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A hallmark of hepatitis C virus (HCV) particles is their asso-
ciation with host cell lipids, most notably lipoprotein compo-
nents. It is thought that this property accounts for the low den-
sity of virus particles and their large heterogeneity. However,
the composition of infectious virions and their biochemical
and morphological properties are largely unknown. We devel-
oped a system in which the envelope glycoprotein E2 was N-
terminally tagged with a FLAG epitope. This virus, designated
Jc1E2FLAS) produced infectivity titers to wild type levels and
allowed affinity purification of virus particles that were ana-
lyzed for their protein and lipid composition. By using mass
spectrometry, we found the lipid composition of Jc1E2F-A¢
particles to resemble the one very low- and low density-li-
poprotein with cholesteryl esters accounting for almost half of
the total HCV lipids. Thus, HCV particles possess a unique
lipid composition that is very distinct from all other viruses
analyzed so far and from the human liver cells in which HCV
was produced. By electron microscopy (EM), we found purified
Jc1E2FLAG particles to be heterogeneous, mostly spherical
structures, with an average diameter of about 73 nm. Impor-
tantly, the majority of E2-containing particles also contained
apoE on their surface as assessed by immuno-EM. Taken to-
gether, we describe a rapid and efficient system for the produc-
tion of large quantities of affinity-purified HCV allowing a
comprehensive analysis of the infectious virion, including the
determination of its lipid composition.

Chronic infection with the hepatitis C virus (HCV)® is
among the most frequent cause of liver cirrhosis and hepato-
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cellular carcinoma (1). About 3% of the world population is
thought to be chronically infected with HCV, and these peo-
ple have a high risk to develop serious liver diseases. As ap-
proved selective drugs are not available, chronic hepatitis C is
treated with a combination of pegylated interferon-a and
ribavirin. However, cure rates are not satisfactory, and treat-
ment is associated with numerous side effects.

HCV has been classified as the separate genus Hepacivirus
in the family Flaviviridae to which the genera Pestivirus and
Flavivirus belong. Viruses of this family possess a positive-
strand RNA genome that in case of HCV is 9.6 kb long and
encodes for a single polyprotein of ~3,000 amino acids. It is
cleaved co and post-translationally by cellular and viral pro-
teases into 10 different products (2). The N-terminally resid-
ing structural protein cores, envelope protein 1 (E1) and enve-
lope protein 2 (E2), are thought to be the major constituents
of infectious HCV particles. C-terminally of E2 resides p7, a
small protein that forms oligomeric complexes acting as viro-
porin (3), and nonstructural protein 2 (NS2) that, together
with p7, contributes to virus assembly (4 —6). The other viral
proteins NS3, NS4A, NS4B, NS5A, and NS5B most likely
form the core of the HCV replicase that catalyzes the amplifi-
cation of the viral RNA genome (2).

Although our knowledge about structure and (enzymatic)
activities of viral proteins has increased tremendously (7), the
biochemical and morphological features of HCV particles still
remain elusive. This is mainly due to low virus titers in in-
fected tissues and, until recently, the lack of culture systems
producing sufficient amounts of infectious HCV particles.
This hurdle has been overcome by the identification of a par-
ticular genotype 2a HCV isolate (designated JFH1) that repli-
cates to very high levels in cell culture and supports infectious
particle production (8, 9). Moreover, highly efficient JFH1-
derived chimeras have been generated. In some of them, the
region encoding the JFH1 core to NS2 has been replaced by
the corresponding region of other HCV isolates (10-12).
Most efficient is the intragenotypic chimera Jc1 supporting
virus titers in the range of 10° infectious units per ml, which is
~1,000-fold higher as compared with JFH1 (12).

Up to now, characterization of HCV particles is based on
studies using partially purified virions from patient sera, ex-
perimentally inoculated chimpanzees, or rather low titer JFH1
particle preparations generated in cell cultures (9, 13-17). It is
well established that infectious HCV particles have a low den-
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sity (=1.1 g/ml) that appears to be determined by the host
cell, in which the virus is produced (18). This is probably due
to the tight association of virions with host cell components,
most notably lipoproteins (15, 16, 19). The association ap-
pears to occur during assembly, because HCV formation and
secretion depend on components of the very low density li-
poprotein (VLDL) assembly and secretion pathways, includ-
ing apolipoprotein E (apoE) and microsomal triglyceride
transfer protein (19-23). Whether apolipoprotein B (apoB) is
also required for HCV assembly is discussed controversially
(19, 21, 22, 24). ApoB-containing lipo-viro-particles have been
identified in patients (16). Moreover, expression of the HCV
envelope glycoproteins in the human small intestinal cell line
CaCo2 gives rise to apoB-48 containing E1/E2-positive trig-
lyceride-rich lipoprotein particles arguing for an intrinsic as-
sociation of HCV envelope proteins with this apolipoprotein.
However, Huh7 and Huh7.5 cells have proven deficient for
this association, although they secrete apoB (25).

Apart from its role in HCV particle morphogenesis, apoE
seems to enhance HCV entry by interacting with low density
lipoprotein receptor (26). Likewise, apoB-containing lipopro-
teins (27) or high density lipoprotein (HDL) (28) appear to
facilitate the interaction of HCV pseudoparticles or cell cul-
ture-grown HCV with scavenger receptor class B type I (SR-
BI) (29). The exchangeable apolipoprotein apoCI, which is
predominantly present in HDL, seems to interact with HCV
particles via hypervariable region 1 (HVR1) in the N terminus
of E2 thus promoting interaction and fusion of the HCV enve-
lope with cellular membranes (30, 31).

Assembly of VLDL starts with the cotranslational lipidation
of apoB-100 by microsomal triglyceride transfer protein deliv-
ering lipids from cytosolic lipid droplets into the endoplasmic
reticulum lumen (32, 33). The resulting primordial lipopro-
tein is further lipidated into a triglyceride-poor form of VLDL
that is released from the endoplasmic reticulum at distinct
exit sites and transported to the Golgi apparatus. From there
it can be secreted as such or is lipidated into a large triglycer-
ide-rich form of VLDL, depending on triglyceride levels. In-
terestingly, apoE seems to be a key factor for the bulk addition
of lipids to VLDL by regulating fusion with luminal lipid
droplets in a distal compartment of the secretory pathway
(reviewed in Ref. 34). In vivo hepatic VLDL-triglyceride pro-
duction is significantly reduced in apoE-deficient mice but
normalized upon human apoE3 expression, whereas the se-
cretion rate of apoB is not affected in either of these mouse
strains (35, 36). Accordingly, the average size of secreted
VLDL particles produced by apoE-deficient hepatocytes is
significantly reduced compared with those of wild type mice
concomitant with an accumulation of small lipid droplets that
colocalize with apoE within the lumen of a membrane-bound
compartment. These data thus suggest that triglyceride-rich
VLDL results from an apoE-dependent fusion process of trig-
lyceride-poor VLDL with luminal lipid droplets. ApoB and
apoE are considered as the major proteins mediating VLDL
and LDL endocytosis by binding to the LDL receptor or the
apoE receptor (34).

Lipoproteins have been shown to be of relevance for assem-
bly and release of HCV particles (21, 37). However, the nature
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of the interaction between these cellular components and vi-
ral particles as well as the lipid composition and morphology
of HCV remain elusive. In this study, we developed a simple
and highly efficient method to produce large amounts of puri-
fied infectious HCV particles, and we performed a compre-
hensive analysis of infectious HCV, including the determina-
tion of its morphology and lipid composition.

EXPERIMENTAL PROCEDURES

Antibodies—A detailed list of antibodies used in this study
is given in supplemental Table S1.

Cell Culture—Huh7.5 cells were used for all virus produc-
tions. Cell monolayers were grown in DMEM (Invitrogen)
supplemented with 2 mm L-glutamine, nonessential amino
acids, 100 units of penicillin per ml, 100 ug of streptomycin
per ml, and 10% fetal calf serum (complete DMEM). Cells
were routinely passaged twice a week at a split ratio of 1:7.

Plasmid Construction—Construct pFK-J6/C3 (encoding for
Je1 WT) has been described elsewhere (12, 38). To generate
the Jc1 derivative encoding a FLAG-E2 fusion protein, we per-
formed overlap PCR using two primer sets as follows:
S_E1_BsiWI_J6 (5'-GGA CAT GAT GAT GAA CTG G-3')
and A_E1_FLAG (5'-CCCTTGTCATCGTCGTCCTTG
TAG TCC GCG TCC ACC CCG GCG GCC-3'); S_E1_FLAG
(5'- GGA CGA CGA TGA CAA GGG ATC AGG AGC ACG
CACCCATACTGT TGG GGG-3') and A_E2_Xbal (5'-
CAT TGC AGC TAG CTG CGC TCG C-3'). Amplicons were
combined by overlap PCR using primers S_E1_BsiWI_J6 and
A_E2_Xbal, and the fragment was inserted into the Jc1 wild
type construct. The resulting plasmid is designated pFK_]J6/C-
846/Xbal/3'-JFH1_dg _FLAG-E2 and the HCV genome tran-
scribed therefrom is called Jc1E2FXAG,

In Vitro Transcription and RNA Transfection—PFK-based
plasmids (39) were linearized by restriction with Mlul and
purified using the Nucleospin Extract II kit (Macherey-Nagel,
Diiren, Germany). Synthesis of in vitro transcripts has been
described in detail elsewhere (40). Concentration of purified
RNA was determined by photometry, and integrity of the
transcripts was verified by agarose gel electrophoresis. Tran-
scripts were stored as 10-ug aliquots at —80 °C for further
use. For RNA transfection, subconfluent Huh7.5 cell mono-
layers were detached from the culture dish by trypsinization,
washed once with PBS, and resuspended at a concentration of
1.5 X 107 cells per ml in cytomix containing 2 mm ATP and 5
mM glutathione (41). Ten micrograms of in vitro transcript
was mixed with 400 ul of the cell suspension and transfected
by electroporation at 960 millifarads and 270 V using a Gene-
Pulser system (Bio-Rad) and a cuvette with a gap width of 0.4
cm (Bio-Rad). Immediately after electroporation, cells were
resuspended in complete DMEM and seeded as required.

Quantification of HCV RNA by gRT-PCR—Total RNA was
extracted by using a total RNA and protein isolation kit (Ma-
cherey-Nagel) according to the manufacturer’s instructions.
Viral RNA was quantified by qRT-PCR using the One-step
RT-PCR kit (Qiagen, Hilden, Germany). In brief, 15 ul of re-
action mixture contained 0.6 ul of enzyme mixture, 1.5 mm of
MgCl,, 1.3 um of each specific primer (forward primer, 5’-
TCT GCG GAA CCG GTG AGT A-3'; reverse primer, 5'-
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GGG CAT AGA GTG GGT TTA TCC A-3'), 0.67 mm of
each dANTP, 0.27 um of HCV-specific probe, 5 ul of template
RNA and RNase-free water. To determine absolute RNA
amounts, a serial dilution of an RNA standard (10* to 107
HCV RNA copies per reaction) was processed in parallel. Re-
actions were performed on a PRISM® 7000 sequence detec-
tion system (AB Biosystems, Darmstadt, Germany) using the
following program: 50 °C for 30 min, 95 °C for 15 min and 40
cycles as follows: 94 °C for 15 s, 55 °C for 30 s, and 72 °C for
30s.

Quantification of HCV Core Protein, ApoAl ApoB, and
ApoE by ELISA—HCV core protein was quantified using the
Trak C Core ELISA kit (Wako Chemicals GmbH, Neuss, Ger-
many) according to the instructions of the manufacturer. Cul-
ture supernatants were diluted as required prior to measure-
ment. For quantification of apoAl, apoB, or apoE, microlon
96-well plates (Greiner Bio-One GmbH, Frickenhausen, Ger-
many) were used in combination with an apoAlI (3710-1H-6),
apoB (3715-1H), or apoE (3712-1H) ELISA kit (MAbtech,
Hamburg, Germany). Sample processing and measurements
were carried out as recommended by the manufacturer.

Immunohistochemical Staining and Virus Titration—Virus
titers were determined as described elsewhere with slight
modifications (11). In brief, Huh7.5 cells were seeded into
96-well plates and fixed 3—4 days after infection. For immu-
nohistochemistry, we used an antibody specific for the JFH1
NS3 helicase (2E3, generated in cooperation with H. Tang,
Florida State University) at a dilution of 1:100. Bound anti-
body was detected with a peroxidase-conjugated secondary
antibody specific to murine IgG (Sigma) diluted 1:200 in PBS.
Virus titers (50% tissue culture infective dose per ml (TCID,/
ml)) were calculated based on the method of Spearman (42)
and Kérber (43).

Virus Neutralization Assay—Cell culture supernatants of
Huh7.5 cells that had been electroporated with 10 ug of in
vitro transcripts of Jc1 or Jc1E2F-4€ were used for infection of
Huh?7.5 cells at a multiplicity of infection of 1-2 TCID,/cell
for 24 h. Supernatants were collected 72 and 96 h post-infec-
tion, concentrated by PEG-8,000 precipitation, and subjected
to OptiPrep density gradient ultracentrifugation as described
below. One-milliliter fractions were collected from the top,
and 100 ul of each fraction was used to infect 7 X 10*
Huh7.5MAVS-gfpNLS cells (44) that had been seeded per
well of a 24-well plate. Cells were pretreated with a 1:20 dilu-
tion of an SR-BI antibody or the corresponding isotype-
matched control for 1 h at 37 °C prior to infection. Twenty
four hours later, cells were fixed with 2% paraformaldehyde
and analyzed by fluorescence microscopy. Alternatively,
PEG-8,000 concentrated Jc1E2FS preparations or affinity-
purified virus was used for neutralization experiments in a
TCID,,-based readout. Antibodies specified in supplemental
Table S1 were added to virus preparations and incubated for
1 h at room temperatur prior to inoculation of cells.

Virus Capture Assay—For pre-adsorption of antibodies to
protein G-Sepharose beads (Sigma), 10 ul of resin were mixed
with a 1:50 dilution of an antibody in a total volume of 500 ul
of PBS and incubated overnight at 4 °C. The following anti-
bodies were used: anti-E2 (J6E2, AP33 (45) and 1:7 (46)), anti-
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apoAl (Millipore), anti-apoB (Calbiochem and Chemicon),
anti-apoCI (AbCam), anti-apoE (Millipore and Progen), and a
Dengue virus (DENV) envelope glycoprotein-specific anti-
body (see supplemental Table S1 for detailed information).
Beads were washed three times with PBS and used for virus
capture assay. Samples containing equal amounts of HCV
RNA copies (2 X 10°) were added to the antibody-coated
beads and incubated for 3 h at room temperature. Immuno-
complexes were pelleted for 1 min at 700 X g and washed four
times with 1 ml of PBS. Captured viral RNA was extracted
from the immunocomplexes and quantified by qRT-PCR.
Negative Staining and Immunogold Labeling for Electron
Microscopy—Virus samples were fixed with 2% paraformalde-
hyde (Electron Microscopy Sciences (EMS), Hatfield, PA) and
in some cases additionally with 2% paraformaldehyde and
0.5% osmium tetroxide (EMS) for 30 min. Five-microliter
droplets of fixed virus sample were adsorbed to glow dis-
charged carbon- and pioloform-coated 300 mesh copper grids
(Science Services GmbH, Munich, Germany) for 1 h at room
temperature. Upon reduction of droplet volume by evapora-
tion, an additional 5-ul droplet of virus preparation was
added to the grid. After washing the grids once with PBS, the
remaining aldehyde groups on the grids were blocked with 30
mM L-glycine for 10 min at room temperature. Prior to immu-
nogold labeling, grids were incubated with 0.8% bovine serum
albumin (Roth, Karlsruhe, Germany) and 0.1% fish skin gela-
tin (Sigma) in PBS, 0.01% Tween 20 (blocking reagent) for 10
min. All incubation steps were performed by floating the grids
on top of the droplets. For immunolabeling, antibodies were
diluted in blocking reagent and incubated by floating the grids
on top of 5-ul droplets for 30 min to 1 h, depending on the
antibody (rabbit polyclonal J6E2 1:10, mouse monoclonal E2-
AP33 1:10, rabbit polyclonal anti-FLAG (Sigma) 1:50, and
rabbit monoclonal apoE (AbCam) 1:10). After washing four
times with PBS, bound rabbit antibodies were detected by
floating grids on colloidal 10 or 15 nm protein A gold suspen-
sions (Cell Microscopy Center, Utrecht, The Netherlands)
diluted 1:70 with blocking reagent for 1 h. For detection of
mouse antibodies, a rabbit anti-mouse bridging antibody
(Dako Cytomation, Hamburg, Germany) was used. After
washing four times with PBS, samples were fixed with 1% gl-
utaraldehyde in PBS for 5 min. For double immunogold label-
ing, the procedure was repeated using a different combination
of antibody and protein A gold. After the final glutaraldehyde
fixation step, grids were washed four times in PBS, six times
in water, and floated on droplets containing 3% uranyl acetate
(EMS) in water, or different combinations of 3% uranyl ace-
tate, 1% osmium tetroxide (EMS), and 1.7% methyl cellulose
(EMS) for 10 min. After removal of excess negative staining
solution, grids were analyzed in a Zeiss EM-10 transmission
electron microscope with a built in Gatan MultiScan™ cam-
era (Gatan GmbH, Munich, Germany). Images were analyzed
with the Digital Micrograph™ software and further pro-
cessed by using the Adobe Photoshop software package.
SDS-PAGE and Western Blot—Proteins were heated for 20
min at 95 °C in sample buffer (125 mm Tris/HCI, 2% (w/v)
SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.001%
(w/v) bromphenol blue, pH 6.8) and separated by 12% SDS-
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PAGE. Proteins were electrotransferred onto a polyvinylidene
fluoride (PVDF) membrane (PerkinElmer Life Sciences) for
1 h. Membrane was blocked overnight in PBS supplemented
with 0.5% Tween (PBS-T) and 5% dried milk (PBS-M) at 4 °C
prior to 1 h of incubation with primary antibody diluted in
PBS-M. Membrane was washed three times with PBS-T and
incubated for 1 h with horseradish peroxidase-conjugated
secondary antibody diluted 1:10,000 in PBS-M. Bound anti-
bodies were detected after three times washing with the ECL
Plus Western blotting detection system (GE Healthcare). Sil-
ver staining was done using a ProteoSilver ™ Plus silver stain
kit according to the recommendations of the manufacturer.
Lipid Analysis—Samples were extracted following the
method of Bligh and Dyer (47) in the presence of internal
standards (PC (di-13:0, di-14:0, di-20:0, and di-21:0), PE (di-
14:1, di-20:1, and di-21:1), PI (di-16:0), PS (di-14:1, di-20:1,
and di-21:1), PG (di-14:1, di-20:1, and di-21:1), SM, Cer, and
HexCer (18:1;14:0, 18:1, 17:0, and 18:1, 25:0), DAG (di-17:0),
(2,2,3,4,4,6-Dy)-cholesterol, and cholesteryl ester (9:0, 18:0,
and 24:1). After solvent evaporation, samples were resus-
pended in 20 mMm ammonium acetate in methanol and ana-
lyzed by mass spectrometry as described previously (48 —50).
Briefly, lipid quantifications were performed in positive ion
mode on a triple-stage quadrupole tandem mass spectrometer
(QII, Micromass) equipped with a nano-ESI source (Z spray).
Argon was used as collision gas at a nominal pressure of 2.5 X
103 millibars. The cone voltage was set to 30 V (50 V for PC
analysis). The quadrupoles Q1 and Q3 were operated at unit
resolution. Detection of PC, SM, Cer, HexCer, and cholesteryl
esters was achieved by precursor ion scanning for the frag-
ment ion m/z 184 (PC and SM), m/z 264 (Cer and HexCer), or
m/z 369 (cholesteryl esters). PE, PI, PS, PG, DAG, and choles-
terol measurements were carried out by scanning for neutral
losses of m/z 141 (PE), m/z 277 (P1), m/z 185 (PS), m/z 189
(PG), m/z 35 (DAG), and m/z 77 (cholesteryl acetate), respec-
tively. Quantitations were performed as described previously
(51), except for cholesterol and cholesteryl esters (52). Quan-
titative lipid data were obtained for HCV particles and for
controls. Lipid amounts quantified in controls were sub-
tracted as background from those quantified in HCV prepara-
tions. In case of phosphatidylinositol and phosphatidylserine,
only the major lipid species phosphatidylinositol 38:4 and
phosphatidylserine 36:1 remained after background subtrac-
tion. Unsaturated phosphoglycerolipid standards and sphin-
golipid standards were synthesized and purified via HPLC as
described previously (50, 53). Saturated PC and PI standards
were purchased from Avanti Polar Lipids (Alabaster, AL);
1,2-Diheptadecanoin standard (99% purity) was from Larodan
Fine Chemicals; deuterated cholesterol standard (97—98%
purity) was from Cambridge Isotope Laboratories, and cho-
lesteryl ester standards (=95% purity) were from Sigma.
Large Scale Production of HCV Particles by Infection—
Twenty four hours prior to infection, 5 X 10° Huh7.5 cells
were seeded in a 15-cm diameter culture dish. The next day,
cells were infected at a multiplicity of infection of 2 TCID,/
cell for 24 h. Supernatants were collected 72 and 96 h later,
pooled, and filtered through a membrane with a pore width of
0.45 um (Millipore, Schwalbach, Germany). Filtrate was con-
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centrated by ultrafiltration using a centrifugal filter device
(Centricon Plus-70, Millipore) to reduce the volume ~50-
fold. Alternatively, virus was concentrated by polyethylene
glycol 8000-based precipitation as described previously (11).

Gradient Purification of HCV Particles—A maximum of 35
ml per SW28 ultracentrifuge tube (Beckmann Coulter) of
concentrated culture supernatant was loaded on top of a 3-ml
80% Optiprep (Axis Shield, Oslo, Norway) cushion and cen-
trifuged at 96,281 X g for 20 h at 4 °C. In the case of culture
supernatants of transfected Huh7.5 cells, an additional 4 ml of
a 10% Optiprep phase was layered between the 80% cushion
and the concentrated supernatant. After 20 h of centrifuga-
tion, 6 ml, including the 80% cushion, were collected from the
bottom of the tube and subjected to floatation gradient using
a preformed Optiprep/PBS step gradient (80, 60, 20, and 0%).
Samples from the first ultracentrifugation, containing ~40%
Optiprep from the first ultracentrifugation step, were layered
between the 60 and 20% fractions and centrifuged for 20 h at
4°Cand at 96,281 X g. Fractions of 2 ml were harvested from
the top of the tube and used for biochemical and morphologi-
cal analyses as specified in the text.

Affinity Purification by Using FLAG-specific Antibodies—
Concentrated virus preparations obtained from transfected
Huh7.5 cells were incubated with a 0.5-ml bed volume of a
FLAG M2 affinity gel (Sigma) on a spinning wheel for 3 h at
room temperature. The gel was pelleted at 250 X g and
washed three times with PBS each using a 20-fold excess of
the bed volume. Bound virus was eluted in five iterative cycles
using 2 bed volumes of 100 wg/ml FLAG peptide for each cy-
cle (Sigma). Eluates were pooled and used for further
characterization.

RESULTS

Association of HCV Particles with Apolipoproteins—To elu-
cidate the controversy as to whether HCV particles are associ-
ated with apolipoproteins, especially apoB and apoE, a con-
centrated Jc1 virus stock was subjected to density gradient
centrifugation, and fractions were analyzed by Western blot
(Fig. 1A). In agreement with a very recent report (55), we ob-
served a slight shift between the peak of core protein (1.13
g/ml) and E2 protein (1.10 g/ml). ApoE was detected prefer-
entially in fractions of higher density.

Given the interaction of apoE with NS5A (22, 23, 56) and
the important role of cyclophilin A (CypA) for HCV replica-
tion and assembly (57-59) we also probed the density frac-
tions for the presence of these two proteins. In fact, both
proteins were detected in these density gradient fractions,
with the NS5A peak coinciding with the E2 peak, whereas
CypA amounts were highest in fractions containing the high-
est core protein amounts. These data suggested that NS5A
and CypA are either associated with HCV particles or con-
taminants corresponding to viral replicase complexes released
from HCV-containing cells and cosedimenting to densities
that are similar to HCV particles, for example (60).

Functional analyses of gradient fractions revealed the high-
est infectivity titers in fractions with densities of 1.05-1.11
g/ml (Fig. 1B, panel 1) containing also the majority of total
infectivity (Fig. 1B, panel 3). The density distribution of viral

JOURNAL OF BIOLOGICAL CHEMISTRY 3021



Characterization of HCV Particles

A Jc1 density fractions (g/ml) B
Nmoo Mmoo ¥ on
R I R
******** @ —{3—TCID50 —@— VRNA —O— Core C@G —0— apoE —4— apoB —O— Core
Core
54
E2 £ £
o °
£ £ st
NS5A =z =
T 5, 5, 5
.| . 1
T
CypA | +1e 0
T T T 1 1.00 1.05 1.10 1.15 1.20 g/ml 1.00 1.05 1.10 1.15 1.20 g/ml
apoAl -3512 112
C [l apoAl [DapoB (CB) [ apoB (ChC) @ @
- [ apoE (MP) [ apoE (PG) 0 —{0—TCID50 —@—VvRNA —O— Core prs —0— apoE —A— apoB —O— Core

N

=)
o
=)

-
o

T 40 A T 40
e 2 Q
II =20 =20

= L. 10 4
_m Ll T R

1.02 1.04 1.09 111 1.14 1.16 1.18 g/ml 1.00 1.05 110 1.15

fraction

-
=)

% captured of input RNA per
o

o

100 105 110 1.15

1.20 g/ml

1.20 g/ml

FIGURE 1. Biochemical characterization of Jc1 particles. Huh7.5 cells were infected with an multiplicity of infection of 2 TCIDsy/cell for 24 h, and culture
supernatants were collected 72 and 96 h later. Supernatants were concentrated by ultrafiltration, and concentrates were subjected to ultracentrifugation
by using a 0-80% Optiprep density gradient. A, Western blot analysis of each density gradient fraction by using antibodies specified at the left. The blot is
based on a preparation that was generated independently from the ones shown in Band C. As apoAl protein levels were too low for detection by Western
blot, absolute amounts of apoAl as determined by ELISA are given at the bottom (fmol/ml). Numbers to the right refer to the apparent molecular weight of
protein size marker loaded onto the same gel. B, for each fraction, viral RNA, infectivity titer, and amounts of core protein, apoB, and apoE were determined.
Results shown in panels T and 2 were obtained with the same gradient; core protein amounts are shown in both panels for ease of comparison only. Mean
values and standard deviations of at least two measurements within one representative experiment are shown. Total amounts of HCV RNA, core protein,
infectivity, apoB, or apoE contained in all gradient fractions shown in panels 7 and 2 were each set to 100% to calculate the relative values that are plotted
against the density of the fractions (panels 3 and 4). C, equal amounts of Jc1 particles (corresponding to 2 X 10° HCV RNA copies) contained in fractions of
densities specified in the bottom were subjected to immuno-capture assay by using antibodies denoted in the legend on the top. In case of apoB- and
apoE-specific antibodies, two different commercial sources were used, respectively (CB, Calbiochem; ChC, Chemicon; PG, Progen; MP, Millipore; for details
see supplemental Table S1.). An antibody specific for the envelope protein of DENV served as a negative control and was used to determine the assay back-
ground and for normalization. HCV RNA contained in each captured sample was quantified by gRT-PCR and normalized to the capture efficiency of the neg-
ative control of the respective fraction. Error bars represent S.E. of duplicate measurements. A representative example of three independent experiments is

shown.

RNA was overall comparable, but when normalized to the
total HCV RNA contained in the virus preparation, a pro-
nounced peak at a density of 1.10 g/ml became visible (Fig.
1B, panel 3). Of note, viral RNA amount was on average ~10-
fold higher than the TCIDqj, titer in a given fraction indicating
an ~10-fold excess of noninfectious particles (Fig. 1B, panel
1). However, this average ratio varied along the density from
as high as ~300 viral RNAs per TCID, in fractions where
only very low infectivity could be detected (1.21 g/ml) to 4
viral RNAs per TCIDg, in fractions of high specific infectivity
(1.05 g/ml). Because fractions after mere density gradient pu-
rification are likely to contain high amounts of cosedimented
lipoproteins that are constitutively secreted from cells, the
ratios of apoB and apoE per viral RNA or TCID,, were ex-
tremely high (Fig. 1B, panels 2 and 4).

Having characterized these virus fractions, we next assessed
the association of HCV particles contained in these fractions
with apolipoproteins by using capture assays with antibodies
specific for apoAl, apoB, and apoE. Of note, for each capture
assay, we used the same amount of HCV RNA copies (2 X
10°) allowing us to determine the relative capture efficiency
and thus providing a means to assess the relative degree of
association of HCV with each of these apolipoproteins. HCV
RNA was efficiently captured with antibodies directed against
both apoB and apoE (Fig. 1C). Interestingly, highest capture
efficiency was obtained with an apoE-specific antibody when
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using the fractions with densities ranging from 1.11 to 1.16
g/ml. ApoB-specific capture was less efficient, arguing that
HCV particles of the respective density contain lower
amounts of this protein. The apoAl-specific antibody recov-
ered only ~2% of the input RNA in any fraction. Capture effi-
ciency with any of the three different HCV E2-specific anti-
bodies was at background level (data not shown). In summary,
these data suggest a strong association of HCV particles with
apoE and to some extent with apoB and that these apoli-
poproteins play an important role for HCV infectivity.
Production of HCV Particles by Using a Jc1E2"“*%-tagged
Genome—Membranous HCV replication complexes (60) and
lipoproteins secreted from cells are difficult to separate from
HCYV particles by ultracentrifugation and gel filtration be-
cause of their similar biophysical properties. Therefore, we
performed affinity purification, initially by using antibodies
specific for the E2 protein. However, capture efficiencies were
too low and virus amounts were not sufficient for biochemical
assays (data not shown). For this reason, we fused a FLAG tag
to the N terminus of the E2 protein in the context of our Jcl
chimera (Fig. 2A4) to allow immuno-capture with a high avid-
ity FLAG antibody system. As shown in Fig. 2B, addition of
this tag neither affected the kinetics nor the absolute amounts
of infectious virus production as compared with wild type Jc1.
Likewise, the density distribution of infectivity obtained with
these two genomes was comparable with the exception that
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FIGURE 2. Comparison of Jc1 and Jc1E2F-€ particle production and analysis of density profiles. A, schematic representation of the Jc1E27A€ virus ge-
nome and amino acid sequence of the fusion site. The putative signalase cleavage site (sig) is indicated with a dotted arrow. B, comparative analysis of the
kinetics of infectivity release from Huh7.5 cells after transfection with Jc1 or Jc1E2FAC, Virus titers were determined by TCID,, assay. Note the indistinguish-
able production kinetics and amounts of infectious virus achieved with the two HCV genomes. Error bars represent standard deviations of two measure-
ments. C, upper panel, density distribution of infectious Jc1 and Jc1E27A€ particles. A representative example of two independent experiments is shown.
Lower panel, vRNA and infectivity of Jc1 and Jc1E27-AC contained in density fractions were determined by gRT-PCR or TCIDs, assay, respectively. The ratios
of vVRNA and TCID,,, indicating specific infectivity were calculated. D, lipoprotein association of Jc1E2F-A< as determined by immuno-capture. In brief, 1 X
107 (left) or 2 X 10° vVRNA (right) per fraction were used for immuno-capture with antibody-coated protein G-Sepharose beads for 4 h at 4 °C, and capture
efficiency was assessed by qRT-PCR. Antibodies are specified at the top and densities of gradient fractions at the bottom, respectively. The DENV-E antibody
served as a negative control. Error bars indicate standard deviations of triplicate measurements. Two different apoE-specific antibodies that are described in
supplemental Table 1 were used. E, Jc1E27AC released from Huh7.5-transfected cells was concentrated by ultracentrifugation and used for density gradient
centrifugation. Fractions with densities given at the top were analyzed by Western blot using antibodies specified on the left. Numbers to the right refer to
the apparent molecular weight of protein size marker loaded onto the same gel.

the tagged virus produced slightly higher infectivity in lower hanced entry into Huh7.5 cells that were used for TCID,,
density fractions (Fig. 2C, upper panel) arguing for an altered  assay. Specific infectivity proved to be slightly different be-
propensity of the tagged E2 to interact with lipids or to utilize ~ tween Jcl and Jc1E2F“*< at low buoyant density (Fig. 2C,

SR-BL. In fact, by using neutralization studies, we found that lower panel), but infectivity was enriched in both cases in the
Jc1E2FHAG is less susceptible to SR-BI neutralization as com- 1.1 g/ml density fraction. Finally, association of Jc1E2F“AS
pared with Jc1 (supplemental Fig. S1). This result indicated with lipoproteins as determined by immuno-capture was

altered binding of the tagged E2 to SR-BI and presumably en-  comparable with the one of Jc1 (compare Fig. 2D with 1C).
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To determine the density distribution of viral and cellular
proteins, we subjected a concentrated Jc1E2F“A€ virus stock
to ultracentrifugation using an Optiprep density step gradient
in the exact same way as applied for Jc1 wild type (Fig. 1A).
We found that also in case of the tagged virus, CypA and
NS5A cosedimented with virus particles, and the density pro-
files of structural proteins as well as of apoE, NS5A, and CypA
were virtually identical to those obtained with Jc1 wild type
samples (compare Fig. 14 with 2E). Again, we observed a
slight density shift between the peaks of the core protein and
E2, which was confirmed by a FLAG-specific antibody, and
cosedimentation of NS5A and E2 as well as CypA and core,
respectively (Fig. 2E). In summary, these data show that parti-
cles produced with the Jc1E2"*< genome are comparable
with those generated with Jc1 wild type and can be efficiently
enriched by immuno-capture.

Characterization of Affinity-purified HCV Particles—Tak-
ing advantage of the Jc1E2"*S genome, we generated large
amounts of HCV particles by electroporation of Huh7.5 cells
and subsequently concentrated virus in culture supernatants
by ultrafiltration or polyethylene glycol-based precipitation
(Fig. 3A). Virus in concentrates was purified by sedimentation
onto an Optiprep cushion. In the initial set of experiments,
samples from the top of the cushion were subjected to density
gradient centrifugation as described in Fig. 1 prior to affinity
purification, but virus yields were too low to allow for bio-
chemical analyses of HCV particles (data not shown). There-
fore, samples from the first ultracentrifugation were directly
subjected to affinity purification using commercially available
FLAG-M2 beads, and captured virus was eluted by using a
FLAG peptide (for details see under “Experimental Proce-
dures”). Jcl wild type was processed in parallel and used as a
specificity control. As summarized in Fig. 3B, we could re-
cover ~50% of the Jc1E2F“AS input infectivity in the eluate,
whereas infectivity titers in the Jc1 affinity preparation were
more than 10°-fold reduced as compared with the input dem-
onstrating high specificity of the affinity purification
procedure.

When affinity-purified preparations were analyzed on a
silver-stained protein gel, the degree of purification became
immediately evident (Fig. 3C). The majority of proteins pres-
ent in the input used for affinity purification was absent in the
eluate (Fig. 3C). Only a few bands were detectable in the elu-
ate, but no difference was observed between Jcl and
Jc1E2FAS arguing that amounts of viral proteins were still
too low for detection with this method. However, ~50% of
total infectivity was still retained in the Jc1E2F“4S eluate (Fig.
3B), demonstrating strong enrichment of the virus.

In affinity-purified Jc1E2"*< preparations, core proteins
E2 and apoE were readily detected by Western blot (Fig. 3D).
Moreover, E2 protein was also detected with the FLAG-spe-
cific antibody. Most notably, both NS5A and CypA were no
longer detected in this virus preparation, although both pro-
teins were readily detected in Huh7.5 cells in which the two
virus preparations had been produced (Fig. 3D). Therefore,
we conclude that neither NS5A nor CypA are major constitu-
ents of HCV particles. Because of its large size (512 kDa), we
used an ELISA instead of SDS-PAGE to quantify apoB, but
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FIGURE 3. Biochemical characterization of affinity-purified Jc1E2F-AS

particles. A, schematic representation of Jc1E27“A® virus production and

purification. Culture supernatants of transfected cells were concentrated by
ultrafiltration (UF) or PEG precipitation (PEG) and purified by sedimentation
onto an 80% Optiprep cushion. Samples collected from the top of the cush-
ion were used for FLAG-affinity purification, and eluted particles were sub-
jected to a final concentration by ultracentrifugation. B, infectivity in frac-
tions specified at the bottom was determined by TCID, assay. Note the
~10°-fold loss of infectivity after affinity capture in case of Jc1 and the high
recovery in the case of Jc1E2™4€ particles. G, silver gel analysis of Jc1 and
JC1E2™AC preparations before (Input) and after affinity purification (Eluate).
Ratios given at the top of the panel refer to fractions of each sample loaded
onto the gel. Note the massive reduction of total protein in the eluate. Num-
bers at the left refer to the apparent molecular weight of protein size marker
(M) loaded onto the same gel. D, Western blot analysis of Jc1 and Jc1E2F-A¢
after FLAG-affinity purification. Supernatants of transfected Huh7.5 cells
were processed as described in A, and eluates were subjected to Western
blot with antibodies specified on the right. Lysates of transfected cells were
loaded in parallel for comparison. Note the absence of NS5A and CypA in
affinity-purified samples. Because of very low binding to the FLAG-affinity
beads, no viral proteins are detectable in case of the Jc1 sample.

after affinity purification, this protein was below the detection
limit of the assay (~40 fmol/ml).

When calculating the ratio of viral RNA to infectivity as
determined by the TCID,, assay, we found a remarkable shift.
Whereas in unpurified preparation or fractions concentrated
by ultracentrifugation, the ratio of RNA to infectious particles
was ~10:1, this ratio shifted to ~2:1 after affinity purification.
This shift likely reflects the removal of noninfectious RNA-
containing particles, which might be caused by a selective
enrichment of particles with a high abundance of FLAG-
tagged yet fully functional E2 protein (see “Discussion”).

Role of Apolipoprotein E for Infectivity of HCV Particles—
The availability of purified infectious HCV particles allowed
for the analysis of the role of apolipoproteins for infectivity.
To this end, we performed comparative neutralization experi-
ments of Jc1E2F“A€ particles before and after affinity purifica-
tion. Control antibodies specific for E2 or the FLAG tag po-
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FIGURE 4. Comparative analysis of neutralization of Jc1E27-AS before
and after affinity purification. Concentrated (pre-capture) or affinity-puri-
fied (post-capture) Jc1E27A samples were incubated with antibodies spec-
ified at the bottom for 1 h at room temperature and added to Huh7.5 cells.
Infection of cells was determined 72 h after inoculation by using TCIDs,
measurement. The means of three independent experiments are shown.
Data were normalized to the mean values of three negative controls (un-
treated, antibodies specific for DV-E protein, and for calreticulin). Only DV-E
is shown as a representative negative control. Error bars indicate S.E. (n = 3).
Note that statistically significant neutralization (labeled with *) could only
be achieved after affinity purification. Also note that the reduced neutraliza-
tion of affinity-purified virus with the FLAG-specific antibody as compared
with unpurified samples is within the variability range. Antibodies of the
following specificity were used: DV-E, DENV-E protein; Al, apolipoprotein Al;
B, apolipoprotein B; E, apolipoprotein E (apoE; three different antibodies).

tently neutralized infectivity, whereas the antibody against the
E-protein of DENV had no effect (Fig. 4). In agreement with
previous results, we found that antibodies targeting apoE and
apoB, but not apoAl, neutralized infectivity, albeit to various
extents. Most notable was the augmented neutralization of
affinity-purified HCV by the apoE-specific antibodies (p =
0.04 for the CB antibody and p = 0.05 for the Progen anti-
body; n = 3; specification of the antibodies is given in supple-
mental Table S1). A moderate neutralization with the apoB-
specific antibody was also detectable, but it was not
statistically significant when compared with the DENV nega-
tive control. Together with the finding that HCV RNA-con-
taining particles can be captured with apoB-specific antibod-
ies, our data suggest that apoB is also associated with virus
particles but may play a minor role during entry. Moreover,
the impact of apolipoproteins on HCV infectivity is best de-
tected after removing contaminating lipoproteins by affinity
purification.

Determination of the Lipid Composition of Jc1E2™*€ Parti-
cles by Using Mass Spectrometry—To determine the lipid
composition of HCV, affinity-purified Jc1E27*< particles
were subjected to quantitative lipid analysis employing nano-
electrospray ionization tandem mass spectrometry (Fig. 5).
Jcl wild type preparations were analyzed in parallel to control
for host cell-derived background. Quantitative lipid analysis
was achieved by the addition of internal lipid standards for
each lipid class. Lipids detected in preparations of Jc1 were
subtracted from lipids detected in Jc1E2¥“A€ preparations to
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account for host cell background. As shown for the major
lipids phosphatidylcholine, sphingomyelin (Fig. 54), and cho-
lesteryl ester (Fig. 5B), amounts of most viral lipids were sig-
nificantly above background. In this way, we were able to de-
fine phosphatidylcholine, sphingomyelin, as well as
cholesteryl esters and cholesterol as major lipids of HCV par-
ticles (see also supplemental Table 2). Phosphatidylethano-
lamine, phosphatidylserine, phosphatidylinositol, and phos-
phatidylglycerol were detected as minor lipids, whereas
diacylglycerol, ceramide, and hexosylceramide were not de-
tected above background. In total, 9 lipid classes (Fig. 5C, left
panel, and Table 1) and 77 lipid species (supplemental Fig. S2
for lipid species distributions) were found. In comparison
with other viral particles (such as HIV-1 (51), vesicular stoma-
titis virus, and Semliki Forest virus (61)), a striking enrich-
ment of cholesteryl esters as nonbilayer lipids and relatively
low amounts of most phospholipids were observed (Fig. 5, C
and D). Although our analysis did not cover all possible lipids,
most notably triacylglycerol that could not be quantified for
technical reasons, the results suggest that the lipid composi-
tion of infectious HCV particles generated in Huh7.5 cells is
similar to the one of LDL and VLDL (51, 61, 62).

To analyze whether the lipid composition of HCV particles
reflects an unusual lipid composition of host cell membranes,
we subjected Huh7.5 cells to quantitative lipid analysis and
analyzed them by mass spectrometry as described above (sup-
plemental Fig. S3). We found that the lipidome of HCV parti-
cles is strikingly different from cell membranes with the latter
exhibiting much higher relative amounts of phospholipids
and much lower levels of cholesteryl esters (Fig. 5C, right
panel, and Table 1). In summary, these data suggest that HCV
has a unique lipid composition that differs from all other vi-
ruses analyzed thus far. This lipid composition resembling
VLDL/LDL particles is in full support of the tight association
of HCV particles with lipoproteins, most notably apoE.

Morphological Analysis of Affinity-purified Jc1E2™“*S Parti-
cles by Electron Microscopy—In our initial experiments, we
studied the morphology of Jc1 wild type virus after purifica-
tion by ultracentrifugation by using negative staining and
transmission electron microscopy (supplemental Fig. S4). In
fractions containing the highest infectivity titer (~1.1 g/ml,
we detected heterogeneous structures that were most often
spherical but occasionally amorphous. The sizes of these
structures were variable and ranged between 31 and 125 nm
(supplemental Fig. S4D). A fraction of these particles could be
immunolabeled with E2- or apoE-specific antibodies or both
(supplemental Fig. S4B). The average diameter of labeled
structures that most likely represent HCV particles was 73 nm.

Because these density gradient fractions still contained im-
purities (Fig. 1), detailed and reliable analyses were difficult.
We therefore generated affinity-purified Jc1E2F-4S particles
and re-analyzed HCV particle morphology. Examination of
the samples before and after affinity purification revealed a
massive reduction in the overall abundance of small spherical
structures (data not shown). Moreover, the total number of
structures in Jc1E2F*S samples was high, whereas almost
no structures were detectable in the Jc1 control preparations
(data not shown).
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cles and in lysates of Huh7.5 cells transfected with the HCV genome (control) were extracted and subjected to quantitative lipid analysis by nano-ESI-MS/
MS. A, detection of phosphatidylcholine and sphingomyelin species in the Jc1 control eluate (upper panel) and Jc1E27-A€ viral particles (lower panel) (precur-
sor ion scans of m/z 184). B, detection of cholesteryl ester species in the Jc1 control (upper panel) and Jc1E2F-A€ viral particles (lower panel) (precursor ion
scans of m/z 369). Major lipid species are annotated giving number of carbon atoms/number of double bonds in fatty acids. IS, internal standard. C, lipid
composition of HCV particles (left panel, n = 2) or of Huh7.5 cells (right panel, n = 3). HexCer and Cer were only detectable in Huh7.5 cells, but not in
JC1E27HAC (see Table 1). D, phospholipid (right panel) or total lipid profiles (left panel) of lipoprotein particles (HDL, LDL, and VLDL were taken from Ref. 62),
HIV-1 (taken from Ref. 51), and HCV (from this study). aPC, acyl-linked phosphatidylcholine; ePC, ether-linked phosphatidylcholine; SM, sphingomyelin; PE,
phosphatidylethanolamine; PS, phosphatidylserine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; Chol, cholesterol; CE, cholesteryl ester, HexCer, hexo-
sylceramide; Cer, ceramide; LPC, lysophosphatidylcholine; PL, phospholipids. Triacylglycerol (TAG) concentrations were not determined due to technical

difficulties.

Detailed morphological analyses revealed also for affinity-
purified Jc1E2F“*S particles a high heterogeneity (Fig. 6). The
diameter of particles ranged from 28 to 152 nm (1 = 209).
Several of the observed structures displayed a positive rather
than a negative staining pattern, indicating damage of the par-
ticles (Fig. 6A, panels b and e). Whether this is due to the
preparation procedure or to the used fixation methods is
unknown.
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Immunolabeling Identifies ApoE as an Integral Component
of HCV Particles—To identify the best conditions for struc-
ture preservation of Jc1E2F*S particles, we tested a variety of
fixatives and negative staining methods, including ammonium
molybdate with or without trehalose, uranyl formiate, uranyl
acetate, or phosphotungstic acid (data not shown). Further-
more, we compared preservation, antigen accessibility, and
contrast of different combinations of methyl cellulose, uranyl

VOLUME 286+NUMBER 4+-JANUARY 28, 2011



TABLE 1

Lipid composition of Huh7.5 cells and affinity-purified Jc1E2F-AS
particles

Lipids were extracted and analyzed for containing lipid species as described under
“Experimental Procedures.” Values are expressed as mole percentage of a given
lipid to total lipids quantified. aPC, acyl-linked phosphatidylcholine; ePC, ether-
linked phosphatidylcholine. Mean values indicating mean = S.E. are given.

Huh?7.5 cells (n = 3) JC1E2FLAS (1 = 2)

mol % *+ S.E. mol % * S.E.
aPC 23.24 + 0.46 17.33 £ 2.38
ePC 693 £ 2.1 2.75 +0.17
SM 5.37 = 0.19 10.88 = 0.18
PE 21.37 = 1.82 2.64 £ 0.35
PS 6.6 *0.17 0.32 £0.17
PI 9.24 £ 149 0.97 £0.19
PG 0.25 £ 0.04 0.4 *= 0.1
HexCer 0.36 = 0.03 Below detection limit
Cer 0.32 £ 0.08 Below detection limit
Chol 21.25 += 0.82 20.21 = 3.29
CE 5.07 = 0.1 44.47 * 0.65
TAG Not determined Not determined

acetate, and osmium tetroxide (supplemental Fig. S5).
Whereas uranyl acetate alone gave the best result for immu-
nolabeling, the addition of osmium tetroxide preserved the
structures best. However, these conditions reduced labeling
efficiency probably due to antigen masking or alteration.
Methyl cellulose also increased structure preservation but
reduced the overall contrast (supplemental Fig. S5). Thus,
uranyl acetate was the best compromise for structure preser-
vation, contrast, and antigen accessibility, and this method
was therefore used for all subsequent experiments.

By using these conditions, ~21% of all structures contained
in affinity-purified samples could be labeled with a rabbit
polyclonal antibody (J6E2); labeling efficiency with the mouse
monoclonal antibody AP33 was much lower and therefore not
quantified. Moreover, tagged virus particles also reacted with
a FLAG-specific antibody (Fig. 64, panel h). However, be-
cause of high amounts of FLAG peptide, which was used for
elution of Jc1E2FS from the M2-affinity gel, the background
obtained with the FLAG-specific antibody precluded quanti-
tative analyses of EM micrographs.

The average diameter of E2-labeled structures was 73 nm
(Fig. 6, A, C, and D). However, in all cases labeling density was
low, arguing for low amounts of E2 protein on the surface of
HCV particles or for poor antigen accessibility or integrity. In
contrast, a high percentage of all structures (more than 56%)
could be labeled with an apoE-specific antibody (Fig. 6D).
This result is in keeping with the notion of a high number
(~300 as determined by ELISA) of apoE molecules per viral
RNA copy, which may be even higher than the number of E2
molecules per particle. ApoE labeling was confined to the vi-
ral envelope confirming specificity of the antibody. Moreover,
labeling background on the grids was lower than 2 gold parti-
cles per um? for the J6E2 antibody and slightly above 1 gold
particle per wm? for the apoE-specific antibody corroborating
that our labeling was specific (Fig. 6E).

Overall, affinity-purified HCV particles did not display an
ordered inner structure. Some of the E2-stained particles dis-
played an inner structure that was separated from the enve-
lope by an electron translucent ring (Fig. 6A, panel e). How-
ever, attempts to characterize these particles further by using
various pretreatments (e.g. with mild detergents or lipopro-
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tein lipase) and antibodies detecting core or other viral or cel-
lular proteins, including apoB, were not successful (data not
shown).

By using double immunogold labeling, we were able to de-
tect HCV-E2 and apoE on the same virus particles. In fact,
~66% of all E2-bearing particles could also be labeled for
apoE (Fig. 6D). Importantly, the majority of E2-positive struc-
tures were singular, and only occasionally E2-positive parti-
cles were associated with particles that were not labeled (Fig.
6F). In summary, these data confirm the heterogeneity of
HCV particle morphology, and they demonstrate that apoE is
an integral component of infectious hepatitis C virions.

DISCUSSION

Affinity Purification of HCV Particles—A major obstacle for
biochemical and ultrastructural analyses of infectious HCV
particles is their high heterogeneity and their similarity to
host cell lipoproteins. For these reasons, mere ultracentrifuga-
tion and gel filtration methods are hardly sufficient to sepa-
rate the cellular and viral particle species resulting in high
background of host cell lipids and proteins (14, 17, 63). In this
study, we describe a simple and highly efficient method that
circumvents these problems. By using a FLAG-tagged HCV
that produces infectivity titers to wild type levels, in combina-
tion with affinity capture, large amounts of pure HCV parti-
cles can be generated. The power of this method is illustrated
by NS5A and CypA. These two proteins are involved in HCV
assembly (57, 58); they cosediment with virions in density
gradients (Figs. 14 and 2E), but they are not detectable in vi-
rus fractions after affinity purification (Fig. 3D). We described
earlier that HCV-containing cells release membranous and
presumably vesicular very low density structures containing
viral RNA and proteins (60). These structures, but also host
cell lipoproteins constitutively secreted from cells, contami-
nate virus preparations and thus make specific detection of
viral lipids as well as low abundance proteins in virus particles
very difficult. Moreover, when Jc1E2F particles were used
for neutralization experiments, infectivity could be efficiently
neutralized with apolipoprotein-specific antibodies only after
affinity purification, suggesting that the majority of free li-
poprotein particles was removed by this method.

We found that the ratio of viral RNA to infectious particles
was reduced from ~10:1 before affinity purification to ~2:1
thereafter, arguing that our method may select for virus parti-
cles enriched for (FLAG-tagged) E2 protein. Moreover, this
shift indicates high amounts of RNA-containing noninfec-
tious particles. The nature of these particles present in almost
10-fold excess over infectious particles in noncaptured sam-
ples is not known. They may correspond to RNA-containing
nonenveloped capsids (64) to exosomes, i.e. membranous ves-
icles containing viral RNA, core, and envelope glycoproteins
(65), or to replication complexes (60). Whatever the nature of
these structures is, they are efficiently removed by our affinity
purification. Moreover, we note that a similar approach using
a 3X FLAG-tagged E2 in the context of a chimeric HCV ge-
nome has been described very recently (66). However, in this
virus, part of the N-terminal HVR1 in E2 was replaced,
whereas we did not delete viral sequences but rather directly
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FIGURE 6. Morphology of affinity-purified Jc1E2F-A€ particles as visualized by negative staining and transmission electron microscopy. Virus con-
tained in supernatants of transfected Huh7.5 cells was purified as described in Fig. 34 and under “Experimental Procedures.” A, affinity-purified Jc1E27-A¢
particles were either unlabeled (panels a- c¢) orimmunolabeled for the E2 envelope glycoprotein (arrowheads) as specified in the upper right of each panel,
and bound antibodies were detected with 10 nm colloidal gold (panels d—h). ApoE was detected with a rabbit monoclonal antibody and 15 nm gold parti-
cles (arrows in panels f and i). Panel f depicts the result of double immunolabeling. B, culture supernatant containing high titers of Jc1 was subjected to affin-
ity purification and used as control sample to determine specificity of immunolabeling. Although this sample also contained spherical particles, their abun-
dance was much lower (panel a), and these particles did not react with the J6E2- or ApoE-specific antibodies (panels b and c). C-F, statistics were performed
by counting structures and immunogold particles bound to each structure on at least two different EM grids of at least two preparations each. C, mean di-
ameters of all counted structures (Total) as well as of structures that labeled with one antibody only or with both (Double (+)). D, relative proportion of
structures that were labeled with either one or two antibodies. E, labeling background of the J6E2- or apoE-specific antibody expressed as number of gold

particles per um?. F, absolute number of J6E2-labeled particles that were either singular (0), or associated with 1 or 2 nonlabeled particles. Error bars in

C-E represent the standard deviation (n = 209).

fused the FLAG tag to the E2 N terminus. The construct de-
sign used in the other study may explain why the 3X FLAG-
tagged virus genome is severely impaired in assembly compe-
tence and requires an adaptive mutation in E2 to compensate
for this defect. Furthermore, Takahashi et al. (66) described
HCV particles with an average diameter of 40— 60 nm,
whereas our own data suggest an average diameter of ~70
nm. The reason for this discrepancy is not known, but it
might be due to different fixation methods, the use of differ-
ent HCV recombinants, or different host cell lines utilized for
virion production. In fact, lipid composition of HCV, and thus
its size and density, very much depends on the host cell in
which the virus is produced. For instance, HCV from primary
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human hepatocytes or patient sera has a much lower density
and association with apoB as compared with HCV produced
in Huh7 cells (16, 67— 69). This “lipid imprinting” of HCV
particles and its dependence on the particular host cell may
explain some of the discrepant observations reported in vari-
ous studies.

One disadvantage of the affinity purification is the reduced
stability of infectivity after capture. Whereas HCV contained
in culture supernatant retains full infectivity when stored for
1 week at 4 °C, for example (70), infectivity of captured virus
samples is reduced by up to 100-fold within 16 h at 4 °C.
Therefore, analyses of infectious virions after capture by using
density gradient centrifugation were difficult as infectivity was
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rapidly lost. Nevertheless, the density profile of infectious
HCV particles was very similar before and after affinity purifi-
cation arguing that infectivity, but not overall structural integ-
rity, was affected .” The reason for the reduced stability is not
known but could be due to rapid degradation because of the
lack of excess carrier protein/lipid in the sample or to a “pre-
activation” of virions upon binding and removal of the FLAG-
specific antibody. In this respect, the antibody may mimic an
interaction with CD81, which might trigger a conformational
change leading to reduced infectivity.

Infectivity distribution of Jc1E2F"AS virions was slightly
shifted toward lower density in comparison with Jc1. Al-
though this observation implies that infectivity of Jc1E2F-4<
accumulates in fractions of 1.01-1.05 g/ml to a higher extent
than with wild type, more than 85% of total infectivity for
both Jc1 and Je1E2F-4€ was detected in peak fractions with
densities of ~1.1 g/ml. Thus, a possible difference in lipid
composition of the tagged particles can only contribute to a
very minor degree. Apart from that, fusion of the FLAG tag to
the N terminus of HVR1 seems to have altered the propensity
of E2 to interact with an SR-BI as neutralization efficiency
with an SR-BI-specific antibody was reduced by 2—3-fold with
Jc1E2FAC as compared with Jc1. We therefore assume that
the apparent density shift of Jc1E2F particles is not due to
particle composition, but rather might be due to altered bind-
ing of E2 to SR-BI and thus enhanced HCV entry into Huh7.5
cells that were used to measure infectivity.

Lipid Composition of Affinity-purified HCV Particles— Af-
finity-purified HCV particles also allowed quantification of
apoE amounts. By using ELISA, we determined 290 * 41
apoE molecules per viral RNA. Values were very reproducible,
and amounts were consistently well above the detection limit
of the assay. This calculation assumes that apoE is only associ-
ated with infectious HCV particles. It is possible, however,
that cells secrete in addition certain amounts of subviral parti-
cles devoid of viral RNA and core but containing envelope
glycoproteins, apoE, and possibly apoB. Nevertheless, it has
been shown that the glycoproteins E1 and E2 do not associate
with apoB when overexpressed in Huh7.5 cells (25). There-
fore, it is unlikely that large amounts of E1/E2-containing par-
ticles associated with lipoproteins are present in our affinity-
purified virus samples.

A key element of our study is the determination of the lipi-
dome of HCV particles. An earlier report by Aizaki et al. (71)
described a quantification of cholesterol and phospholipids
contained in a partially purified preparation of HCV particles
produced in Huh7 cells. The authors determined cholesterol
to total phospholipid ratio of ~1.26 but did not monitor cho-
lesteryl esters or discriminate between individual phospho-
lipid species. In contrast, by using affinity-purified HCV parti-
cles, we found that phospholipids are much more abundant
than cholesterol (cholesterol/phospholipids ratio ~0.59).
Most importantly, the predominant lipid species of HCV par-
ticles determined in our study are cholesteryl esters, account-
ing for ~44% of total viral lipids. Thus, HCV appears to have

7 A. Merz, G. Long, and R. Bartenschlager, unpublished data.
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a unique lipid composition that is distinct from all other vi-
ruses studied so far. Because of the specificity of our affinity
purification, major lipids could be determined with high accu-
racy as exemplified by the mass spectra shown in Fig. 5 and
supplemental Fig. S3. Overall, polar membrane lipids such as
phosphatidylserine and phosphatidylethanolamine that are
enriched in HIV-1 (51), vesicular stomatitis virus, or Semliki
Forest virus (61) are only minor lipids in hepatitis C virions.
Along these lines, cholesterol, which is thought to be impor-
tant especially for viruses that acquire their envelope from the
plasma membrane, where cholesterol is most abundant, was
well detectable in HCV particles but to lower concentrations
than in other viruses (61). Likewise, sphingomyelin is en-
riched in HCV particles but again to a lower extent than re-
ported for other viruses. Likewise, the membrane of the hepa-
titis B virus, a virus that, similar to what has been proposed
for HCV, acquires its membrane from pre-Golgi compart-
ments (72) consists almost exclusively of phospholipids (73).
Apart from HCV, rabies virus has been the only virus de-
scribed to contain significant amounts of cholesteryl esters in
its envelope even though this virus buds from the plasma
membrane (74).

The fatty acid compositions of the major HCV lipids cho-
lesteryl ester and phosphatidylcholine are clearly distinct
from the one of Huh7.5 host cells, showing a marked shift
toward saturated lipid species, which is a hallmark of viral
particles budding from plasma membranes. In contrast, hepa-
titis C virions resemble (V)LDL particles with respect to their
high amounts of incorporated cholesteryl esters, which clearly
set them apart from other viruses (51, 61). However, it should
be kept in mind that triacylglycerols (TAG), which are well
established lipid components of HDL (6 mol %), LDL (10
mol %) and VLDL (60 mol %) (75) could not be determined
due to technical difficulties. Given their abundance in li-
poproteins, TAGs may constitute a significant proportion of
HCYV particles, in addition to the lipid classes identified in this
study.

Our finding that HCV particles contain ratios of lipid spe-
cies that are distinct from those of host cell membranes im-
plies that the cellular lipid composition is altered during the
course of infection. However, comparative analysis of relative
amounts of individual lipid species from naive and HCV-in-
fected cells did not reveal a difference.® Alternatively, HCV
may acquire its membrane from specialized intracellular mi-
crodomains containing lipids in ratios similar to those of se-
creted virions. We note that HCV assembly is tightly linked to
(cytosolic) lipid droplets and the VLDL synthesis machinery
(37). A model has been put forward according to which E1/E2
glycoprotein complexes diffuse from the endoplasmic reticu-
lum membrane bilayer to the budding site of VLDL precur-
sors, thus giving rise to triglyceride-rich lipoproteins carrying
viral envelope glycoproteins on their surface (25). This is an
attractive model, but because it has been developed by using
expression of only E1/E2, it remains to be determined

8 A. Merz, G. Long, B. Briigger, F. Wieland, and R. Bartenschlager, unpub-
lished data.
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whether it also applies to assembly of complete HCV
particles.

Morphology of HCV Particles—Electron microscopic analy-
ses of affinity-purified Jc1E2F“A€ particles revealed heteroge-
neous structures similar to what has been described earlier
(16, 63). E2-labeled particles had an average diameter of 73 *
18 nm, which is in agreement with previous predictions (9,
15) and observations (9, 16, 54, 63, 76). Particles were pre-
dominantly singular (Fig. 6F) rather than aggregated with li-
poprotein particles as suggested by others (14, 17), arguing
against the possibility that our lipid analysis was confounded
by nonviral (lipoprotein) particles attached to virions. Impor-
tantly, E2-specific immunolabeling or immuno-capture of
virus particles was inefficient. Because we used a large panel
of poly- and monoclonal antibodies and because some of
them potently neutralized infectivity, we argue that the low
E2 labeling was not due to poor antibody performance but
rather was due to low antigen amounts or epitope accessibility
after fixation or both. In support of poor antigen accessibility,
capture of FLAG-tagged E2 only with the high avidity FLAG-
affinity gel was very efficient. Because the number of E2 pro-
teins per particle is most likely not affected by the tagging, we
conclude that either the FLAG beads have an avidity much
higher than any of the used E2 antibodies or that the tag is
exposed on the surface of the particles and therefore more
accessible than the epitope for any of the used E2-specific
antibodies. Whatever the reason, we note that similarly low
labeling efficiency with an E2-specific antibody (5-20% of
density gradient-purified HCV particles) has been reported
very recently (76).

Much higher labeling density was obtained for apoE, con-
sistent with the rather high molecule number per particle.
Most importantly, two-thirds of all E2 immunoreactive HCV
particles could be labeled for apoE in case of the affinity-puri-
fied virus preparations. These results show that apoE as well
as cholesteryl esters and other lipoprotein-specific lipids are
integral components of infectious HCV particles, and they are
present either on the particle envelope (e.g apoE) or in its
interior (e.g. cholesteryl esters).

Because of structural heterogeneity, we could not obtain
high enough numbers of particles with consistent morphology
to perform three-dimensional reconstructions. Moreover,
attempts to study the interior of HCV particles and the com-
position of the viral envelope by cryo-EM were not successful.
Even though we had managed to achieve final Jc1E2F-4€ in-
fectivity titers of more than 10'° TCID,,/ml, this concentra-
tion was still too low to detect particles within the tiny vol-
umes of the cryo-EM grid holes (~1 fl). In contrast,
Gastaminza et al. (76) recently reported the first cryo-EM
analysis of HCV particles produced in cell culture. These au-
thors used a hyperpermissive Huh7.5 subclone, a cell culture-
adapted JFH-1 variant containing a mutation in E2 that in-
creases infectivity and a purification protocol that relies
exclusively on density gradient centrifugation rather than im-
muno-capture. Probably due to higher virus titers in these
preparations, HCV particles could be detected that were char-
acterized by an average diameter of ~60 nm and surrounded
by a membrane bilayer that was spatially separated from an
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internal structure. In addition, particles with an average diam-
eter of ~45 nm lacking a membrane bilayer and with high
buoyant density were found that might correspond to nonen-
veloped nucleocapsids (76). Although these data are promis-
ing a final proof that the detected structures are indeed infec-
tious, HCV particles is necessary. This will require novel
techniques such as immunodetection in combination with
cryo-EM.

In conclusion, we developed a rapid and very efficient
method to produce large quantities of affinity-purified infec-
tious HCV particles. This method allows the biochemical
analysis of the virion with high precision, including its lipi-
dome. The finding that a high proportion of HCV lipids ap-
pears to be cholesteryl esters that are incompatible with a reg-
ular membrane bilayer raises the challenging question about
the membrane organization of the HCV envelope. One possi-
bility is that cholesteryl esters are deposited in-between the
envelope bilayer, thus separating the two membrane leaflets
giving rise to an “outer and inner monolayer” membrane (68).
Whatever the architecture of infectious HCV particles is, un-
derstanding lipid imprinting of the virion by the host cell is a
fascinating aspect of HCV assembly, and it may provide a
starting point to devise novel strategies for efficient antiviral
intervention.
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