eE1 from the

enzyme. Deglycosylated eE1 collected in the flow-through from GSTrap column followed

by Superose 6 Increase 10/300 GL column using HEPES buffer for further purification.
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1.13 Negative Stain Electron Microscope

eE1 samples were buffer exchanged to 20 mM HEPES pH 7.5 and 150 mM NaCl buffer

by SEC, followed by concentrating to 1-1.5 mg/mL. The 400-mesh copper grids with a

continuous carbon film were glow discharged for 40 seconds before use to increase the

hydrophilicity. Three μL of the eE1 sample was applied to the grid and removed by

blotting with filter paper after incubation for one minute, followed by three times washes

with ddH2O. The grid was air dried after adding 3 μL of 2% UranyLess as the stain. The

images were required by Gatan 894 TEM operated at 120kV with a UltraScan 1000 CCD

camera.

2 Characterize the Structure of eE1 in Complex with Antibodies

2.1 Monoclonal Hybridoma Culture

eE1 monoclonal antibody cell lines (H111 and H114) were provided by Dr. Steven

Foung’s lab at Stanford Medical School. Hybridoma cells were grown in Iscove’s Modified

Dulbecco’s Medium (IMDM) with 10% low-IgG serum. The following three methods were

used to culture eE1 antibodies monoclonals.

a. Spinner Flask

The culture was seeded with 50x106 cells in 100 mL IMDM media with 10% low-IgG

serum, 10 mM HEPES pH 7.5 and 1% A/A (low-IgG media) in 500 mL volume spin-

ner flask (Corning) at 100 rpm. The cells were expanded by adding the same volume of

existing media every other day. The culture volume was grown to a final amount of 2-4 liters.

b. Shaker Flask

The hybridoma culture was added in low-IgG media at a concentration of 500,000

cells/mL to a shaker flask (Corning) and placed on shaker platform (Corning) at 125 rpm
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in 37 °C incubator with 8% CO2. The culture volume was grown to a liter.

c. Membrane flask

The media layer of CELLine 350 membrane flask (Wheaton) was equilibrated with 10

mL IMDM media with 1% low-IgG serum, and 10 mM Hepes pH 7.5 (nutrient medium).

After equilibrating for 10 seconds, 8x106 cells were inoculated to the cell layer of membrane

flask in 6 mL IMDM media with 15% low-IgG serum, and 10 mM HEPES pH 7.5. Air

bubbles were removed by pipetting up and down for few times. An additional 340 mL of the

nutrient medium was added to the media layer of the membrane flask. After 4-6 days of sta-

tionary incubation, the hybridoma cells were harvested when the culture grew to 2x108 cells.

The harvested supernatant was centrifuged at 5,000 rpm for 15 minutes and filtered

through 0.2 μm PES filter to remove the cell debris. One mM Sodium azide solution was

added to the filtered supernatant, allowing to store at 4 °C for weeks.

2.2 Enzyme-linked Immunosorbent Assay (ELISA)

Nunc-Immuno MicroWell 96-Well plate (Thermo Scientific) was coated with 10, 5, and 2.5

μg eE1 solution diluted in 50 μL of PBS-t in each well and incubated at 4 °C overnight

on a circular rocker. Each well was replaced by 100 μL of 5% BSA as a blocking buffer

followed by three washes with PBS-t. After an hour of blocking at room temperature, 50

μL of the antibody culture supernatant was added as the primary antibody and incubated

for another hour at room temperature. Anti-mouse HRP was introduced as the secondary

antibody at 1: 15,000 dilution in PBS-t for one hour at room temperature. Finally, the

plate was developed by 50 μL TMB (3,3’,5,5’-Tetramethylbenzidine) substrate (Thermo

Scientific) for five minutes followed the addition of 50 μL of 2 M sulfuric acid to terminate

the reaction. The absorbance at 450 nm was quantified by Softmax Pro software on

SpectraMax i3x (Molecular Devices).
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2.3 Purification of Monoclonal Antibodies

The filtered hybridoma culture media was loaded onto a Protein G column (GE Healthcare)

which was pre-equilibrated with 4-6 column volumes of 20 mM sodium phosphate pH 7.0

buffer. After loading, the column was washed with another 4-6 column volumes of 20 mM

sodium phosphate pH 7.0, followed by four column volumes of 1XPBS. The antibody was

eluted with 0.05% trifluoroacetic acid (TFA) directly into 1 M Tris-HCl pH 9.0 buffer at a

volume ratio of 5:1 for immediate neutralization. The purified antibody was dialyzed into

20 mM sodium phosphate pH 7.0 and 10 mM EDTA.

2.4 Antibody Digestion and Antigen-binding Fragment (Fab) Purifica-

tion

L-cysteine was directly added to post-dialyzed antibody solution to a final concentration

of 20 mM. Insoluble papain agarose (Sigma) was suspended in 50 mM sodium acetate pH

4.4 containing 0.01% sodium azide, added at 0.15 mg per 1mg of antibody, and incubated

on the tube revolver (Thermo Fisher) for 3-5 hours at 37 °C. The reaction tube was

centrifuged at 3,500 rpm for ten minutes followed by filtered by 0.2 μm Millex filter unit

to remove the enzyme. Digested Fab was purified using rProtein A Sepharose column (GE

Healthcare), eluted with 0.05% TFA, and desalted into 20 mM Tris-HCl pH 8.0. Fab was

loaded to Mono Q 5/50 GL column (GE Healthcare) in 20 mM Tris-HCl pH 8.0 and eluted

using a salt gradient from 0 to 2 M NaCl.

2.5 eE1/Antibody Complex

eE1 was incubated with antibody Fab at 1:1.2 molar ratio for an hour on ice. The complex

was loaded onto a Superose 6 Increase 10/300 GL column using 20 mM HEPES pH 7.5

and 100 mM NaCl as the elution buffer. The complex was concentrated to 7-12 mg/mL by

Amicon Ultra-4 Centrifugal Filter Unit (Millipore).
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2.6 Crystallization Screening

The initial crystals were grown in commercial screenings from Hampton Research and

Molecular Dimensions by the sitting drop vapor diffusion method [39]. After adding 60 μL

solution to the reservoir of Intelli-Plate 96, 200 nL protein was added to the sub-well with

an equal volume of reservoir solution. Crystallization trials were incubated at both 4 °C

and 20 °C for up to several months.

Optimization of Crystals The crystals were grown by the hanging drop vapor diffusion

method in 24-well VDX plate with a serial of gradient concentration solutions [39]. After

adding 500 μL solution to the reservoir, 1 μL of protein was added onto the 22 mm cover

slide (Hampton Research) with an equal volume of reservoir solution. Crystal drops were

sealed and incubated at both 4 °C and 20 °C up to months.

3 Characterization of E2 Ectodomain (eE2)

3.1 eE2 Construct Cloning, Expression, and Purification

pJG-eE2 was cloned, expressed, and purified as described in Materials and Method Section

1.

3.2 Purification of Deglycosylated eE2

After deglycosylation reaction, eE2 was desalted into 20 mM Hepes pH 7.5, 50 mM NaCl,

and 5% glycerol. Deglycosylated eE2 and the enzyme was loaded onto Heparin column

(GE Healthcare). Endo H-GST was separated in the flow-through of the column, while

deglycosylated eE2 was eluted using a salt gradient from 0 to 2 M NaCl.
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4 Characterization of Cell Surface Receptor CD81

4.1 CD81-LEL Construct Cloning, Expression, and Purification

pJG-CD81-LEL was cloned, expressed, and purified as described in Materials and Method

Section 1.

4.2 Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) experiments were performed by MicroCal iTC200

at Biophysics Core of the National Heart, Lung, and Blood Institute (NHLBI). HCV eE2

was loaded into the cell at around 15 μM, and CD81 was in the syringe at around 100

μM. CD81 was injected into the cell for 17 times (0.2 μL for the first injection followed by

16 injections of 2.35 μL) with stirring at 750 rpm. Titration curves were analyzed with

MicroCal AddOn of Origin 7.0 software (OriginLab).

4.3 SEC of eE2 and CD81-LEL Complex

The following complexes were incubated on ice for an hour, (a) eE2 with CD81 at 1:1,

1:2, and 2:1 molar ratio and (b) eE2/Fab with CD81 at 1:1, 1:2, and 2:1 molar ratio. The

complex was loaded onto a Superdex 200 Increase 10/300 GL column using elution buffers

at different pHs, a) 20 mM HEPES pH 7.5 and 100 mM NaCl, b) 20 mM sodium acetate

pH 5.0 and 100 mM NaCl.

5 Crystallization of eE2 in Complex with Antibodies and Cell Surface

Receptors

5.1 Complex of eE2, Antibody Fab, and CD81-LEL (E1/Fab/CD81)

Fully-glycosylated eE2 was incubated with antibody Fab at 1:1.2 molar ratio for 1 hour

on ice. The E2/Fab complex was loaded onto a Superdex 200 Increase 10/300 GL
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column using 20 mM HEPES pH 7.5 and 100 mM NaCl as the elution buffer, followed

by concentration to 7-12 mg/mL by Amicon Ultra-4 Centrifugal Filter Unit. CD81 was

gel filtered separately and concentrated to 16-20 mg/mL. E2/Fab complex and CD81 was

incubated at 1:1.2 molar ratio for another hour on ice to form the complex for crystallization.

5.2 Crystallization Screening

The initial crystals were grown in commercial screenings from Hampton Research and

Molecular Dimensions by the sitting drop vapor diffusion method [39]. After adding 60 μL

solution to the reservoir of Intelli-Plate 96, 100 nL of the complex, E2/Fab/CD81, E2/Fab,

and CD81 were added into the 3 sub-wells individually as well 100 nL of reservoir solution.

E2/Fab and CD81 samples were used as negative control. Crystals were incubated at both

4 °C and 20 °C for several months.

5.3 Optimization of Crystals

The crystals were grown by the hanging drop vapor diffusion method in 24-well VDX

plate with 500 μL of well solution with a gradient concentration [39]. One μL of the

complex was mixed with an equal volume of reservoir solution, consisting of 0.2 M

sodium acetate trihydrate pH 4.6 with 14% polyethylene glycol (PEG) 3,350. Single,

football-like crystals were formed overnight at 4 °C and kept growing for another three days.

5.4 SDS-PAGE of Crystals

Around ten crystals were transferred to a new drop of mother liquor solution to remove the

traces of the protein solution. The transfer step was then repeated for four times to wash

the crystal surfaces. The washed crystals were dissolved in SDS-PAGE loading buffer,

followed by analysis by SDS-PAGE.
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5.5 Cryo Test and Data Collection

Crystals were cryoprotected using reservoir solution supplemented with 25% (v/v)-2-

Methyl-2, 4-pentanediol and flash cooled in liquid nitrogen.

Diffraction data was collected at beamline ID-22 from Argonne National Laboratory.

5.6 Structure Determination and Refinement

The data was integrated and scaled by MOSFLM. Phases were determined by the molecular

replacement method on PHENIX using E2 core/Fab (PDB ID: 4WEB) and CD81-LEL

(PDB ID: 1G8Q) structures. The model was improved by rounds of density modification

using COOT and PHENIX. The finally graphics were generated using the program PyMOL.

5.7 Additive Screening

Additive screening (Hampton Research) was set up with 24-well VDX plate using the same

crystallization reagent [40]. One μL of the sample was added onto the cover slide followed

by 0.8 μL of the crystallization reagent and 0.2 μL of the additive. For the volatile reagent,

the additive was added at 10% of the well volume directly to the well solution followed by

sealing the reservoir.

6 Characterization of Cell Surface Receptor SRB1

6.1 SRB1 Construct Cloning, Expression, and Purification

pJG-SRB1 was cloned, expressed, and purified as described in Materials and Method

Section 1.
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6.2 SRB1/Antibody Binding

Anti-SRB1 antibodies were provided by Dr. Maria Teresa Catanese at Nouscom.
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Results

1 Characterization of the HCV E1 Ectodomain

After decades of the study, the functions of HCV E1 during viral entry remain unclear

[41]. Overall, E1 is known to play an important role in membrane fusion together with E2

[42]. E1 has a role in receptor binding and heterodimer formation with HCV E2. Binding

of CD81 to E1E2 complex is stronger when compared to E2 alone, revealing that E1 may

mediated the interaction to the cell surface receptor [43]. Furthermore, a conformational

human monoclonal antibody (CBH-2) can recognize E1E2, suggesting that E2 may have a

different confirmation or undergo structural change with the presence of E1 [44]. Several

antibodies have been found against E1 that can neutralize virus entry [45], such as human

antibody H111 [46], IGH526 [47], and mouse antibody A4 [48].

Different groups of researchers have been able to express E2 alone and E1E2 in different

cell lines. However, attempts to express E1 alone in both mammalian and Drosophila

systems have yielded mostly misfolded aggregates [49]. E1 is dependent on the downstream

sequence of E2 for proper folding and assembly [50] [51]. It has been hypothesized that

E2 has chaperone role on co-expression with E1 to help form a native and functional

conformation.

Using a novel expression system developed in our lab, our lab has successfully expressed

and purified milligrams of properly folded eE1 in mammalian cells in the absence of E2.
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1.1 Lentivirus Plasmid Design

Following our success with the production HCV eE2, we explored the use of a similar

mammalian cell expression system combined with lentivirus transfection method to produce

eE1 glycoproteins.

eE1 fragment was followed by a HRV3C protease site to allow the cleavage of the target

protein from a C-terminal affinity tags, protein A and 3XFLAG. The final expression

sequence of the eE1 protein includes the prolactin signal, Gly-Ser from the BamHI

restriction site, eE1 protein and few amino acids left of 3C protease site. Protein A tag

can facilitate protein folding, solubility and purification. HRV3C protease can recog-

nize a specific amino acid sequence as Leu-Glu-Val-Leu-Phe-Gln//Gly-Pro and cleaves

between Glu and Gly. Once the protease is loaded to the IgG sepharose column, the

protein A tag would remain attached, while untagged soluble eE1 is eluted from the column.

1.2 Production of Stable Cell Lines

Transient DNA transfection is a common method for recombinant protein expression

in mammalian cells [52]. The transient transfection allows expression for a limited

period of time, it can be lost by cell division and other environmental factors since the

DNA is not integrated into the host genome. For long-term large scale protein produc-

tion, this procedure needs to be repeated for several rounds to get the desired amount of

protein. The repetitive nature means that transient transfection is costly and time intensive.

Lentivirus transfection is a safe and quick mean to establish a stable expression cell

line [53]. Lentivirus is from Retroviridae family, which is able to infect mammalian cells

by introducing reverse-transcribed viral RNA into host DNA using viral-encoded integrase

enzyme. A transfer plasmid, a packaging plasmid, and an envelope plasmid were introduced

by calcium phosphate method to produce pseudotype lentivirus for only a single round of

infection. The transfer plasmid, pJG, consists of the target protein followed by an IRES
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expressing green flurorescent protein as a visible marker. The packaging plasmid, psPAX2,

has encodes HIV Gag/Pol replication and packaging proteins. The envelope plasmid,

pMD2.G, encodes vesicular stomatitis virus glycoprotein (VSV-G) to enhance cell tropism

and stability.

The multiplicity of infection (MOI) of this method is about 1,000-10,000 to introduce a

high number of expression cassettes into the cells. To summarize, the lentivirus system is

more efficient means to produce a stable cell lines as it does not (a) require special media

or drug selection and (b) need to perform clonal cell lines isolation [53].

1.3 Bellocell Bioreactor

Compared to roller bottle, Cellstack (Corning), and shaker flask, BelloCell bioreactor uses

less disposable material saving money and incubator space. BelloCell consists of a bello with

a center cage filled with BioNOC II three-dimensional matrices for adherent cell growth.

BelloStage holds four bioreactors and has a programmable cable that controls the rate of

rising and descending of the bellos. When the stage descends to the bottom, the cells are

exposed to the air for aeration. When the stage rises to the top, the cells are in direct con-

tact with the media to uptake nutrients. The cells in the BelloCell can be maintained for up

to 3-4 months with continuous media harvest and replacement. Growing cells in BelloCell

bioreactor yields “a 10-fold increase compared to the more traditional roller bottle method”.

1.4 Constructs Optimization and Expression Testing

E1 has an ectodomain of approximately 160 amino acids followed a transmembrane

domain [54] (Figure 7). The transmembrane of E1 functions as a signal for ER local-

ization and involves in ER retention. The hydropathy characterization suggested that

the transmembrane domain of E1 started at amino acid 353 [55]. (Note: amino acid

residues of E1 and E2 will be given relative to the first amino acid in the HCV polyprotein.)
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In 2014, the crystal structure of N-terminal domain of eE1 (the first 79 amino acids,

nE1) was determined (Figure 1). Amino acid 303 on E1 is predicted to be the end of

a parallel β-coupling strand [56]. E1 192-311 was successfully expressed and secreted in

both mammalian cells and insect cells, but in a misfolded form [57]. Sindbis virus-HCV

recombinant E1 192-330 was expressed in Baby hamster kidney-21 (BHK-21) cells with

secretion and properly folding [58]. A NMR structure of the transmembrane proximal

region eE1 (amino acid 314-342) has been reported (PDB ID: 2KNU) in an α-helical

structure with an essential role in membrane fusion [59]. To test the expression of different

truncated eE1, nE1, cE1 (amino acid 271-352), E1 192-303, E1 192-311, E1 192-330,

and E1 192-342 were expressed in our mammalian system for comparison and further

characterization (Figure 7) (Table 1).

Amino acid 262-290 of eE1 was predicted to be a second membrane anchor as well as

the membrane fusion peptide during the HCV entry. This region has been hypothesized

to be flexible and exposed on the protein surface, driving the conformational change

for membrane fusion [60]. It was hypothesized that this hydrophobic region may cause

problems in protein expression. To increase the stability of the construct and the bioactivity

of the protein, amino acid 263-287 was deleted and replaced by a Gly-Ser-Gly-Ser linker.

The most common flexible linker sequences consist of Gly and Ser residues, due to the

small and soluble nature of amino acids. By linking the functional domains together,

the expression levels and the folding may be improved. Based on the reasons above, eE1

192-352 (full-length ectodomain) linker, 192-311 linker, 192-330 linker, and 192-342 linker

constructs have been cloned and expressed (Figure 7) (Table 1).

The expression level and SEC of various E1 fragments and deletions showed that

shorten the construct from C-terminal results in lower production. Though 192-352 linker

has a better SEC profile with better expression level (Figure 8), the long deletion of the

amino acids in the middle of the construct may cause the conformational difference to the

native eE1.
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Regardless of the previous failure expression trial of full-length eE1 by other groups, it

is worth to test the full-length eE1 construct using our system. eE1 192-352 precedes on

SEC and Western Blot of expression level than 192-352 linker protein, however, tends to

aggregate and precipitates over time.

The His at amino acid 352 of eE1 is known to be important for structure and

heterodimer conformation and is highly conserved among different genotypes (Figure 9)

[61]. The Trp at amino acid 353 is also conserved and known as a common amino acid in

α-helix as well as His. It’s highly possible that both His and Trp are parts of the α-helix

structure. The construct of eE1 was extended to amino acid 357 to include the conserved

His and Trp to help folding to complete the α-helix structure. Surprisingly, by adding five

more amino acids on the C-terminal eE1, the homogeneity and production of the protein

was improved (Figure 10B). Compared to eE1 192-352, eE1 192-357 is more stable when

left at 4 °C for extended periods of time.

In conclusion, eE1 192-357 would be a good candidate to use for the following charac-

terization and crystallization trial.

1.5 Association of eE1 and Apolipoproteins

HCV virion is known to associate with lipoprotein components [62]. Apolipoproteins regu-

late lipid transportation and metabolism, which plays an important role during the HCV

life cycle. Apolipoprotein A-I (ApoA-I) is the major protein component of high-density

lipoproteins (HDL), also known as an SRB1 binding ligand, and can mediate viral the RNA

replication [63]. Apolipoprotein A-II (ApoA-II) is a major protein component of HDL

and is recognized as a hepatic lipase regulator [64]. The purified enveloped HCV virion

particles have been visualized by negative-stain electron microscope [65] [18], which turns

out that apolipoproteins (ApoA I, ApoB, and ApoE) can associate with serum-derived

HCV particles. Moreover, by comparing the immunolabeling accessibility of the host

apolipoproteins and HCV glycoproteins, the apolipoproteins are exposed on the surface
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and may mask the viral particles.

The purified Con1 eE1 192-352 protein was applied on the SDS-PAGE with reducing

and non-reducing conditions, followed by Coomassie staining (Figure 10A). The two major

bands were isolated for protein identification at Biological Mass Spectrometry Facility of

Robert Wood Johnson Medical School at Rutgers, the State University of New Jersey. The

lower band (around 27 kDa) was identified as bovine ApoA-I, which is found in the FBS

used in culturing the cells, whereas eE1 localizes on the top band.

The purified eE1 from other HCV genotypes 1b, 3a, and 5a were determined by intact

mass spectrometry from the core facility at NIH. Residues of ApoA-I and ApoA-II were

identified in all three different genotypes by reverse phase HPLC. The most identified

residues are the truncated ApoA-I at amino acids 25-265 and the truncated ApoA-II

at amino acids 24-99 (Table 2). In conclusion, E1 was associated ApoA-I and ApoA-II

from the culture media. Furthermore, the SEC profile showed a symmetric sharp peak,

suggesting eE1/apolipoproteins is a stable complex (Figure 10B).

1.6 pH-triggered Conformational Changes in eE1

Many viral envelope glycoproteins undergo the a low-pH induced conformational change

that triggers membrane fusion. The crystal structure of pre- and post-fusion flavivirus

envelope (flavivirus E) proteins was determined, suggesting a transition from anti-parallel

dimer to vertical trimer against the lipid bilayer. The fusion peptide is exposed at one end

of trimer at low-pH, which is a common feature for class II fusion protein [66].

HCV glycoproteins have been reported to undergo a similar conformational change with

the low-pH treatment [36]. One evidence of the pH-triggered change of HCV glycoproteins

is the different abilities on antibodies and receptors recognition [67]. During endosomal

acidification process of HCV entry, the pH range would be 4.5-6.5. Previous work in our

lab has shown that E2 does not undergo major oligomeric or structural rearrangement at
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low pH by SEC and small angle X-ray scattering (SAXS) analyses, which excludes E2 alone

would be the membrane fusion protein in the process [23]. This brought us the hypothesis

whether E1 alone could play the direct role in membrane fusion process.

To begin with, the eE1 complex was incubated with pH 5.0 and pH 7.0 buffer followed

by SEC to determine the size and oligomeric state of proteins (Figure 11). Proteins with

different pHs were at similar elution volumes, suggesting that pH changes do not cause the

major oligomeric changes. However, the oligomeric state of eE1 could not accurately be

determined by SEC, given that the glycans of eE1 may interact with SEC column resin.

As an alternative approach, AUC was used to determine the oligomeric states of eE1

at different pHs. AUC is a highly accurate technique for determining the molecular weight

of a natively folded protein in without any standards or matrix interactions [68]. The

size and shape of the protein in solution, as well as some thermodynamic parameters

can be measured by AUC, including the molecular weight, equilibrium constant and the

species present in solution and their interactions. The result has shown the continuous

distribution in molecular weight of the eE1/apolipoproteins complex in both pH 5.0 and

pH 7.0 (Figure 12). The sedimentation coefficient distribution of macromolecules can be

converted to molar masses distribution, which resulted in better resolution and sensitivity.

Other methods of data analysis also agreed in this curve, such as by Van Holde-Weischet

plots.

Overall, the molar mass suggests the presence of a more than four components mixture

for this stable complex. Interestingly, eE1/apolipoproteins complex undergoes a subtle

conformational change at low pH, showing a 3 kDa mass difference. Based on our

calculation, E1 and ApoA-I might form a dimer complex along with ApoA-II. At pH

5.0, a small amount of protein might be able to form a trimer complex, shown a small

peak around 150 kDa. In the concentration range which has been measured, there is no

detectable mass action occurring. If there is an equilibrium of the complex binding, the

concentration of the protein sample should be quite far from the dissociation constant (Kd )
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of the eE1/apolipoproteins complex. In other word, the binding of eE1 and apolipoproteins

is quite strong, so the actual Kd value is much lower than the protein concentration at the

equilibrium.

1.7 Negative Stain Electron Microscope of eE1/Apolipoproteins Com-

plex

Negative stain electron microscope is a powerful tool in structural biology. By applying a

layer of dried heavy metal solution on the specimen, the contrast and the signal-to-noise

ratio would increase for visualization of the specimen. Different views of negative-stain

images can be combined for 3D reconstruction. This method undergoes a quick and

easy process on specimen preparation to acquire the detailed conformational information.

Moreover, by enhancing the contrast, relatively small particles can be visualized under the

transmission electron microscope.

For sample preparation, 400-mesh copper grids were coated with a thin layer of contin-

uous carbon film, followed by glow discharging. The support films must be transparent and

mechanically stable during the exposure to obtain the good conductivity and help spread

of the adherent sample [69]. The particle number can be affected by the incubation time

while adding sample to the grids. Washing of the grids will help to remove the salt and

macromolecules, especially those components that can interact with stain solution. The

heavy metal stain not only enhances image contrast, but also protects the sample from

collapsing. To reveal different features of the particles, multiple stains were used. For the

negative stain of eE1/apolipoproteins complex, UranyLess and uranyl acetate were both

applied. UranyLess is a neutral solution with pH value around 6.8, whereas Uranyl Acetate

is acid solution with a pH of 4.2-4.5. To determine whether eE1/apolipoproteins complex

would undergo the conformational change, different pHs of the stain solution were tested.

The images were acquired at 120 kV with Charge Coupled Device (CCD) detector.

eE1/apolipoproteins complex particles size is around 10-14 nm in a global shape (Figure
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13). Human ApoA-I forms a dimer complex in the presence of HDL in a belt ring-like

lipid-bound form of structure [70]. It’s plausible that ApoA-I forms the ring-like structure,

while eE1 takes up the space in the middle of the ring (Figure 14). This model matches

our mass spectrometry result, that apolipoproteins would be on the surface of eE1 acting

like a protective shell.

1.8 Deglycosylation Test of eE1/Apolipoproteins Complex

N-linked glycosylation occurs in a variety of eukaryotic organisms and is the most common

protein post-translation modifications (PTMs). All N-linked glycans are based on the

common core pentasaccharide, Man3GlcNAc2, occurring during the protein synthesis [71].

The consensus sequence of the N-linked glycosylation is Asn-X-Thr and Asn-X-Ser, where

X represents any amino acid except Pro.

eE1 has five predicted N-linked glycosylation sites among different genotypes [72].

Different glycosidases are available for deglycosylation of eE1. Peptide-N-glycosidase F

(PNGaseF) can remove all types of N-linked glycosylation indiscriminately. The endo-

glycosidases such as Endo F1, endo F3, and Endo H, can cleave high mannose and some

hybrid glycans and leave only one N-acetylglucosamine (GlcNAc) linked to Asn (Figure

15). Usually, glycans removal results in the less protein flexibility, and the higher degree

of homogeneity, which can assist in protein crystal formation and diffraction resolutions.

Deglycosylation may avoid the heterogeneity of the glycans of eE1 to help the structure

determination.

The deglycosylation reaction conditions vary from different proteins, but the main

standard is to enhance the accessibility of the glycosidases enzymes to the glycoproteins.

In our case, eE1 protein was diluted around 1 mg/mL and Endo H was added at a 2:1

mass ratio (E1: Endo H). The pH value of the reaction buffer was reduced to pH 5.0 for

optimal enzyme efficiency. Heating the reaction up to 37 °C may decrease the solubility

of deglycosylated eE1, so the reaction was incubated at room temperature. A sample is
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taken at every half an hour and visualized by SDS-PAGE gel to monitor the deglycosy-

lation reaction. A Coomassie-stained SDS-PAGE of the eE1 complex before and after

the reaction showed that glycans on eE1 could be cleave by Endo H in four hours (Figure 16).

For the post-deglycosylation purification, the ion-exchange column was usually used as

exposure of surface charge after the N-linked glycans are removed. In our case, the main

goal is to separate the deglycosyted protein from the enzyme, since there is not much

glycosylated eE1 after the reaction. After trying several columns, GSTrap column (to

remove the GST tagged Endo H) followed by SEC was selected for further purification

(Figure 17).

Homogeneity and solubility are the two major problems associated with the degly-

cosylated proteins. From the SDS-PAGE and SEC profile, deglycosylated eE1 is shown

as a clear band on the gel and a single sharp peak on the chromatography, suggesting

deglycosylated eE1 is a relatively homogenous protein (Figure 17). Even with the charge

changes on protein surface with glycans removal, deglycosylated eE1 was soluble at both

low pH and neutral pH buffers.

For the deglycosylation trial, different conditions and purification methods were applied

for different eE1 samples, revealing a protein surface charge and biophysical differences

among different constructs. Deglycosylated eE1 from three different genotypes (1b, 3a,

and 5a) were analyzed by mass spectrometry to determine the number and distribution

of glycans. The deglycosylated eE1 was heterogenous due to the different utility of

glycosylation sites. Interestingly, the last glycosylation site (Asn142) was not utilized by

all three genotypes.

1.9 Discussion

Full-length, folded soluble eE1 was successfully produced using our mammalian cells

expression system without the presence of E2, yielding a solid foundation for continued
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biophysical and structural studies.

Considerable time was spent trying to produce eE1 without apoplipoproteins. None

of the methods were successful, suggesting a very strong binding affinity between these

proteins. Using serum-free media, eE1 alone was produced in the same mammalian

cell expression system, however, total production yields are over 50-fold less (0.2 mg/L

media). All the discoveries above suggested that apolipoproteins should be considered as

an important co-factor of E1. For the eE1/apolipoproteins complex, approximately half of

the mass is apolipoprotein and a quarter is glycan based on the mass spectrometry and

AUC data.

E1 does not undergo an obvious conformational change at low pH. The sedimentation

velocity experiment can be used to detect a subtle conformational change by testing both

the pH effect and concentration effect for multiple samples. The result can verify whether

a reversible self-association or mass action occurs around different pHs, as well as the

affinity parameters at the end stage.
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2 Characterization of eE1 in complex with antibodies

The ability of HCV E1 protein as a vaccine candidate has been controversial. E1 is

recognized as a poor immunogen and less immunogenic than E2 [73]. The response induced

by immunization of the HBV-HCV chimeric E1 was quantified, showing a much weaker

response than E2 by a microparticle chemiluminescence immunoassay [74]. Compared

to E2, there are much fewer E1 antibodies found in HCV patient samples and less

characterized. Anti-E1 antibodies are rarely detected in significant quantities in patients

[75].

However, there’s few findings suggesting E1 can be a potential target for neutralizing

antibodies induction. Firstly, E1 has a better sequence similarity among different genotypes

than E2 and has more intergenotype cross-reactivity. Secondly, some anti-E1 antibodies

have been reported to confirm the immunogenic function on E1. H-111, a human mono-

clonal antibody can weakly neutralize HCV genotype 1a, 1b, 2b, and 3a through a highly

conserved epitope at the N-terminal (amino acid 192-211, YEVRNVSGVYH sequence) of

E1 [76]. IGH-526 and IGH-505 are broadly neutralizing monoclonal antibodies targeting

the amino acid 313-327 region [75]. Thirdly, the isolated anti-E1 antibodies were detected

in chronically infected patient response which are effective for HCV clearance and vaccine

design [77].

In conclusion, characterization of the interaction between E1 and antibodies may lead

to a better understanding of the role of E1 during the HCV entry. In addition, the analysis

of neutralizing properties of anti-E1 antibodies might be effective in vaccine strategies.

2.1 Generation of Monoclonal Antibodies

The mouse hybridoma antibody cell lines were generated through a collaboration with Dr.

Arash Grakoui at Emory Vaccine Center. The overall procedure and timeline is shown

(Table 3). At phase I, E1 (genotype 1b) 192-330 serum-free protein was used as the antigen
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with the adjuvant to induce a robust immune response. One mouse was chosen out of ten

with the best ELISA result of the pre- and after-immunization serum. At Phase II, the

lymphocytes of the chosen mouse were collected, isolated, and fused with myeloma cells.

The fused hybridoma cells were selected by a special media and diluted for the single cloned

cell for continuous culture. The cell culture supernatant was collected with the ones shown

the positive ELISA results with the antigen. At Phase III, the sub-cloned hybridoma cell

lines were expanded to a 2 mL culture for further expansion.

2.2 Mapping the Antibody Binding Region by ELISA

To determine a broader range of the epitopes, the truncated versions of eE1 described in

Section I were used in an ELISA. The hybridoma cell lines were expanded to a 0.5-liter

culture and the supernatants were collected. Different supernatants were tested on nE1,

cE1, eE1 192-303, eE1 192-311, eE1 192-330, eE1 192-342, and eE1 192-357 from genotypes

1a, 1b, and 2a.

Since the mouse antibodies were generated against the serum-free protein of eE1

192-330, it is not surprised that some of antibodies didn’t interact with eE1 357 pro-

tein, such as 2F2 and 2F7, revealing the conformation differences between these two

proteins. Interestingly, most of the antibodies can bind to the N-terminal of eE1, only

2F7 binds to C-terminal, leading to the result that N-terminal region of eE1 could be

a good candidate for antibody recognition. All the antibodies interacting with eE1

192-330 can bind to a longer construct, eE1 192-342, as well, showing a similar confor-

mation between these two proteins. However, eE1 192-342 might be relatively flexible

or folded different near the antigen binding regions. Some monoclonal antibodies can

cross-reactive with eE1 of different genotypes. 3D2 can bind to genotype 1a and 1b, while

H-114 can interact with genotype 1b and 2a. Antibody 2F7 can interact with all three

genotypes, suggesting its antigen binding region might be conserved among three genotypes.

In conclusion, the N-terminal of eE1 would be more immunogenic which could be useful
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for therapeutic purposes.

2.3 Antibody Digestion and Fab Purification

Based on the results of binding region mapping on different anti-E1 antibodies, several

were chosen for the downstream biochemical and structural studies. Around 20 hybridoma

cell lines were expanded to larger scale cultures for purification. Most of the antibodies

can be successfully purified and digested into antibody Fab fragments (Table 5).

However, a major impediment was that the production level varied from batch to

batch, even the ones from the same starting culture. Hybridoma can be very heterogenous

in population, grow at diverse rate or antibody production can be lost after prolonged

time in culture usually after 10-20 passages. Hybridoma cell lines with poor growth rates

were sub-cloned (2C1-1A, 2B12-D1, 2B12-G10, 2G9-G2 D1, 2F11-D1 D1, and 2B9-A5), by

diluting into single cell and selecting the highest producing cell lines. However, the diluted

sub-clones usually take few weeks to expand, which could result in missing the antibodies

expressed during this time. To avoid this, multiple sub-cloned cultures can be chosen

for expansion, for example, 2B12-D1 didn’t produce any antibodies, whereas 2B12-G10

expressed much better.

It’s hard to get the desired amounts of antibodies by the method discussed above,

especially for crystallization trial. To solve this issue, a membrane flask was introduced for

the alternative method to grow hybridoma cell lines, whose average expression level is 10

mg antibody per every 350 mL-membrane-flask.

Once the antibodies were purified, Papain digestion was performed to produce Fab

fragments. The digestion time and production level of each antibody was shown in the

Table 5. For different antibodies, the post-digestion purification method is quite different.

The purified Fab fragments will be used as a potential co-crystallization scaffold.
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2.4 Characterization of eE1/Fab Complex

Even if the full-length antibody can interact with eE1 by ELISA, however, for unknown

reasons, the purified Fab fragment shows lower binding activity. Furthermore, certain Fab

and Fc fragments cannot be distinguished clearly. We devised a further test by SEC to

confirm the binding between eE1 and Fabs.

Antibody Fabs of 4E3, 2F2, 3C1, H114, 1D10, 2B12, 1D2, 2B12, and H111 were

mixed with different truncated eE1 proteins with or without N-linked glycans at 1:1.2

molar ratio, followed by incubation on ice for one hour. The complex was loaded onto

the superpose 6 column for characterization (Figure 18). The SEC profile of eE1 and

Fab alone were used as controls. The elution volume of the complex should be smaller

than either protein alone, due to the larger size of the complex. A complex with better

homogeneity showed a symmetric, sharp peak on SEC. The excess amount of the an-

tibody is added to for increasing complex formation, which can be visualized by SEC profile.

The initial binding test was with a 1:1 molar ratio of eE1 to the antibody, but some of

the SEC profiles showed a much higher peak of the free antibody than expected, suggesting

a different binding ratio. By changing the antibody amount and testing on SEC, a different

ratio was found for 1D2 and 1D10 antibodies, revealing an approximate 1:2 binding of the

protein to Fabs (Figure 19).

Even though some complexes form at the same binding ratio, the elution volume were

quite different, suggesting the differences in the size or shape of the complexes (Figure 19).

It would be interesting to probe the conformation of different complexes.
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2.5 Crystallization Trials of eE1/Fab Complexes

X-ray crystallography is widely used for identifying the atomic and molecular information

of a protein, as well as the contact information for protein and antibody complex. A high-

resolution structure will provide new directions to understand the molecular mechanisms

of E1 function.

Antibodies can be a crystallization chaperone to aid the structural determination

of the flexible proteins [78]. For flexible proteins, an antibody can trap it in a specific

conformation, increasing homogeneity and the possibility for crystal formation. For the

solvent-exposed loops, some antibodies can assist in the formation of crystal lattice by in-

creasing the hydrophilic surface area of the binding complex [79]. Mass spectrometry result

shows that eE1 is under different glycosylation states and different conformations. An-

tibody may “lock” eE1 at a specific conformation, increasing the chances of forming crystals.

The Fab fragment is identified as a better scaffold than the full-length antibody. The

small size of Fab would eliminate the flexibility around the antibody binding region, which

can make the crystals packing more spacious and rigid. An early use of antibody Fab in

crystallography published in 1990. HIV capsid p24 was co-crystallized with Fab reaching

to 2.7 Å resolution [80]. Another advantage of using Fab fragment in crystallography

is to help determine the phase. For model-based phase determination, the approach is

to pursue molecular replacement using a library of Fab structure, because the overall

structure of Fabs are very similar. The high-resolution structure of nE1 can also be a phase

determination tool for molecular replacement method [26]. Overall, it might facilitate the

crystal formation of eE1 by co-crystallization with anti-E1 Fab fragments.

Complexes consisting of both fully-glycosylated and deglycosylated eE1 in different

truncations with different antibody. Fabs were purified by SEC and screened for crys-

tallization using commercial kits at two temperatures (Table 6). Among the different

combinations, two complexes successfully formed crystals from the 96-well initial screening
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on sitting drop plate.

The first one is deglycosylated Con1 eE1 192-352 linker protein with H-111 Fab

complexed in 20 °C at 7-10 mg/mL. The crystallization solution consists of 4% v/v

Tacsimate pH 4.0 and 12% w/v Polyethylene glycol 3,350. The 20 μm-sized small

football-shaped crystals started form after 20 days and slowly grew to the full-size in 60

days (Figure 20A). However, the growth time was too long which can cause the degra-

dation of the protein. Moreover, the crystals from this condition were difficult to reproduce.

The second one is Con1 E1 192-357 fully glycosylated protein with 2B12-G10 Fab

complexed in 20 °C at around 12 mg/mL. The crystallization solution consists of 0.1 M

ammonium sulfate and 12% w/v Polyethylene glycol 3,350. The 400 μm-sized hexagonal

prisms-shaped crystals formed overnight and grew to maximum size in the following three

days (Figure 20B). One crystal was directly analyzed on an X-ray home source at Center

for Advanced Biotechnology and Medicine (CABM) at a 3.5 Å resolution dataset. Data

processing and unit cell size suggested the presence of antibody alone, implying that the

complex dissociated in this crystallization condition. These hexagonal crystals were covered

by cloudy precipitation, which might be eE1 protein. The pH value of this crystallization

condition is about 5.0 which may disrupt the complex. To test this hypothesis, the complex

was analyzed by SEC with low-pH elution buffer, showing the complex was separated into

two peaks (Figure 21). Further analysis revealed that Fabs failed to complex with eE1

below pH 5.0. Further crystallization trials of eE1 and antibody complex are ongoing.

2.6 Discussion

The reasons why eE1 is characterized as a weak immunogenic protein could be due to the

presence of glycans and apolipoproteins that cover the eE1 surface. Glycans can influence

the immunogenicity of the protein by inhibiting the antigenic conformation or exposure of

antigenic site [73]. In addition, glycans can alter the proteolytic susceptibility of proteins,

which leads to the surface charge change of the protein. A study has shown that by the
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mutagenesis on E1 protein glycosylation site, the immunogenetic property has changed

using a specific ELISA measurement on intramuscular and intraepidermal injection to

BALB/c mice [73]. The apolipoprotein can “shield” the antibody binding for similar

reasons.

A new batch of anti-E1 antibodies are being generated using Con1 eE1 192-357 protein

as the antigen, since some of the previous hybridomas do not grow well or antibody binding

was poor. The neutralizing antibodies, especially the broadly neutralizing antibodies, can

be used for therapeutics treatment and vaccine design. The anti-E1 antibodies need to be

assayed HCV neutralization followed by epitope mapping to identify areas of vulnerability

on eE1. The most immunogenic epitope can be used for future vaccine design.
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3 Characterization of E2 the Interaction between E2 and Cell Surface

Receptor CD81

The function of HCV E2 glycoprotein is better defined than E1. During the HCV entry,

E2 plays a major role in cell surface receptor complex binding. E2 mediates virus entry

through interaction with cell surface receptors and is highly immunogenic. Numerous

neutralizing antibodies have been founded against E2. E2-specific antibodies derived from

human sera can neutralize HCVcc in vitro [81]. E2 has a selective advantage by recognizing

the antibodies target specific region [82].

It has been a challenging task for years to express HCV E2 protein, because it’s

heavily glycosylated, flexible and contains several disulfide bonds. The similar strategy

of mammalian cell expression method was used to produce the E2 full-length ectodomain

seeking for more structural information.

CD81 was identified in 1990 as a surface protein expressed on most human cells [83].

CD81 belongs to transmembrane 4 superfamily with the function as signal transduction,

cell regulation, and immune cells differentiation [84]. This tetraspanin protein consists of

four transmembrane segments with the linkers in between, a short extracellular loop (SEL),

a large extracellular loop (LEL), and a short intracellular loop. The crystal structure of

human CD81-LEL reveals a mushroom-like structure in a homodimeric form [85] (Figure

22).

The crystal structure of human CD81-LEL reported that Thr163 and Phe186 residues

on human CD81 were crucial for the CD81 E2 interaction by mutagenesis analysis [86]. In

addition, the interaction depends on the integrity of the two disulfide bonds bridge and the

dimerization of CD81-LEL [87] [88].

CD81 is the first identified HCV receptor in 1998 with the function of directly

interacting with HCV E2. CD81-specific antibody can block the HCV infection, suggesting
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that CD81 can mediate the post attachment of HCV entry and cause the conformational

change on E2. In addition, several neutralizing antibodies against E2 can specifically block

E2/CD81 interaction [89]. The interaction regions were narrowed to amino acid 412-423,

432-447, and 528-535 on E2, named as CD81 binding loop, by antibody blocking assay

[90]. Moreover, CD81-LEL can stabilize the E2 conformation at low-pH, taking advantage

of the flexibility of the CD81 binding loop [37]. However, it is unclear about the E2 and

CD81 interaction in details.

The crystal structure of H77 eE2 core protein with a Fab fragment reveals the interaction

region belongs to the CD81 binding loop. Phe537 and Lys539 residues on CD81 binding

loop were flipped into the hydrophobic core, whereas in the J6 eE2 core structure, the CD81

binding loop region is disordered and solvent exposed (Figure 23) [23] [25]. In both HCV

pseudoparticles and cell culture-derived HCV particles, the secondary structure of CD81

binding loop is dependent on the binding of different antibodies [91]. CD81 binding requires

a correctly-folded E2, but there’s no conformational information on CD81 binding loop [92].

To get a better understanding of the E2 and CD81 interaction, an atomic resolution

structure was needed, which might reveal an unpredictable secondary structure of the

CD81 binding loop. The detailed structural information can be used in drug design by

discovering a molecular as an inhibitor to block the interaction site. A high-resolution

structure will provide the new directions to understand the molecular mechanisms of

antibody-mediated protein and receptor interaction.

3.1 Full-length eE2 Expression and Purification

eE2 has an N-terminal ectodomain followed by an α-helical stem and a carboxyl-terminal

transmembrane helix. (Figure 2A). E2 has 9-11 glycosylation sites depending on genotype

and 18 cysteines for disulfide bonds which are absolutely conserved.

The full-length eE2 (amino acid 384-656) was expressed in HEK293S GnTI– cell line
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with lentivirus infection method followed by purification, which can reach to the yield at

20 mg per liter of the culture media for both H77 and J6 genotypes.

3.2 ΔHVR1 eE2 Expression and Purification

The hypervariable region (HVR) is a genome region where the base pairs are made of a

variable number of repeated sequences, which is usually exposed or flexible.

Neither of the published structure has included the N-terminal of eE2, especially the

HVR1 (amino acid 384-410) [93]. Hydrogen-deuterium exchange and limited proteolysis

was used to probe the first 72 amino acids of E2, including both HVR1 and HVR2, showing

HVR1 is a flexible and solvent exposed region with several glycosylation sites [23].

Genotype 1a and 2a of ΔHVR1 eE2 protein were expressed for characterization on the

function of HVR1 by comparing to the properties of full-length eE2. HVR1 is reported

to be an important epitope for SRB1, CD81, and neutralizing antibodies binding [94].

The ΔHVR1 eE2 (amino acid 411-656) was expressed in HEK293S GnTI– cell line with

lentivirus infection method followed by purification, which can reach to the yield at 20 mg

per liter of the culture media.

3.3 Oligomeric Study of eE2

The disulfide-linked high oligomers can be shown on the Coomassie-stained SDS-PAGE

with higher molecular weight bands at non-reducing condition, whereas a single band

with the reducing reagent (Figure 24A). The SEC profile of eE2 shows mainly two peaks

(Figure 24B). The eE2 dimer elutes earlier followed by a sharp symmetric peak of the eE2

monomer. From the SDS-PAGE and SEC result, approximately 20% of eE2 species is at

the dimeric form, but the majority is monomer.

To enhance the homogeneity of eE2 for the following biophysical and structural study,
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the monomer, as the dominant species of eE2, was isolated and collected. In conclusion,

both full-length eE2 and ΔHVR1 eE2 are monomeric in solutions which confirms the

previous finding [23].

3.4 Expression and Purification of Human and Tamarin CD81-LEL

HCV can only infect humans and chimpanzees [95]. Mouse CD81 cannot interact with

HCV particles from the serum [89]. However, tamarin CD81 can interact with HCV E2

with an approximate 10-fold higher binding affinity than human CD81 [96]. Tamarin, as a

New World monkey and is a suitable animal model for many human viruses. In addition,

tamarin CD81 can substitute for human CD81 during HCV entry [96]. CD81-LEL is highly

conserved between differences species, with only five amino acid differences of human and

tamarin (Figure 25).

CD81-LEL has four cysteine residues to form the disulfide bonds and no N-linked gly-

cosylation sites [90]. Both human and tamarin CD81 were expressed in HEK293T cell line

with lentivirus infection method followed by purification, which can reach to the yield at 10

mg per liter of the culture media for both species. CD81-LEL expressed in mammalian cells

is proper-folded and soluble comparing a similar construct produced in bacteria (Figure 26).

3.5 Interaction between E2 and CD81-LEL

The crystal structure of human CD81-LEL shows an antiparallel dimer, whereas E2 core

structure is at a monomeric form in solution [85] [23]. It is unclear how a CD81-LEL

dimer can recognize the monomeric E2. SEC and Isothermal titration calorimetry (ITC)

methods were used to study the stoichiometry of E2/CD81-LEL interaction.

Different molar ratios (1:1, 2:1, and 1:2) of the purified fully-glycosylated full-length eE2

and CD81-LEL proteins were mixed together followed by SEC analysis. E2 and CD81-LEL

showed heterogeneous binding for all different ratios of mixture. Two major peaks on the
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SEC were collected and analyzed by SDS-PAGE, revealing two different species. It’s clear

to visualize the E2/CD81 complex and E2 alone, which in theory should have another

species of CD81-LEL alone. However, the UV absorbance at 280 nm for CD81-LEL was

relatively low due to the presence of a single Tyr residue, making it difficult to detect using

standard protein chromatography. None of different E2:CD81-LEL ratios allowed for the

formation of a single complex (Figure 27).

For a more quantitative study of the protein-protein interaction we employed isothermal

titration calorimetry (ITC). ITC directly measures the heat releasing and absorbing asso-

ciated with a chemical reaction triggered by the mixing of two components. The binding

constant (Kd ), stoichiometry (n), and enthalpy of binding (ΔH) can be determined, as

well as some other thermodynamic parameters. ITC does not require modification or

immobilization the protein samples. However, ITC does require a larger quantity of sam-

ples compared to other affinity measurement techniques, such as surface plasmon resonance.

The binding affinity was measured of both human and tamarin CD81-LEL to HCV

E2 protein. Tamarin CD81-LEl has a 5-fold tighter affinity than human CD81-LEL,

consistent with previous qualitative methods done in tissue culture media [96] (Figure

28). The binding ratio of E2 to CD81-LEL is around 0.5 for both species, which suggests

that a portion of E2 may interact with CD81-LEL dimer. The same experiment was

repeated multiple times with a different binding ratio number every time, but a similar

dissociation constant within the error. The ITC result of the binding ratio didn’t match

our previous observation using SEC method and couldn’t get any theoretical evidence to

support. One hypothesis could be that the sample we purified is partially active, for ex-

ample, if the binding is ratio is o.7, which means a 1:1 binding with 30% inactive form of eE2.

In conclusion, tamarin CD81-LEL can interact with eE2 by a higher affinity than human

CD81-LEL in binding. Tamarin CD81 can be a candidate for the following biophysical and

structural study.
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3.6 Antibody-mediated Receptor Binding

To study the CD81 and E2 interaction, H77 eE2 with CD81 complex was characterized

using SEC by the same method as J6 eE2. The SEC of the H77 eE2 and human CD81-LEL

complex was much more complicated than J6, showing multiple peaks overlapping on each

other. Coomassie-stained SDS-PAGE was not able to identify the components of each

peak because different peaks cannot be separated to different fractions of the column elution.

Anti-E2 antibody 2A12 Fab was co-crystallized with eE2 core in the high-resolution

structure [23]. In this way, 2A12 should have stabilized E2 by changing from disordered to

an ordered conformation. The binding site of 2A12 is on the C-terminal and far from the

CD81 binding loop, which should not block the CD81 interaction.

H77 full-length eE2 was first complexed with 2A12 Fab and then human CD81 with

1:1:1 molar ratio followed by SEC characterization. On the chromatography, a sharp

symmetric peak was at a smaller elution volume prior to the elution volume of E2/Fab

complex, identified as the E2/Fab/CD81-LEL complex. By overlapping the chromatogra-

phy of E2/CD81-LEL complex and E2/Fab/CD81-LEL complex, it is clear that antibody

can help with homogeneity and complex stability (Figure 29).

Interestingly, a non-neutralizing antibody can facilitate the formation of E2/CD81

complex. This is a striking observation that may have implication for viral infection but

needs more work to confirm this observation.

3.7 Crystallization Trials of full-length eE2 with CD81-LEL

Deglycosylated J6 full-length eE2 was complexed with 2A12 Fab followed by mixing with

human or tamarin CD81. In this way, the antibody fragments would serve as crystallization

chaperones to aid the structural determination and especially conformational homogeneity.
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The initial screening is performed using a series of commercial, preformulated crystal-

lization reagents by sitting drop vapor diffusion method [39]. For each condition, three

different protein samples were analyzed. In the first sub-well, eE2/Fab/CD81-LEL complex

was applied, while eE2/Fab and CD81 alone serve as controls. The expected result is

crystals formed in the first sub-well and no crystals on the last two sub-wells. However,

no crystals were observed within 6 weeks after the initial screening with the complex of

full-length eE2 with 2A12 Fab and human CD81-LEL.

Glycans can assist in the protein folding and crystal packing. The crystal structure

of HIV gp120 with homogeneous oligomannose glycans was determined, revealing the

glycoprotein is reactive to a glycan-mediated antibody [97] [98]. Since N-linked glyco-

sylations can stabilize the protein fold of the protein and their glycan electron density

can be visualized in detailed structure, we decided to attempt crystallization with fully

glycosylated eE2 [99]. Thus, the fully-glycosylated eE2 was used for crystallization and

crystals were found in three conditions. Thus, the fully-glycosylated eE2 was used for

crystallization and crystals were found in three conditions (Figure 30) (Table 7).

3.8 Crystallization Trial of ΔHVR1 eE2 with CD81-LEL

By making a deletion of the flexible loop and solvent-exposed hydrophobic residues, the

stability of the protein may increase crystal formation. ΔHVR1 eE2 was complexed with

2A12 Fab and CD81-LEL for crystallization screening.

No crystals were found from ΔHVR1 eE2 with 2A12 Fab and human CD81-LEL

observing within 6 weeks, which might due to the low binding affinity between human

CD81 and E2.

For ΔHVR1 eE2 with 2A12 Fab and tamarin CD81-LEL, within 3 days after setting

up, the complex crystals were formed in 11 different conditions (Table 8). Interestingly,

the crystallization conditions are usually with 0-0.2 M salt and pH 4-6 with 10-20% PEG
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solution. The images of the crystals from different conditions are shown (Figure 31). The

size of some initial crystals can reach to 100 μm in the longest dimension (Figure 31).

ΔHVR1 eE2 crystals were better in both shape and size than the ones of full-length

eE2. The following optimization will focus on the fully-glycosylated J6 ΔHVR1 eE2 with

2A12 Fab and tamarin CD81-LEL crystals.

3.9 Optimization and Additive Screening on Fully-glycosylated ΔHVR1

eE2 with 2A12 Fab and Tamarin CD81-LEL Crystals

Crystal optimization is done by hanging drop diffusion method using 24-well plate with

a gradient of sodium acetate trihydrate pH 4.6 and PEG 3,350. The crystals grew to a

size of 200 μm in a football shape and were confirmed as a E2/Fab/CD81 complex by the

SDS-PAGE (Figure 32).

To improve the size and shape of the crystals, additive screening was applied us-

ing a commercial kit with the initial condition of 0.2 M sodium acetate trihydrate

pH 4.6 and 14% (w/v) PEG 3,350. A list of additive conditions and crystals images

are shown (Figure 33), however the crystals weren’t improved in size and shape as expected.

3.10 Data Collection and Modeling of the E2-CD81 Interaction

Crystals were cryo-protected using reservoir solution with 25% (v/v) 2-methyl-2,4-

pentanediol and flash cooled in liquid nitrogen. The crystal with 4.3 Å resolution belongs

to space group P212121 with cell parameters a= 77.78 Å, b= 128.1 Å, c= 223.4 Å with all

angles 90 °. Phases were determined by the molecular replacement method using PHENIX

with eE2 core (PDB ID: 4WEB) and human CD81-LEL (PDB ID: 1G8Q). COOT was

used for refinement followed by fitting the CD81-LEL structure into the density map. After

rounds of further refinement, the final model was built with a resolution of 4.3 Å (Figure 34).
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Overall, the complex formed a twisted-belt-like structure (Figure 35). The dimer of

tamarin CD81-LEL was interacted with two E2s on each side. E2 was stabilized by Fab

fragments on the opposite side of the CD81 binding region. Phe537 residue on E2 is

identified on the CD81 binding loop [25], while Phe186 residue on human CD81 plays an

important role on E2 binding by mutagenesis experiment [90].

In our preliminary model, E2 Phe537 and CD81 Phe186 residues are at the interface.

Better resolution for the complex is needed to confirm the interaction.

3.11 Discussion

One interesting observation is that neither ITC nor SEC result can accommodate the 1:1

ratio of binding model on E2/CD81 interaction. The stoichiometry (n) is less than 1 by

ITC, suggesting a portion of E2 was not active for CD81 interaction. Fully glycosylated

full-length eE2 was used on the binding assays, however, glycans might have an influence

on the E2/CD81 binding. Mutagenesis of different glycosylation sites on E2 could decrease,

increase, or have no effect on the E2/CD81 binding [100]. It overstated that by removing of

the glycans on Asn417 and Asn32 residues of E2, CD81 binding loop could be overexposed

to enhance the interaction [100].

To make the interaction more detectable by ITC, a higher concentration of the sample

or the removal of glycans can be used in exaggerating the signal. By enhancing CD81 and

E2 binding to make it a “tight and rigid” complex, the possibility of crystal formation can

be increased as well.

Most of the crystals formed in low-pH crystallization reagent, suggesting the confor-

mation of E2 and CD81 complex is more stable at low-pH. The complex can be purified

and formed at low-pH in order to get a better result in crystallization trial. The further

optimization of the crystals is undergoing.



48

4 Characterization of cell surface receptor SRB1

SRB1 is a cell surface glycoprotein that can uptake cholesterol from circulating lipoproteins

and deliver it to the liver for degradation. SRB1 can bind to HDL and the oxidized form of

LDL followed by delivering to steroidogenic tissues and liver cells [101]. SRB1 is reported

to be overexpressed in many human cancers and most tumor cells, including prostate,

colorectal, breast and ovarian cancers [102]. SRB1 was suggested to be very prominent

therapeutic agent [103], as well as a potential cancer biomarker [104]. SRB1 was identified

as an HCV receptor in 2002 and has been reported to interact directly with HCV E2

protein [30]. SRB1 wasn’t expressed much in the majority of the human cells [105], which

benefits SRB1 to be a drug target in cancer therapy or HCV treatment [106].

4.1 Construct Design of SRB1 Ectodomain (eSRB1)

SRB1 is composed of 509 amino acids, with a molecular weight of approximately 82 kDa

due to the 11 glycosylation sites on the ectodomain [107]. It consists of two transmembrane

helices at both N-terminal and C-terminal of the large ectodomain.

SRB1 belong to CD36 superfamily which contains three members, SRB1, lysosomal

integral membrane protein type 2 (LIMP-2) and CD36 [108]. Interestingly, the crystal

structure of LIMP-2 has been reported to contain a helical bundle on ligand binding region

and a large cavity traversing the entire length of the molecule. By mutagenesis on SRB1

residues which predicted to be in the cavity, the researchers proposed that SRB1 could

contain a similar tunnel conformation which is responsible for cholesterol or cholesterol

ester transfer [109].

Based on the crystallization construct of LIMP-2, the SRB1 ectodomain construct was

designed in a similar region followed gene synthesis and fused into pJG vector to be ready

for lentivirus transfection.
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4.2 Expression and Purification of eSRB1

Due to the post-translational modifications on SRB1, mechanistic and structural studies

have been hindered by lacking method to produce the SRB1 proteins in good quantity and

quality.

The eSRB1 (amino acid 38-431) was expressed in HEK293S GnTI– cell line with

lentivirus infection method followed by purification achieving yields of about 40 mg per

liter of the culture media. The purified monomeric form of eSRB1 is properly folded and

soluble as determined by SEC (Figure 36A).

4.3 Biophysical Analysis of eSRB1

Analysis the antibody interaction is an easy method to test the whether the purified eSRB1

was functional. A human monoclonal SRB1 antibody, mAb16-71, is effective in blocking

HCV dissemination. eSRB1 produced in our system is recognized by mAb16-71 antibody

by ELISA, confirming the proper folding of eSRB1 (Figure 36B).

4.4 Interaction between HCV E2 and SRB1

The N-terminal of E2 can associate with SRB1, especially the hypervariable region (HVR1)

[110]. It is reported that SRB1 binding to E2 could facilitate the following CD81 binding

[111]. In this model, HCV enters the hepatocytes in a coordinated fashion, beginning with

the initial binding to SRB1 and triggers the conformational changes on E2, which in turn

can bind to the cell surface receptor CD81 [112].

The interaction between E2 and CD81 was determined, but we couldn’t detect any

direct association between HCV eE2 and eSRB1. One reason could be that the interaction

required the transmembrane region of either protein. Yet, there’s no evidence from our

previous results to support the successive E2-SRB1-CD81 binding model.
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The underlying mechanism regarding HCV binding to SRB1 is still unclear. Due to

the crucial role of SRB1 plays in HCV entry, a better understanding of the functional and

conformational insights is needed.

4.5 Discussion

The sequence similarity of LIMP-2 and SRB1 is 34.56% which could be hard to use the

LIMP-2 structure as a model for SRB1. With no common binding ligands reported between

LIMP-2 and SRB1, it is not reliable to propose any conformational or structural insights

on the SRB1 and E2 binding interface.

A small molecule compound, ITX5061, was the first drug used to inhibit HDL lipid

transfer which has the functional of blocking E2 binding to SRB1 [105]. In addition to the

prominent role of SRB1 in cancer research as a potential drug candidate, SRB1 can be

used to design new therapeutics to efficiently block HCV infection.
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Figure 1: Crystal Structure of N-terminal Domain of E1 (nE1) in Complex with Antibody

(A) The crystal structure of nE1 (amino acid 192-270) monomer (PDB ID: 4UOI).
(B) The asymmetric unit is shown with six molecules of nE1.
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Figure 2: Crystal Structure of E2 Core in Complex with Antibody

(A) Linear diagram of the domain organization of E2. The locations of glycosylation sites are
shown in “Y” figures, Stem is in green, transmembrane region is in yellow, and the three HVR
(amino acid 384-410, 454-491, and 586-596) are shown in red. The crystal constructs are shown

with PDB IDs
(B) Ribbon representation of E2 core structures (PDB ID: 4WEB and 4MWF).
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Figure 3: The Model of HCV Entry

I. Initial attachment to host cell by interacting with LDLR and GAG.
II. Receptors and cell entry factors binding, including SRB1, CD81, OCLN, and CLDN

III. Entry to host cell
IV. Low-pH triggered conformational and oligomeric state change

V. Membrane fusion



54

Figure 4: The Map of pJG Vector

The pJG vector consists of a cytomegalovirus (CMV) promotor, a rev response element, a
woodchuck hepatitis promotor response element and a prolactin signal sequence to promote

secretion and proper trafficking. The sequence of target protein is followed by a C-terminal 3XFlag
tags.



55

Figure 5: The Production Infectious Transgenic Lentivirus

Three plasmids are transfected into HEK293T cells, including a transfer plasmid (pJG), a
packaging plasmid (psPAX2) and a envelope plasmid (pMD2.G).
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Figure 6: Two-Step Feeding Strategy on BelloStage

BelloStage can hold 4 bioreactors. The time for nutrition and aeration is adjustable. When the
stage descends to the bottom, the cells are exposed to the air for aeration. When the stage rises to

the top, the cells are in direct contact with the media to uptake nutrients.
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Figure 7: The Domain Organization and the Construct Design on E1

(A) Linear diagram of E1 glycoprotein. The tested E1 constructs are shown below the diagram.
The location of glycosylation sites are shown in “Y” shape, predicted fusion peptide is shown in

orange (amino acid 262-290), and transmembrane region on red.
(B) The sequence of Con1 eE1. The possible glycosylation sites are shown in green and the

cystines were shown in red. Yellow arrows are the ends of each construct and the deletion was
shown in grey.
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Figure 8: The SEC of Different Truncated eE1

(A) The profile of Con1E1 330 with apolipoprotein complex shown in blue, whereas Con1E1 330
serum free protein shown in red. Both of them have some aggregation at the void volume of

Superose 6 column.
(B) The Con1E1 352 linker protein with apolipoproteins shows a nice sharp peak on Superose 6

column.
The elution buffer for SEC is 20 mM HEPES pH 7.5 with 100 mM NaCl.
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Figure 9: E1 Sequence Alignment of Different Genotypes

E1 (genotype 1-7) is aligned by ClustalW. The grey box shows the conserved residues. The His352
and Ala357 residues are labeled in red. eE1 352-356 region is highly conserved among all the

genotypes.
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Figure 10: The SDS-PAGE the SEC Profile of eE1 357

(A) SEC profile on eE1 357 is with reduing (R) and non-reducing (NR) conditions. The two major
bands by SDS-PAGE on Con1 eE1 357 protein are identified by mass spectrometry as E1 and

bovine ApoA-I.
(B) The SEC of Con1 eE1 357/apolipoproteins shows a single sharp peak. The elution buffer for

SEC is 20 mM HEPES pH 7.5 with 100 mM NaCl.
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Figure 11: The SEC of eE1/Apolipoproteins at Different pHs

eE 357 is eluted by different pH buffers on SEC. The elution volume and size distribution of the
protein at pH 5.0 and pH 7.0 is very close. The elution buffer for SEC is 20 mM sodium phosphate

(pH 5.0 or 7.0) with 100 mM NaCl.
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Figure 12: AUC Profile on eE1 at Different pHs

The mass distribution of eE1 at pH 5 is shown in blue and pH 7 is in orange. eE1/apolipoproteins
complex is undergoing a subtle conformational change at low pH, showing only 3 kDa mass

difference. Based on our calculation, E1 and ApoA-I might form a dimer complex along with
ApoA-II. At pH 5.0, a small amount of protein might be able to form a trimer complex, shown a

small peak around 150 kDa.
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Figure 13: The Negative-stain of eE1 in Complex with Apolipoproteins

The size of the fully-glycosylated Con1 eE1 357 particles is around 10-14 nm in a global shape
using UranylLess as a stain reagent.
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Figure 14: The Bean-like EM structure of eE1/Apolipoproteins complex

A 26 Å structure of Con1 eE1 357 apolipoproteins complex fits the structure of a human ApoA-I
dimer ring and nE1 structure. ApoA-I dimer structure is shown in blue and the nE1 structure is in
red. ApoA-I forms the ring-like structure, while eE1 takes up the space in the middle of the ring.
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Figure 15: The Cleavage Sites of Endo H and PNGaseF

The arrows show the locations of the cleavage sites on the hybrid high mannose glycan structure.
The N-linked common core is shown in red box and the glycans produced by GnTI– cells is shown

in brown box.



66

Figure 16: SDS-PAGE of eE1 before and after the Deglycosylation

The sample were with both reducing (R) and non-reducing (NR) conditions after four hours of
Endo H treatment.
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Figure 17: Post-deglycosylation Purification on eE1/Apolipoproteins

(A) SEC profile of deglycosylated eE1/Apolipoproteins complex. The elution buffer for SEC is 20
mM HEPES pH 7.5 with 100 mM NaCl.

(B) SDS-PAGE of the post-SEC first and second peak under reducing (R) and non-reducing (NR)
conditions.
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Figure 18: The SEC of eE1, Fab, and the Complex

(A) The SEC of Con1 eE1 352 linker deglycosylated protein. (B) The SEC of the complex of
deglycosylated Con1 eE1 352 linker with the Fab fragment of human neutralizing antibody H111.

(C) The SEC of H111 Fab alone. The void volume is shown by the arrow. The elution buffer
contains 20 mM HEPES pH 7.5 and 100 mM NaCl. The elution volume of main peak in (B) shows
a difference as the elution volume (A), suggesting a larger particle size for the samples in (B). The

elution buffer for SEC is 20 mM HEPES pH 7.5 with 100 mM NaCl.
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Figure 19: Overlay of the SEC Profiles of Different Antibodies Binding

The full-glycosylated Con1 eE1 357 was complexed with the Fab fragment of mouse antibody
1D10, 4E3, 2B12, and human antibody H114 respectively. The elution buffer contains 20 mM
HEPES pH 7.5 and 100 mM NaCl. The molar ratio of E1 to antibodies binding is shown. The

elution buffer for SEC is 20 mM HEPES pH 7.5 with 100 mM NaCl.
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Figure 20: The Crystals of eE1/Apolipoproteins with Fab

(A) Deglycosylated Con eE1 352 linker with H-111 Fab fragment was complexed and concentrated
to 10 mg/mL. The crystal was grown at 20 °C from a 96-well sitting drop screening. The

crystallization solution consists of 4% v/v Tacsimate pH 4.0 and 12% w/v Polyethylene glycol
3,350. The very small football-shaped crystal starts form after 20 days. The size of the crystals is

around 20 μm.
(B) Fully glycosylated Con eE1 357 with 2B12 Fab fragment was complexed and concentrated to 9

mg/mL. The crystal was grown at 20 °C from a 24-well hanging drop screening. The
crystallization solution consists of 0.1 M ammonium sulfate and 20% w/v Polyethylene glycol

4,000. The 400 μm-sized hexagonal prisms-shaped crystals were form overnight and grew bigger in
the following three days.
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Figure 21: Complex Dissociation Test by SEC

(A) The SEC profile on fully glycosylated Con1 E1 357 with 2B12-G10 Fab. The fist peak is the
complex and the second the the excess antibody. The elution buffer for SEC is 20 mM HEPES pH

7.5 with 100 mM NaCl.
(B)The complexed protein purified on (A) is applied on SEC with the 20 mM sodium acetate pH

5.0 and 100 mM NaCl, showing two peaks of the complex dissociation.
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Figure 22: The Crystal Structure of human CD81-LEL

CD81-LEL is at a homodimeric form with a mushroom-like conformation. (PDB ID: 1G8Q)
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Figure 23: E2 Hydrophobic Residue Positions in CD81 Binding Loop

(A)E2 residue F537 and L539 (side chains are shown as red sticks) are stabilized by Fab fragment
with flipping into the hydrophobic core. (PDB ID: 4MWF)

(B)Solvent exposed positions of residue F537 and L539 (side chains are shown as blue sticks).
(PDB ID: 4WEB)
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Figure 24: Oligomeric Analysis of eE2 by SDS-PAGE and SEC

(A) SDS-PAGE of fully glycosylated J6 full-length eEL with reducing (R) and non-reducing (NR)
conditions. The disulfide-linked high oligomers can be shown on the Coomassie-stained

non-reducing gel with higher molecular weight bands. The monomer eE2 is around 45 kDa and
dimer is around 90 kDa.

(B) SEC profile of fully-glycosylated H77 full-length eE2 with 20 mM HEPES pH 7.5 and 100 mM
NaCl as the elution buffer.
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Figure 25: Sequence Alignment on Human, Tamarin, and Mouse CD81-LEL

Sequence Alignment on Human, Tamarin, and Mouse CD81-LEL. The difference in sequence are in
green (between human and tamarin) and red (between human and mouse).
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Figure 26: SEC Profile of CD81-LEL Expressed in Different Systems

The human CD81-LEL is expressed in both bacteria (A) and mammalian cells (B). Most of the
protein from bacteria culture aggregates, while the rest is under different oligomeric forms. The
SEC of the CD81-LEL in mammalian culture has a single, symmetric peak with a dimeric form.

The elution buffer of SEC is 20 mM HEPES pH 7.5 with 100 mM NaCl.
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Figure 27: SEC Profiles of eE2 and CD81-LEL Complexes

Different molar ratios (1:1, 2:1, 1:2) of the purified fully-glycosylated J6 full-length eE2 mixed with
human (A) or tamarin (B) CD81-LEL followed by SEC. The elution buffer of SEC is 20 mM

HEPES pH 7.5 with 100 mM NaCl. The E2/CD81 complex is at the elution volume of 11 mL,
while E2 is at 13 mL.
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Figure 28: ITC Analysis of E2 and CD81 Interaction

Fully glycosylated J6 eE2FL was in the cell at around 15 μM, and CD81 was in the syringe at
around 100 μM. The sample from syringe was injected to the cell for 17 times by 0.2 μL for the
first one followed by 2.35 μL each, while stirring at 750 rpm for mixing. The binding constant

(Kd ), stoichiometry (n), and enthalpy of binding (ΔH) are shown.
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Figure 29: SEC Analysis of E2-CD81 Interaction with the Presence of Antibody

(A)SEC profile of fully-glycosylated H77 eE2FL was shown in grey, while human CD81-LEL was in
orange, and the complex formed at 1:1 molar ratio is in blue.

(B)E2 was complex with 2A12 first followed by mixing with CD81. E2-2A12-CD81 complex is
shown in grey and E2-1A12 complex is shown in orange. The elution buffer contains 20 mM

HEPES pH 7.5 and 100 mM NaCl.
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Figure 30: Crystals of eE2FL with tCD81

Crystallization conditions are (A)0.1M Sodium acetate trihydrate pH4.5, 20% w/v PEG 10,000,
(B)0.1M MES monohydrate pH6.0, 14% PEG 4000, and (C)0.2 M Zinc acetate dihydrate, 20%

w/v Polyethylene glycol 3,350
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Figure 31: Crystals of eE2 ΔHVR1 with tCD81

The crystallization conditions are shown between the overview and zoom-in images.
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Figure 32: The SDS-PAGE of the Crystals

Around 10 crystals were transferred to a new drop of mother liquor solution to remove the traces
of the protein solution. The transfer step was then repeated for 3-4 times to wash the crystal

surfaces. The washed crystals were dissolved in SDS-PAGE sample reducing buffer, followed by
loading onto an SDS-PAGE.
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Figure 33: Additive Screening of the Crystals

Additive screening (Hampton Research) was set up with 24-well VDX plate using the same
crystallization reagent. One μL of the sample was added onto the cover slide followed by 0.8 μL of

the crystallization reagent and 0.2 μL of the additive. For the volatile reagent, the additive was
added directly to the well solution followed by sealing the reservoir. The crystallization conditions
are shown I between the overview and zoom-in images with the original condition of 0.2 M Sodium

acetate trihydrate pH 4.6 and 14% PEG 3,350.
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Figure 34: The Crystal Structure of E2 in Complex with Antibody and CD81

The structure is shown in front (A) and top (B) view. E2 is shown in yellow, CD81 is in blue, and
Fab is shown in grey.
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Figure 35: The Conformational Change of CD81 Binding Loop

Phe186 residue on CD81 (in blue) with the side chain, is at the E2/CD81 binding interface.
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Figure 36: SEC and ELISA analysis on SRB1

(A) SEC of fully-glycosylated human eSRB1 with 20 mM HEPES pH 7.5 and 250 mM NaCl as the
elution buffer, showing a monomeric form in solution.

(B)ELISA result of human eSRB1 with different concentration and the human monoclonal
antibodies. E2 is a negative control.
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Table 1: The Production Level of Different E1 Constructs
Construct Production (mg/L media)

Con1 eE1 352 linker 9

Con1 eE1 311 linker 4

Con1 eE1 330 linker 5

Con1 eE1 342 linker 6

Con1 eE1 352 8

Con1 eE1 357 9

J6 eE1 356 1
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Table 2: The Common Components Found in Different Genotypes of eE1 by Mass Spectrometry

Protein Residue numbers
of mature
proteoforms

Longest from the
N-terminus

Longest from the
C-terminus

P15497 Apolipoprotein A-I (Bovine)
19-265
25-265
25-264

25-152 153-265

P81644 Apolipoprotein A-II (Bovine)
19-100
24-100
24-99

24-99 24-99

P34955 Alpha-1-antiproteinase (Bovine) 25-416 179-225 339-416
P02081 Hemoglobin fetal subunit beta (Bovine) 1-145 1-50 93-145
P02070 Hemoglobin subunit beta (Bovine) 1-145 1-30
P12763 Alpha-2-HS-glycoprotein 19-359 252-266 348-348
Q2KIH2 ApoN protein (Bovine) 19-254 167-179 218-254
P01966 Hemoglobin subunit alpha (Bovine) 2-142 88-123 92-128
P01888 Beta-2-macroglobulin (Bovine) 21-118 21-118 21-118
Q9TTE1 Serpin A3-1 (Bovine) 25-411 375-411
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Table 3: The Overall Procedure of Mouse Monoclonal Antibody Generation

Stage Description Time line

Immunization Monoclonal antibody production,
phase I, 10 animal immunization with conventional protocol

8-10 weeks

Cell fusion Monoclonal antibody production,
phase I, 10 animal immunization with conventional
protocolMonoclonal antibody production,
phase II, cell fusion, supernatants of 50-70 clones delivery

6-8 weeks

Subcloning Monoclonal antibody production,
phase III, subcloning, expansion and cryopreservation,
6-10 cell lines subcloning

6-8 weeks
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Table 4: Anti-E1 Antibody Purification and Digestion

Antibodies Origin Binding Production of FL Sub-cloned

1D2 Mouse 330;
357

14.6 mg/L;
3 mg/L Fab

1D10 Mouse nE1;
330
357

13 mg/L;
2.05 mg/L Fab

1G7 Mouse 330 none

2B9 none 2B9-A5:
none

2C1 Mouse 330 10 mg/L 2C1-1A:
5.2 mg/L

2E4 Mouse 330 7 mg/L

2F2 Mouse nE1;
330
Weak on 303;
no 357 biding

17.5 mg/L;
3.3 mg/L Fab

2F7 Mouse Weak on nE1 and 303;
cE1, 311
H77;
no 357 biding

23 mg/L;
4.5 mg/L Fab

2F11 2F11-D1:
none

2G9 2G9-G2:
none

2B12 357 24 mg/L;
2.7 mg/L Fab

2B12-D1:
none

2B12-G10: 9.2 g/L

3C1 Mouse Weak on nE1;
330

9.8 mg/L;
0.75 mg/L Fab

3D2 Mouse H77 3.6 mg/L

3E8 Mouse Weak on nE1 and 303;
330

4.2 mg/L

3F5 21 mg/L

3G7 1.8 mg/L

4D4 Mouse 330

4E3 Mouse 330;
357

18 mg/L;
2.7 mg/L Fab

H111 Human nE1;
357

9.28 mg/L;
2.25 mg/L Fab

H114 Human nE1;
311
357

53 mg/L;
23 mg/L Fab
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Table 5: Anti-E1 Antibody Purification and Digestion
Antibody Clone FL Yield (mg) Digestion Time (h) Fab Yield/L (mg) Remarks about Fab

H111 6B3 7.2 5 1.469 In ProA FT, In MonoQ FT

H114 159.7 5 23.4 In ProA FT, In MonoQ FT

2F7 G12 69 3 4.48 In ProA FT, Clean In MonoQ FT

4E3 53.1 3 2.73 In ProA FT, Binds weakly to MonoQ

2F2 20.5 2 3.3375 In ProA FT, In MonoQ FT

3C1 1.4 2 0.04625 Use ProG NOT ProA

1D10 50.2 4 2.0475 Used ProG NOT ProA, Binds MonoQ

2B12 G10 48 3 2.725 Used ProG NOT ProA, Binds MonoQ, GF before freezing

1D2 20.8 3 3 ProAProG Tandem, Mono Q 0-10% B in 30 min
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Table 6: The Crystallization Trial on eE1 and Different Antibodies

Complex Commercial
Kit Screening at
4 °C and 20 °C

H111 H114 1D2 1D10 2B12 4E3

352 linker deglyco Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion
PEG Rx
Gras 1-4

Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion

352 glyco Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion

352 deglyco Index
Crystal
PEG/Ion
Gras 1-4

Index
Crystal
PEG/Ion
Gras 1-4

357 glyco Index
Crystal
PEG/Ion
Gras 1-4
Salt

Index
Crystal
PEG/Ion
Gras 1-4

Index
Crystal
PEG/Ion
Gras 1-4
Salt

Index
Crystal
PEG/Ion
Gras 1-4
Salt

357 deglyco Index
Crystal
PEG/Ion

Index
Crystal
PEG/Ion
Gras 1-4
Salt
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Table 7: The Crystal Conditions of Full-length eE2/Fab/CD81-LEL

Condition Crystal First Seen After Temp

0.1M Sodium acetate trihydrate pH4.5, 20% w/v PEG 10,000 2 days 4

0.1M MES monohydrate pH6.0, 14% PEG 4000 2 days 4

0.2 M Zinc acetate dihydrate, 20% w/v Polyethylene glycol 3,350 3 days 20
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Table 8: The Crystal Conditions of ΔHVR1 eE2/Fab and/CD81-LEL
Condition Crystal First Seen After Temp

4% v/v Tacsimate pH4.0, 12% w/v PEG 3350 1 day 4

0.1M Sodium acetate trihydrate pH4.6, 2% v/v Tacsimate pH 4.0,16% PEG 3350 1 day 4

0.1M MES monohydrate pH6.0, 14% PEG 4000 1 day 4

0.1 M Sodium acetate trihydrate pH 4.6, 2% v/v Tacsimate pH 4.0, 16% w/v Polyethylene glycol 3,350 4 days 20

0.1 M Sodium acetate trihydrate pH 4.5, 10% w/v Polyethylene glycol 10,000 4 days 4

2% v/v 1,4-Dioxane, 0.1 M Tris pH 8.0, 15% w/v Polyethylene glycol 3,350 4 days 4

0.1 M Ammonium tartrate dibasic pH 7.0, 12% w/v Polyethylene glycol 3,350 4 days 4

(0.07 M Citric acid, 0.03 M BIS-TRIS propane)/pH 3.4, 16% w/v Polyethylene glycol 3,350 4 days 4

0.2 M Ammonium chloride, 20% w/v Polyethylene glycol 1,000 4 days 4

4% v/v Tacsimate pH 8.0, 12% w/v Polyethylene glycol 3,350 11 days 4

0.2 M Ammonium citrate tribasic pH 7.0, 0.1 M Imidazole pH 7.0, 20% w/v Polyethylene glycol monomethyl ether 2,000 11 days 4
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Conclusion

HCV infection is a growing public health problem, as an increasing number of young people

are infected due to a growing number of injection drug users. The vaccine is not available

for HCV yet and the current therapy is very costly. HCV glycoproteins play an important

role during the HCV entry, which could be a potential target for vaccine design.

The previous study on the function and conformation of HCV E1 was hindered by

the difficulty of getting the properly folded protein. Thus, the function and role of E1

during membrane fusion process remains unidentified. As far as I know, we are the first

group who can produce milligrams of properly folded functional full-length ectodomain of

HCV E1. We have successfully developed a method to produce recombinant glycoproteins

in mammalian cell lines with native, posttranslational modifications. The technology

combines a lentiviral expression system to produce a high-expressing, stable cell line

with a three-dimensional adherent cell bioreactor. Glycoproteins will be produced in an

HEK293T cell line that lacks N-acetylglucos-aminyltransferase I (GnTI) activity, resulting

in homogenous glycans. HCV is characterized to be shield by different apolipoproteins

and lipoproteins. From the mass spectrometry result of E1, several apolipoproteins

could interact with E1 to form a large complex particle which could be visualized by

negative-stain electron microscope. Moreover, cholesterol and cholesterol ester is crucial for

virus infection which has been founded in the E1 complex we produced. The further study

is needed on measuring the amount of cholesterol interacted with E1. More monoclonal

antibodies were generated against eE1 192-357 proteins, which could be a useful tool

for further functional and structural studies. The crystallographic studies of E1 in

complexed with apolipoproteins are ongoing with some preliminary crystals. The recom-

binant E1 protein we produced has opened a window to establish more collaborative studies.
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Scavenger Receptor Class B Type I (SRB1) and Cluster of Differentiation 81 (CD81)

are both identified to undergo the physical interaction with HCV E2, although the

underlying mechanism of binding is unclear. For the SRB1 and E2 interaction, it is still

lack of evidence of the binding affinity or conformational change during the entry. The

binding affinity of E2 and CD81 is determined by ITC, but the stoichiometry remains

unclear. The crystal of E2 in complex with CD81 and antibody was determined at a 4.3 Å

resolution. From the structure, the CD81 dimer can interact with two monomeric E2. The

optimization of the complex crystals is undergoing seeking for a better diffraction pattern

to obtain the atomic resolution.

HCV glycoproteins have a function as fusion protein during the HCV entry, which may

undergo the conformational and oligomeric state rearrangement at low-pH. Neither of E1

nor E2 alone was detected to undergo a conformational change, which brings the question

on whether E1E2 together could function as the fusion protein. The recombinant protein

of E1E2 with the transmembrane region was successfully expressed and in the process of

optimizing the purification method.

Overall, a better understanding of HCV lifecycle and the mechanism of HCV entry

would concrete a solid foundation for antiviral interception and therapeutic development.

The crystal structure of CD81 with E2 is critical for vaccine design and obtaining an atomic

resolution structure of the complex.
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Baumert, Fran-Löıc Cosset, and Marlène Dreux. Characterization of hepatitis C virus

particle subpopulations reveals multiple usage of the scavenger receptor BI for entry

steps. The Journal of biological chemistry, 287(37):31242–57, Sep 2012.


