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Abstract

To apply retrovirus vectors for in vivo gene therapy in cats, it is necessary to develop vector systems that are not inactivated by cat serum.
In this study, the retrovirus packaging cell lines 25C-1 and AHCeB7 were newly established from human embryonic kidney (HEK) 293 and
feline fibroblastic AH927 cells, respectively. Then the sensitivities of pseudotype viruses released from these cell lines to fresh sera from
humans and cats were compared. Pseudotype viruses from the 2SC-1 cells were inactivated efficiently by cat serum but not by human serum.
Pseudotype viruses from the AHCeB7 cells were also inactivated efficiently by human serum, however they were rather resistant to cat serum.
When the xenoantigenicity of the cell lines was examined by flow cytometry, AH927 cells reacted with human serum, however, HEK293 cells
did not react with cat serum. These results suggested that pseudotype viruses from 2SC-1 cells were inactivated by the fresh cat serum in an
antibody-independent manner. Chelating experiments revealed that certain temperature-sensitive factor(s) other than complements might be
involved in the inactivation. The usage of feline cells as packaging cells is suitable for in vivo gene therapy in cats.

© 2003 Elsevier B.V. All rights reserved.
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Viral vectors based on retroviruses, such as murine
leukemia virus (MLV) and human immunodeficiency virus,
are powerful tools for gene delivery in vitro and in vivo (for
a review, see reference Takeuchi and Pizzato, 2000). For in
vivo gene therapy, it is necessary to develop vectors resis-
tant to serum. In terms of human in vivo gene therapy, there
have been many reports on retrovirus vectors which can not
be inactivated by human serum (Kafri, 2001; Quinonez and
Sutton, 2002). However, retroviral vector systems effective
for in vivo gene transfer in domestic cats have not been
established so far.

Since retroviruses except spumaviruses bud from the
cell membrane, they incorporate components expressed
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on the cell membrane into the virion membrane. Humans
have natural antibodies against xenoantigens expressed on
non-primate cells such as murine cells (Takeuchi et al.,
1996, 1997). These natural antibodies can bind to the virion
membrane and lyse retroviruses via activation of the clas-
sical complement pathway. Thus, human serum efficiently
inactivates retroviruses produced from non-primate cells.
Similar to humans, cats may have natural antibodies against
xenoantigens expressed on non-feline mammalian cells, and
cat serum may inactivate retrovirus particles. In addition to
antibody-dependent inactivation, retroviral particles might
be lysed by activation of an antibody-independent alterna-
tive or mannan-binding-lectin (MBL) complement pathway
(Favoreel et al., 2003).

In this study, we newly established MLV-based packag-
ing cell lines derived from human and feline cells. From
these packaging cell lines, we generated cell lines produc-
ing pseudotype viruses which have the envelope of feline
leukemia virus subgroup B (FeLV-B) and express a reporter
gene. Then, we compared the sensitivities of the pseudotype
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Fig. 1. Establishement of the pesudotype virus-producing cell lines. (A) Schematic representation of plasmid constructs used in this study. MoMLV
gag-pol expression plasmid, pCeB and FeLV-B envelope expression plasmid, pFBFeLV-B are illustrated. Abbreviations: LTR, long terminal repeat; poly
A, poly-adenylation signal. (B) Flow chart of procedures of establishment of pseudotype virus-producing cell lines.

viruses released from these cells to sera from humans and
cats, and also examined the xenoantigenicity of the packag-
ing cell lines by flow cytometry.

Human embryonic kidney (HEK) 293 cells, AH927 cells
(feline fibroblast cell line), NIH3T3 cells (mouse fibroblast
cell line) and TELCeB/SALF cells (Cosset et al., 1995)
(a derivative of TE671 cells (human rhabdomyosarcoma
cells) producing LacZ pseudotype viruses) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma,
St. Louis, MI, USA) supplemented with 10% fetal calf
serum (FCS), penicillin (100 units/ml) and streptomycin
(100 pg/ml).pCeB [1], an expression vector for the Moloney
MLV (MoMLV) gag-pol gene as well as a blasticidin re-
sistant selectable marker (Fig. 1A), was kindly provided by
Dr. Y. Takeuchi (University College London, London, UK).
The construction of an env expression plasmid for FeLV-B,
termed pFBGAHF (Fig. 1A), was described previously
(Nakata et al., 2003). pCAGVSV-G, an expression plasmid
for the G protein of vesicular stomatitis virus (VSV), and
pMX-EGFP, a vector plasmid to express enhanced green
fluorescence protein (EGFP), were described elsewhere
(Misawa et al., 2000; Matsuura et al., 2001).

For establishment of Gag-Pol producing HEK293 cells
(Fig. 1B), HEK293 cells were seeded at a concentration
of 4.0 x 10° cells per 35 mm plate the day before transfec-
tion. Then, 1 pg of pCeB was transfected using FuGene6
(Roche, Basel, Germany). Two days after transfection,
the cells were transferred to two 100 mm plates (Greiner,
Frickienhausen, Germany), and selected with 4 pg/ml of
Blasticidin S (Calbiochem, Schwalbach, Germany). The
selection medium was replaced every 3 days until resistant
cell colonies had appeared. Two weeks after the selec-
tion, the resistant colonies were picked up using penicillin
cups, and further grown in 12-well plates (Greiner) for the
assessment of reverse transcriptase (RT) production.

For establishment of Gag-Pol producing AH927 cells
(Fig. 1B), AH927 cells were seeded in a 25 cm? flask the
day before transfection. Then, 10 pg of pCeB was trans-
fected by the calcium phosphate coprecipitation method
(Graham and van der Eb, 1973). Four hours after transfec-
tion, the cells- were washed twice with FCS-free medium
and glycerol-shocked, and then the culture medium was

replaced with fresh medium. Two days after transfection,
the cells were transferred to two 75 cm? flasks and selected
with 4 pg/ml of Blasticidin S. The resistant cells were
cloned by the limiting dilution method using conditioned
medium. Each cell clone was expanded in 25 cm? flasks for
the assessment of RT activity.

Mn2*-dependent RT activity in the culture supernatants
from blasticidin-resistant 293 clones was measured using
a Reverse Transcriptase Assay, Chemiluminescent (Roche)
following the manufacturer’s instructions using MnCl, in-
stead of MgCl. The Mn?*-dependent RT activity in the
cell culture supernatants of blasticidin-resistant AH927
clones was assayed using [a«->2P]dTTP as described pre-
viously (Ohki et al., 1992). Briefly, 10 pl of the culture
supernatant was mixed with a reaction mixture containing
poly(rA)-oligo(dT) and [a-*2P]dTTP. After incubation for
3h at 37°C, the mixture was dotted on DEAE filter paper
(DE81) (Whatmann, Kent, UK). RT activity was measured
using scintillation.

The Gag-Pol expressing cell clones were introduced with
a vector plasmid MFGnlsLacZ (Ferry et al., 1991) that ex-
presses the /acZ gene with a nuclear localization signal. Cells
were seeded at a concentration of 1 x 10 cells per well of
six-well plates and inoculated with a helper-free MFGnl-
slacZ pseudotype virus bearing an envelope of amphotropic
MLV (MLV-A) in the presence of 8 jng/ml of polybrene. The
MFGnlslacZ pseudotype viruses were prepared from the cul-
ture supernatant of TELCeB/SALF cells as described previ-
ously (Cosset et al., 1995). Two days after infection, some
of the cells were stained with 5-bromo-4-chloro-3-indolyl
B-p-galactopyranoside (X-gal) (Sigma) as described previ-
ously (Sanes et al., 1986). Infection with the MFGnlislacZ
pseudotype viruses and X-gal staining were repeated until
more than 95% of the infected cells became /acZ-positive.

The lacZ-positive cell clones were seeded at a concentra-
tion of 4 x 10° cells per 35 mm plate (Greiner) the day be-
fore transfection. Then, 1 g of pFBGAHF was transfected
using FuGene6. Two days after transfection, the cells were
transferred into 75 cm? flasks (Corning, NY, USA) and se-
lected with 50 wg/ml of phleomycin (Sigma). Two weeks
after selection, phleomycin resistant cell populations were
obtained. The culture supernatants were harvested from the

- 254 -



R. Watanabe et al./Virus Research 99 (2004) 89-93 91

confluent cell cultures in the presence or absence of FCS,
filtrated through a 0.45 pm filter (Millipore, Bedfold, MA,
USA), and used immediately for the infection assays.

For titration of LacZ pseudotype virus, target cells were
seeded at a concentration of 3 x 10 cells for both AH927
and NIH3T3, and 5 x 10* cells for HEK293 in 0.25 ml per
well of 48-well plates the day before infection. Cells were
inoculated with 100 ul of serially diluted viruses in the pres-
ence of 8 pg/ml of polybrene. Four hours after infection,
the virus was removed and the cells were cultured in the
DMEM. Two days after infection, cells were stained with
X-gal, and lacZ-positive foci were counted as described pre-
viously (Takeuchi et al., 1994).

From HEK293 cells transfected with pCeB (293/CeB), 34
blasticidin-resistant clones were obtained. Each clone was
tested for the production of RT in the culture supernatants.
Nine clones showed relatively high levels of RT activity
(Fig. 2A). For titration of EGFP pseudotype virus, HEK293
cell clones expressing MLV Gag-Pol proteins were seeded
at a concentration of 4 x 107 cells per well of six-well plates
the day before transfection. Then, 1 ng of pCAG-VSVG and
1 pg of pMX-EGFP were cotransfected using FuGene6. Two
days after transfection, the culture medium was replaced
with fresh medium. Then the culture supernatants were har-
vested after incubation overnight, filtrated through a 0.45 um
filter and used for the infection assay as described previously
(Takeuchi et al., 1994). In brief, target HEK293 cells were
seeded at a density of 2 x 10° cells per well of 24-well plates
the day before infection. Cells were inoculated with 500 ul
of the serially diluted viruses in the presence of 8 wg/ml of
polybrene. Four hours after infection, the inocula were re-
moved and the cells were cultured in fresh medium. Two
days after infection, EGFP-positive foci were counted.

After the transfection of pMX-EGFP and pCAG-VSVG
into the clones, all clones produced EGFP pseudotype
viruses bearing an envelope of VSV G proteins ranging
from 1.5 x 10° to 3.0 x 10® focus forming units (ffu)/ml
(Fig. 2B). Among the clones, we selected number 1 (des-
ignated 2SC-1) which showed the highest production of
pseudotype viruses for further study.

From AH927 cells transfected with pCeB (AH/CeB), 24
blasticidin-resistant clones were obtained by the limiting di-
lution method. Because of the low transfection efficiency of
the cells, AH/CeB clones were assessed only by RT pro-
duction. Among the blasticidin-resistant clones, 10 showed
relatively high levels of RT activity (Fig. 2A). Among these
clones, we selected number 7 (designated AHCeB7) which
showed the strongest RT activity for further study.

The 2SC-1 and AHCeB7 cells were introduced with a
lacZ vector by infection. After confirming that more than
95% of the cells express the lacZ gene by X-gal stain-
ing, these cell lines were further transfected with pFB-
GAHF and selected using phleomycin. Consequently, we
obtained cell lines, designated 2SC-1/lacZ/FBGAHF and
AHCeB/lacZ/IFBGAHF, respectively, which produce LacZ
pseudotype viruses. LacZ pseudotype viruses produced from
2SC-1/1acZ/FBGAHF and AHCeB/lacZ/[FBGAHF were
referred to as FeLV-B(/acZ)/2SC and FelLV-B(lacZ)/AH,
respectively and were tested for transduction of the lacZ
gene to HEK293, AH927 and NIH3T3 cells. These stable
transfectants produced LacZ pseudotype viruses which can
infect HEK293 and AH927 cells but not NIH3T3 cells. The
titers of the pseudotype viruses were more than 10° ffu/ml
even in the absence of FCS during virus preparation and
infection (Table 1). Pseudotype viruses prepared in the
absence of FCS were subjected to serum sensitivity tests.
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Fig. 2. (A) RT activities in the culture supernatants from 293/CeB (left) and AH927/CeB (right). RT activities are shown as the intensity of relative
Jights units (RLU) and counts per minute (CPM) of [a->2P], respectively. (B) Infectious virus titers of EGFP-VSV G pseudotype viruses released from

293/CeB clones. EGFP-positive focus forming units (ffu) are shown.
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Table 1

Titers of pseodotype viruses from producer cell lines in the absence of
FCS

Target cells Producer cell lines
2SC-1/lacZ/FBFeLV-B AHCeB/lacZ/FBFeLV-B
HEK293 15 x 10% 1.0 x 10%
AH927 3.0 x 10 35 x 10
NIH3T3 <10 <10

2 Averages of titers (ffu/ml) of /acZ pseudotype viruses in three inde-
pendent experiments are shown.

The sensitivity of lacZ pseudotype viruses to sera from
humans and cats was examined by titrating the surviving
viruses after incubation with 10% serum. In brief, the cui-
ture medium of each producer cell line was changed with
FCS-free DMEM the day before the assay, and the cul-
ture supernatants were harvested. The harvested pseudotype
viruses were incubated with fresh human or cat serum for 1
h at 37 °C. After incubation, the viruses were serially diluted
and inoculated to target cells in the presence of 8 wg/ml of
polybrene. Four hours after inoculation, the culture medium
was replaced with fresh medium and the cells were incubated
for an additional 2 days before X-gal staining. Since we
found that HEK293 and AH927 cells were sensitive to lysis
by fresh sera from cats and humans, respectively (data not
shown), we used homologous target cells for the serum sen-
sitivity test (i.e. HEK293 for the human serum and AH927
for the cat serum). FeLV-B(lacZ)/2SC was resistant to hu-
man serum but efficiently inactivated by cat serum (Table 2).
In contrast, FeLV-B(/acZ)/AH was efficiently inactivated by
human serum, however the viruses were relatively resistant
to cat serum (Table 2). Heat-inactivated human and cat sera
did not inactivate the pseudotype viruses at all (data not
shown).

Finally, the xenoantigenicity of the cell lines was ex-
amined by flow cytometric analyses. Cells were harvested
after 0.05% EDTA treatment for 10min at 37°C. After
being washed with phosphate-buffered saline (PBS), the
cells were reacted with 10% heat-inactivated cat or human

Table 2
Sensitivity of viruses for human and feline serum

Pseudotype virus Target Serum Titer Percentage
(ffwmly®  of reduction
FeLV-B(lacZ)/2SC  HEK 293  Control® 800
Human 800 0
AH927 Control 1500
Cat 366 76
FeLV-B(lacZ)/AH  HEK293 Control 2500
Human <10 100
AH927 Control 7500
Cat 5030 33

3 Averages of titers of /acZ pseudotype viruses in three independent

experiments are shown.

b Pseudotype viruses were reacted with serum-free DMEM.
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Fig. 3. Xenoantigenicity of HEK293, AH927 and their derivatives.
HEK?293 (A) and 2SC-1//lacZ/pFBGAHF cells (B) were reacted with heat-
inactivated sera from humans (bold line) and cats (dotted line). AH927 (C)
and AHCeB/lacZ/pFBGAHF cells (D) were reacted with heat-inactivated
sera from cats (bold line) and humans (dotted line).

serum in serum-free DMEM on ice for 40 min. The cells
were washed with PBS, and then reacted with fluorescein
isothiocyanate-labeled anti-human whole immunoglobulin
(Ig) (Molecular Probe, Eugene, OR, USA) or anti-feline
whole Ig (ICN Biomedical, Aurora, OH, USA) at a final
concentration of 0.002 pg/ml on ice for 40 min. After be-
ing washed with PBS, the cells were resuspended in 500 .l
of PBS, and analyzed using a FACSCalibur (Becton Dick-
inson, San Jose, CA, USA). The data were analyzed using
CellQuest software (Becton Dickinson). Human HEK293
cells did not react with sera from humans or cats (Fig. 3A).
Feline AH927 cells reacted strongly with human serum but
weakly with cat serum (Fig. 3C). The reactivity to the sera
was not affected by the expression of MLV Gag-Pol and
FeLV-B Env proteins in the cells (Fig. 3B and D).

In this study, we newly established two retrovirus packag-
ing cell lines, AHCeB7 and 2S8C-1, from feline AH927 and
human HEK293 cells, respectively. After the introduction
of a lacZ vector and FeLV-B Env expression plasmid, these
cells produced LacZ pseudotype viruses. Using these pseu-
dotype viruses, we compared the sensitivities of the viruses
to fresh sera from humans and cats, and found that usage of
feline cells as packaging cells is suitable for in vivo gene
therapy in cats.

The most important difference at the cell surface be-
tween humans and other mammals except apes and old
world monkeys is the existence of Gal(a1-3)Gal termi-
nal carbohydrates ((«1-3)Gal) (Galili et al., 1985, 1987).
Since humans and old world monkeys lack a functional
(x1-3)galactosyltransferase (Larsen et al., 1990; Galili and
Swanson, 1991), they have no (a1-3)Gal terminal structure
and develop abundant anti-(a1-3)Gal antibodies in their sera
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(Galili et al., 1985). Virions released from nonprimate cells
incorporate the (al1-3)Gal (Takeuchi et al., 1996, 1997).
Retroviruses bearing the («1-3)Gal epitope are immediately
inactivated by human serum (Rother et al., 1995).

Here, we also confirmed that human serum efficiently
inactivated the pseudotype viruses.from feline AH927 cells
but not those from human HEK293 cells. On the other hand,
cat serum efficiently inactivated the pseudotype viruses
from HEK?293 cells. Since cat serum did not react with
2SC-1/lacZIFBGAHF cells in the flow cytometric analyses
(Fig. 3) and heat-inactivated cat sera did not inactivate the
pseudotype viruses, we considered that most of the pseu-
dotype viruses have been inactivated by complement in an
Ab-independent manner, i.e. alternative or MBP comple-
ment pathway. To determine which pathway is involved
in the neutralization, the effects of depletion of Ca>* and
Mg?* were examined. Ca?™ is essential for the classical
and MBL complement pathways, whereas the alternative
pathway can be activated in the presence of Mg?™ instead of
Ca®*. Contrary to our expectation, no effects were observed
when both Ca?* and Mg?* or Ca®* alone were chelated
by 10mM EDTA or EGTA, respectively (data not shown).
These results suggested that certain temperature-sensitive
factor(s) other than complements might be involved in this
neutralization although the nature of the factor(s) is still
unknown at present.
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Abstract

The polyprotein precursor of the Hepatitis C virus (HCV) contains multiple membrane-spanning domains that define the membrane
topology and subsequent maturation of the viral structural proteins. In order to examine the biogenesis of the E1-E2 heterodimeric complex,
we inserted an affinity tag (S-peptide) at specific locations within the envelope glycoproteins. In particular, and based on the prediction that
the E1 glycoprotein may be able to assume a polytopic topology containing two membrane-spanning domains, we inserted the affinity tag
within a putative cytoplasmic loop of the E1 glycoprotein. The HCV structural polyprotein containing this tag (at amino acids 295/296) was
highly expressed and able to form a properly processed and noncovalently associated E1-E2 complex. This complex was bound by murine and
conformation-dependent human monoclonal antibodies (MAbs) comparably to the native untagged complex. In addition, MAb recognition
was retained upon reconstituting the tagged E1-E2 complex in lipid membrane as topologically constrained proteoliposomes. Our findings are
consistent with the model of a topologically flexible E1 glycoprotein that is able to adopt a polytopic form. This form of the E1-E2 complex
may be important in the HCV life cycle and in pathogenesis.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Hepatitis C virus; Envelope glycoprotein; E1-E2 complex; Membrane topology; Affinity tag; Proteoliposome

1. Introduction and references therein). The structural proteins of the virus
are contained in the N-terminal portion of the polyprotein
(in order: Core and the E1 and E2 envelope glycoproteins)
and are generated by signal peptidase cleavage in the lu-

men of the ER. A small membrane protein of unknown
risk for hepatocellular carcinoma (World Health Organiza- function’ p7, is encoded downstream of the E2 g]ycopro-

tion, 1999). HCV is an enveloped RNA virus and the sole tein and is also produced by cellular signal peptidase. The
member of the Hepacivirus genus within the Flaviviridae nonstructural proteins of the virus (NS2, NS3, NS4A and
family. The single-stranded, positive-sense RNA genome B and NS5A and B) are contained in the C-terminal por-
of HCV contains a single open-reading frame that en- tion of the polyprotein and lie on the cytosolic side of the
codes a viral polyprotein precursor of approximately 3000 ER membrane. The mature NS proteins are generated by
amino acids (Grakoui et al., 1993; Selby et al., 1993). viral proteases in the cytoplasm. Because there is no ro-
Membrane-spanning domains within the polyprotein force bust cell culture system for HCV propagation (reviewed by
threadings through the membrane of the rough endoplasmic (Bartenschlager and Lohmann, 2001)), details of envelope

reticulum (ER) and the mature viral proteins are liberated glycoprotein biogenesis and virion assembly have not been
from the precursor polyprotein by the action of viral and studied under conditions of productive infection.
cellular proteases ((Dubuisson, 2000; Reed and Rice, 2000) Multiple membrane-spanning domains define the topol-

ogy of the HCV polyprotein precursor during biogenesis.

* Corresponding author. Tel.: -+1 406 243 6421 fax: -+1 406 243 6425. Biochemical and genetic studies indicate that the E1 and
E-mail address: jack nunberg@umontana.edu (J.H. Nunberg). E2 glycoproteins adopt a Type 1 (von Heijne, 1988) topol-

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis and liver cirrhosis worldwide. It is estimated that
over 170 million persons are infected with HCV and at

0168-1702/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2004.04.013 .
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ogy in the ER membrane: each glycoprotein is anchored
by a single C-terminal transmembrane domain and presents
an N-terminal ectodomain ((Op De Beeck et al., 2001) and
references therein). The C-terminal membrane-spanning do-
mains of the HCV E1 and E2 glycoproteins also encode the
signal peptide sequences of the downstream proteins (E2
and p7, respectively); the signal peptide of the E1 glyco-
protein is contained within the C-terminal region of Core.
These transmembrane domains are additionally important
for the formation of the properly folded, noncovalently as-
sociated E1-E2 complex (Michalak et al., 1997; Op De
Beeck et al., 2000; Patel et al., 2001). During biosynthesis,
the HCV envelope glycoproteins are slow to fold properly
(Choukhi et al., 1998; Dubuisson and Rice, 1996; Merola
et al., 2001), and misfolding is thought to result in the iso-
lation of predominantly disulfide-crosslinked complexes. In
addition, the transmembrane domains also function as ER
retention signals that largely prevent progress of the E1-E2
complex through the exocytic pathway (Cocquerel et al.,
1998; Cocquerel et al., 1999; Dubuisson et al., 1994; Duvet
et al., 1998; Flint and McKeating, 1999). Recent studies in-
dicate that some E1-E2 complex may be transported to the
plasma membrane (Bartosch et al., 2003; Drummer et al.,
2003; Hsu et al., 2003).

In order to study the biogenesis of the HCV envelope gly-
coproteins, we have defined conditions for the isolation of
noncovalently associated E1-E2 complexes. To probe this
structure, we have introduced an affinity tag at specific lo-
cations in E1, E2 and p7. Here, we show that the E1 glyco-
protein can readily accommodate a tag at position 295/296
—— in a region bounded by a predicted transmembrane he-
lix on one side and the C-terminal transmembrane domain
on the other. Affinity purification and membrane reconsti-
tution of the tagged E1-E2 complex suggests that the E1
glycoprotein may exhibit topologic flexibility that includes
a polytopic form in which the tagged region comprises a
cytoplasmic loop joining two membrane-spanning regions.
The existence of a topologically distinct form of the E1-E2
complex may have important implications in HCV biology
and pathogenesis.

2. Materials and methods
2.1. HCV expression plasmids

The infectious HCV ¢DNA (genotype 1b) used in these
studies was originally isolated from an HCV carrier (Aizaki
et al., 1998) and the region encoding Core, the EI and E2
glycoproteins and p7 was adapted to enable translation of
the structural portion of the polyprotein (pCAG HCV aa
1-810, (Takikawa et al., 2000)). The numbering of the HCV
amino acids is from the initiating methionine of the polypro-
tein. The pCAG HCV expression cassette (Bg/lI-Bg/ll) was
transferred to the BamHI site of pcDNA 3.1 (Invitrogen) and
a properly oriented insert was identified. The unique Kpnl

site within the pcDNA 3.1 polylinker was subsequently de-
stroyed in pHCV—AKpn to facilitate subsequent manipula-
tions.

The PHD-htm algorithm (Rost et al., 1995); accessed
at (Columbia University Bioinformatics Center, 2002) was
used to predict transmembrane helical regions within the
HCV structural proteins. Based on these predictions and
other considerations described in the text, sites of potential
cytosolic exposure in E1, E2 and p7 were identified and en-
gineered to include the 15 amino acid S-peptide (Spep) affin-
ity tag KETAAAKFERQHMDS (Kim and Raines, 1993;
Fig. 1A).

Molecular cloning to insert a DNA sequence encoding
the affinity tag within the HCV membrane proteins uti-
lized two oligonucleotides. The upstream oligonucleotide
included, at its 3 end, a sequence complementary to that en-
coding HCV amino acids N-terminal to the Spep insertion
site. This was followed (in the 5" direction on the oligonu-
cleotide primer) by a sequence complementary to that en-
coding a triple glycine (Glys) linker, the Spep, and another
Glys; linker. The latter Gly; was followed by an additional
threonine that enabled the inclusion of a Kpnl site (GGT
ACC) near the 53’ end of the oligonucleotide. The second
primer was complementary to the Kpnl site and included at
its 3’ end a sequence encoding HCV amino acids C-terminal
to the Spep insertion site. Using the pHCV-AKpn plasmid,
these two oligonucleotides were extended for 25 cycles of
PCR using Herculase DNA Polymerase (Stratagene). Fol-
lowing Dpnl digestion to inactivate the original plasmid, the
mixture was digested with Kpnl and the newly synthesized
plasmid was allowed to recircularize in the presence of T4
DNA ligase. Transformation of Escherichia coli resulted in
the recovery of plasmids encoding a perfect splice of the
Glys-Spep-Glys-Thr cassette within the respective E1, E2
and p7 coding regions. The insertions were confirmed by
DNA sequencing. Three clones of each were carried forward
in subsequent expression studies to exclude the possibility
of adventitious changes elsewhere. The resulting plasmids
encoding Spep-tagged HCV Core-E1-E2-p7 polyprotein are
identified as E1Spep, E2Spep and p7Spep, respectively. For
some studies, p7 expression was ablated from the HCV and
E1Spep constructs by the introduction of a TAA stop codon
at the E2-p7 junction (Ap7).

2.2. Monoclonal antibodies

Murine MAbs directed to HCV Core (#c11-7, #c11-10
and #cl11-14), E1 (#299 and #384) and E2 (#187) were
prepared against HCV aa 1-810 polyprotein expressed in
insect cells (Matsuura et al., 1994; Takikawa et al., 2000).
These MAbs are reactive in Western blot analysis. Murine
anti-E1 MAb #159 (Triyatni et al., 2002) was kindly pro-
vided by J. Lau (Ribapharm, Inc.). Human MAbs directed
to E1 (H-111 and H-114, unpublished) and E2 (CBH-2, 5,
and 7; (Hadlock et al., 2000; Triyatni et al., 2002)) were
derived from HCV-infected individuals and were kindly
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Fig. 1. The HCV structural polyprotein. (A) Schematic representation of the N-terminus encoding the Core, El,

E2 and p7 proteins; translation is

terminated by an engineered termination codon (TAA) after p7. Amino acid numbering is shown, and transmembrane helical regions are indicated by
shading. The putative internal transmembrane domain in E1 (aa 270-284) is darkened. The positions of the respective Spep tags are shown. The insert
(lower left) contains a schematic showing the predicted membrane topology of the Core-E1-E2-p7 polyprotein including the polytopic form of the
El glycoprotein. The respective Spep tags are shown as black balls. Arrows denote signal peptide cleavage sites in the polyprotein. (B) Amino acid

sequence of the El glycoprotein. Transmembrane regions predicted by the PHD-htm algorithm (Rost et al..

1995);, accessed at (Columbia University

Bioinformatics Center. 2002) are indicated by M’s under the amino acid sequence. Only extended regions identified with >90% probability are shown.

Potential glycosylation sites are underlined.

provided by Z.-Y. Keck and S.K.H. Foung (Stanford Univer-
sity). Of these, only H-111 is able to recognize its respective
protein in Western blot analysis (Z.-Y. Keck and S.K.H.
Foung, unpublished). The other human MAbs recognize
conformational determinants (Hadlock et al., 2000). Control
studies utilized human MAbs directed against HIV-1 gp120
(447-52D, from S. Zolla-Pazner (Conley et al., 1994))
and gp4l (F240, from M. Posner (Cavacini et al., 1998))
and a murine anti-gp41 MADb (Chessie 8, from G. Lewis
(Abacioglu et al., 1994)).

2.3. Characterization of affinity-tagged HCV glycoproteins

HCV expression plasmids were used to transiently
transfect monkey COS cell using FuGENE-6 (Roche
Biochemicals) reagent (Lu et al, 2001). In some ex-
periments, cells were metabolically labeled for the final
16h in 5ml of cysteine- and methionine-free Dulbecco’s
Modified Eagle Medium containing 2% dialyzed fe-
tal bovine serum and 125 uCi each >3S-methionine and
3g-cysteine (Amersham Life Sciences). Cells were har-

260

vested 48 h after transfection and lysed in solubilization
buffer comprising 20 mM Tris—HCl, 100 mM ammonium
sulfate, 10% glycerol (Mirzabekov et al., 2000), 0.5%
cyclohexyl-pentyl-3-p-maltoside  (Cymal-5;  Anatrace,
Maumee, OH) nonionic detergent and protease inhibitors
(Complete Protease Inhibitor Tablets; Roche Diagnostics).
Preliminary studies explored the use of other nonionic and
zwitterionic detergents (Cymal-5, Triton X-100, Brij-97,
and CHAPSO; 0.5% and 1%) and 0.5% Cymal-5 was
chosen based on its efficiency in extracting noncovalently
associated E1-E2 heterodimers and its high critical micellar
concentration (to facilitate dialysis in the subsequent forma-
tion of proteoliposomes). In many studies, the solubilization
buffer also contained 1 mM DTT (Tatu et al., 1993).
Spep-tagged proteins were isolated using S-protein
agarose (SAG) beads (Novagen, Inc., Madison, WI).
Briefly, cleared cell lysates (300-500 wl) were incubated
with SAG beads (100 wl of slurry) at 4°C for at least 1 h
and the beads were subsequently washed in solubilization
buffer. The affinity-purified material was typically eluted by
boiling in Laemmli SDS-PAGE sample buffer, in the pres-



50 C.T. Migliaccio et al./Virus Research 105 (2004) 47-57

ence or absence of 100 mM DTT. Deglycosylation of the
affinity-purified material using PNGase F (New England
Biolabs, Beverly, MA) was performed as recommended by
the manufacturer. Immunoprecipitation of Spep-tagged and
untagged HCV envelope glycoproteins from cell lysates
(500 i) utilized 5 g of the human MAbs. Immune com-
plexes were precipitated using protein A—Sepharose (100 .l
of a 50% v/v slurry; Sigma).

Proteins were resolved by SDS-PAGE and detected by
phosphorimaging or by Western blot analysis using either
S-protein horseradish peroxidase (S-HRP; Novagen, Inc.)
or murine MAbs with an HRP-conjugated second anti-
body. Western blots were visualized by chemifluorescence
using ECL-Plus (Amersham Biosciences) and quantitated
by fluorescence imaging. Quantitative analyses were per-
formed using the Fuji FLA3000G imager and Image Gauge
software (Fuji).

2.4. S-protein paramagnetic beads and proteoliposomes

M-270 carboxylic acid Dynabeads (Dynal AS, Lake Suc-
cess, NY) were activated using carbodiimide chemistry and
coupled to S-protein (RNS2; Biozyme Laboratories, San
Diego, CA) using methods recommended by Dynal AS.
Spep-tagged HCV glycoproteins were isolated from cell
lysates by overnight incubation with beads at 4 °C. Typi-
cally, 5 x 107 beads were used per 500 ul of cell lysate in
order to obtain a dense coverage. The paramagnetic beads
were subsequently washed extensively and maintained for
up to 1 month in solubilization buffer at 4 °C. The nonionic
detergent was included in all subsequent immunochemical
analyses of the beads.

Lipids were obtained as chloroform solutions from
Avanti Polar Lipids (Alabaster, AL). A total of 10mg of
lipids {1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethan-
olamine (POPE), and dimyristoy Iphosphatidic acid (DMPA),
mixed in a molar ratio of 6:3:1} were dried in a glass vial
under a vacuum until all of the solvent was removed. One
milliliter of phosphate-buffered saline (PBS) was added
to the tube, and a liposomal suspension was obtained by
1-2-min ultrasonication in an ice bath. A stock of the
fluorescent lipid dioleoylphosphoethanolamine—lissamine
rhodamine B (Rhodamine-DOPE) was similarly prepared,
at a final concentration of 1 mgmli~!, and used as a tracer
to assess lipid accretion. All liposomal stocks were kept in
liquid N7 until use.

Proteoliposomes were produced using methods described
by Sodroski and colleagues (Mirzabekov et al., 2000) and
modified in our laboratory. In brief, the liposomal solution
was added to a suspension of paramagnetic beads bear-
ing the affinity-purified HCV envelope glycoproteins, and
the Cymal-5 nonionic detergent was slowly removed by
dialysis to enable proteoliposome formation. Considerable
evidence supports the model that during solubilization, the
nonionic detergent binds to transmembrane domains and

replaces the membrane; in reconstitution, this process is
reversed (see review (Rigaud et al., 1995)). Fifty million
paramagnetic beads and 50 pl of the 10mgml~' liposome
stock were mixed in 0.5ml of solubilization buffer for
1h at 4°C before dialysis was initiated. Dialysis using a
10kDa molecular weight cutoff cassette (Slide-A-Lyzer
10K, Pierce, Rockford. IL) was carried out for 24h at 4°C
against two changes of solubilization buffer lacking both
detergent and protease inhibitors. Beads were then isolated
magnetically and washed before storage in PBS containing
0.1% bovine serum albumin (BSA). Proteoliposome were
stable for over 3 months at 4 °C, and were routinely washed
into PBS (lacking BSA) prior to use.

Preliminary optimization and quality control studies for
proteoliposome formation utilized the lipid mixture contain-
ing a tracer of Rhodamine-DOPE (1% w/w). Lipid was
subsequently solubilized from the proteoliposomes and the
amount of Rhodamine-DOPE tracer was determined spec-
trophotometrically. Approximately 60 g of lipid could be
deposited on 10% beads containing Spep-tagged transmem-
brane protein, sufficient to saturate the surface area of the
beads (estimated at 50 pg (Mirzabekov et al., 2000)). Prelim-
inary studies demonstrated that lipid accretion onto param-
agnetic S-protein beads required that a transmembrane pro-
tein be bound (CTM and JHN; unpublished). Reports from
numerous laboratories have demonstrated the robust utility
of this methodology in reconstituting functional and anti-
genically intact transmembrane glycoproteins (see Babcock
et al., 2001; Grundner et al., 2002; Mirzabekov et al., 2000;
Rigaud et al., 1995; Walter et al., 1990).

2.5. Flow cytometric analysis of paramagnetic beads

Flow cytometry was performed using a FACSCalibur in-
strument (BD Biosciences). Paramagnetic beads (= 5 x
10°) containing affinity-purified HCV envelope glycopro-
teins in solubilization buffer (with 0.5% Cymal-5) or pro-
teoliposomal beads (= 5 x 10°) in PBS and 0.1% BSA
were incubated with 5 g of the primary murine or hu-
man MAD in 50wl for 1h on ice and then washed in their
respective buffers prior to incubation with the appropri-
ate secondary antibody (CalTag, Burlingame, CA) at room
temperature for 30 min. The murine MAbs were detected
using a phycoerythrin-conjugated goat antibody, and the
human MAbs were detected using a fluorescein-conjugated
goat antibody. Both protein and proteoliposomal beads were
ultimately washed into 1 ml of PBS for flow cytometric
analysis.

3. Resuits

3.1. Selection of sites for affinity tags in the HCV envelope
glycoproteins

In these studies, we sought to identify sites within E1, E2
and p7 that could accommodate the insertion of an affinity
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tag without disrupting the biochemical and immunochemical
properties of the noncovalently associated E1-E2 complex.
We examined three sites with the potential for exposure on
the cytosolic face of the membrane.

In the case of the polytopic p7 protein, which contains
two hydrophobic membrane-spanning domains separated by
a short cytoplasmic region (Carrere-Kremer et al., 2002), the
affinity tag was introduced between charged amino acids in
the cytoplasmic loop (Fig. 1A). Although the C-terminal re-
gions of the E1 and E2 glycoproteins also contain charged
amino acids embedded within hydrophobic transmembrane
domains (Cocquerel et al., 2000), these residues are believed
to lie within the membrane. It has been proposed that these
charged residues play a role in reorienting the C-termini
from the fumenal to cytosolic side of the ER following sig-
nal peptidase cleavage (Cocquerel et al., 2002; Op De Beeck
etal., 2001). To explore this latter model in the E2 glycopro-
tein, we introduced the affinity tag between charged residues
in the transmembrane domain of E2 (Fig. 1A), anticipating
that this would severely disrupt biogenesis.

The E1 glycoprotein presented an unusual opportunity to
probe structural and topologic aspects of biogenesis. Using
predictive computer algorithms trained to identify trans-
membrane helices (Rost et al., 1995), we found evidence for
a potential transmembrane helix internal to the E1 glycopro-
tein, between amino acid residues 270-284 (Fig. 1B). This
raised the possibility that the E1 glycoprotein might contain
two membrane-spanning regions — the well-documented
C-terminal domain and the predicted internal domain —
separated by an intervening cytoplasmic loop. This sugges-
tion was consistent with earlier studies in which an internal
hydrophobic region was shown to be involved in membrane
association (Matsuura et al., 1994). Cytosolic exposure of
the E1 glycoprotein has been suggested as the basis for
interaction with the virion Core protein (Lo et al., 1996;
Merola et al., 2001). Based on these theoretical and exper-
imental suggestions, we introduced the affinity tag in the
predicted cytoplasmic loop, between amino acids 295 and
296 (Fig. 1A).

3.2. Expression of the HCV envelope glycoproteins

The infectious HCV cDNA (genotype 1b) was originally
isolated from an infected individual (Aizaki et al., 1998)
and the region encoding the N-terminal polyprotein (Core,
the E1 and E2 glycoproteins and p7) was used in these
studies. The 15 amino acid S-peptide affinity tag (Spep)
is derived from the small subtilisin-generated fragment of
ribonuclease A and binds with high affinity to its ligand, the
larger ribonuclease fragment (S-protein) (Kim and Raines,
1993; Richards and Vithayathil, 1959). This peptide was
chosen based on its ability to function as an affinity tag
when inserted internally within the protein of interest (JHN,
unpublished). When transfected into simian COS-7 cells,
the three tagged constructs (E1Spep, E2Spep and p7Spep;
Fig. 1A) were expressed at levels comparable to the untagged

26
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mu anti-Core

Fig. 2. Expression of HCV Core from Spep-tagged and untagged polypro-
tein. COS cells expressing the E1Spep, E2Spep or p7Spep polyproteins,
or the untagged HCV polyprotein were lysed in solubilization buffer, and
proteins were resolved by SDS-PAGE. The Western blot was probed us-
ing a pool of murine anti-Core MAbs (#c11-7, #c11-10 and #cll1-14;
indicated below the image as mu anti-Core). Molecular weight markers
are shown at left.

HCV construct and all polyprotein expression resulted in
the accumulation of proteolytically processed mature Core
protein (Fig. 2).

We then examined the biosynthesis of the envelope glyco-
proteins to determine the effects of the affinity tag on protein
processing, folding and assembly. Cells were lysed using
0.5% Cymal-5 nonionic detergent and the tagged glycopro-
teins were isolated using S-protein agarose (SAG) beads. In
all cases, both E1 and E2 glycoproteins could be co-isolated,
regardless of the position of the affinity tag (Fig. 3A). By
far the highest recovery of EI-E2 complex was from the
E1Spep polyprotein, and lower amounts were isolated from
the p7Spep and E2Spep polyproteins, respectively. The ex-
pressed glycoproteins were further characterized by using
peptide N-glycosidase F (PNGase F) to generate the fully
deglycosylated proteins. In all cases, the E1 polypeptide
was detected as a single band of the appropriate molecular
weight (data not presented). The pattern of E2 polypeptides
was, however, more complex (Fig. 3B). In the case of the
E1Spep polyprotein, a discrete 40 kDa band corresponding
to authentic E2 polypeptide was observed, as well as a se-
ries of more slowly migrating species. By contrast, the dis-
crete band was absent in the E2Spep and p7Spep polyprotein
products and only the more slowly migrating species were
seen. Based on previous reports (Lin et al., 1994; Mizushima
et al., 1994), we suspected that one or more of the slowly
migrating species might represent unprocessed E2—p7 pre-
cursor. To further examine this question, we modified the
E1Spep construct by introducing a stop codon at the E2—p7
junction to ablate expression of p7. The slowly migrating
species vanished and only the authentic E2 polypeptide re-
mained (Fig. 3C). These results confirm that the more slowly
migrating species represent forms of the uncleaved E2-p7
precursor. Therefore, we concluded that the E2Spep and
p7Spep polyproteins were largely defective in signal pepti-
dase cleavage at the E2—p7 junction. By contrast, the E1Spep
polyprotein was able to undergo proteolytic processing to
yield mature E1 and E2 glycoproteins.

To assess the state of protein folding in the E1Spep-E2
complex, we examined the mobility of the E2 glycoprotein
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
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Fig. 3. Characterization of Spep-tagged HCV envelope glycoproteins. Ex-
pressed proteins were precipitated using S-protein agarose (SAG) and
Western blots were visualized using murine MAbs directed to either El
(MAbs #299 and #384) or E2 (MAbs #187) as indicated below the image
{mu anti-E1 or mu anti-E2, respectively). Molecular weight markers are
indicted at left. (A) Isolation by SAG precipitation of E2 (left) and E!
(right) from cells expressing E1Spep, E2Spep and p7Spep. The mature E1
and E2 glycoproteins are indicated at right; residual unprocessed E1-E2
precursor is also visible. (B) Isolated glycoproteins were deglycosylated
using PNGase F and E2-reactive polypeptides were detected using murine
anti-E2 MAb. The expected position of the E2 polypeptide is indicated.
(C) p7 Expression was ablated from the E1Spep polyprotein by intro-
ducing a stop codon at the E2-p7 junction (E1SpepAp7). Glycoproteins
were deglycosylated using PNGase F and E2 polypeptides were detected
using murine anti-E2 MAb. E2 and E2-p7 polypeptides are indicated.
(D) The E1-E2 complex from E1Spep polyprotein was isolated and re-
solved by SDS-PAGE under non-reducing or reducing conditions. The E2
glycoprotein and the disulfide-crosslinked E1-E2 complex are indicated.

under nonreducing conditions. In these experiments, the
misfolded disulfide-crosslinked E1-E2 complex migrates
slowly, whereas the noncovalently associated E2 migrates
as the free glycoprotein. From these studies (Fig. 3D), we
estimated that ~25% of the E2 glycoprotein isolated by
using the E1Spep tag was in the form of noncovalently asso-
ciated complex. Although this percentage is similar to that
reported for the untagged HCV polyproteins (Deleersnyder
et al., 1997; Dubuisson et al., .1994; Dubuisson and Rice,
1996 and see below), we were surprised at the extent of
apparent misfolding.

In order to investigate the source of the disulfide-
crosslinked aggregates commonly found upon expression
of the HCV envelope glycoproteins, we modified our cell
lysis buffer to include 1 mM DTT. We reasoned that this
low level of reducing agent might mitigate against the ox-
idative environment in the ER (Tatu et al., 1993) but would
itself be unable to reduce properly folded protein. If proper
" folding of the expressed glycoproteins were limited kineti-
cally, then this low level of reducing agent might enhance
the isolation of properly folded, noncovalently associated

HCV E18pep
HCY  E1Spep DTT +DTT  -DTT +DTT
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Fig. 4. Isolation of noncovalently associated E1-E2 complex under
mildly reducing conditions. Cells expressing the untagged HCV struc-
tural polyprotein or the ElSpep polyprotein were metabolicaily labeled
using 33S-methionine and -cysteine and lysed in solubilization buffer with
(+DTT) or without (~DTT) 1 mM DTT. E1-E2 complexes were precipi-
tated using either SAG or a human anti-E1 MAb H-111. Isolated proteins
were resolved by SDS-PAGE under reducing (A) or non-reducing (B)
conditions. Free E1 and E2 are indicated, as are the covalently linked
E1-E2 complex/precursor (E1-E2) and the higher molecular weight ag-
gregates (aggr.). Cells expressing the untagged HCV polyprotein served as
control for the SAG precipitation. '*C-labeled molecular weight markers
(Amersham Biosciences) are shown at left. The identity of the additional
bands (= 40 and 70kDa) is unknown.

complex. We explored this hypothesis using both the native,
untagged HCV structural polyprotein and the affinity-tagged
E1Spep polyprotein. Cells were metabolically labeled and
lysed in the presence or absence of 1 mM DTT. Complexes
were then immunoprecipitated using either SAG, or a hu-
man anti-E1 MAb H-111 (Z.-Y. Keck and S.K.H. Foung;
unpublished). Overall yields were similar in the presence
or absence of DTT and lysis in the presence of 1mM
DTT did not disrupt the EI-E2 association (Fig. 4A). As
analyzed by SDS-PAGE under reducing conditions, compa-
rable amounts of E1-E2 complex were isolated by H-111
from cells expressing the tagged or untagged HCV polypro-
tein, suggesting retention of the MAb epitope. Importantly,
both tagged and untagged complexes isolated in the pres-
ence of 1mM DTT were largely noncovalently associated
(Fig. 4B). By contrast, samples prepared in the absence of
1 mM DTT showed significant amounts of E1-E2 aggrega-
tion, and commensurately lesser amounts of noncovalently
associated E1 and E2.

We speculate that lysis under mildly reducing conditions
may prevent artefactual disulfide bond formation during iso-
lation or, more likely, may facilitate disulfide bond reshuf-
fling in the nascent complex. We presume that, in the absence
of competing and irreversible disulfide bond formation, the
glycoprotein complex in the presence of 1 mM DTT is able
to fold into its native state.
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Fig. 5. Immunoprecipitation of EI-E2 complexes. Cells expressing the E1Spep (panels A and C) or the untagged HCV (panels B and D) polyprotein were
metabolically labeled and lysed in solubilization buffer containing I mM DTT. Complexes were precipitated using the indicated reagents: SAG, human
anti-E1 MAbs H-111 or H-114, human anti-E2 MAbs CBH-2, CBH-5 or CBH-7, or with murine anti-E1 MAb #299 or murine anti-E2 MAb #187. (A)
Isolation of E1Spep-E2 complex using human MAbs. The image representing SAG and H-111 has been significantly lightened relative to that of the other
human MADbs. Quantitation of radioactivity revealed that, relative to H-111, CBH-2 was able to precipitate 2% of the E2 glycoprotein, CBH-5 (13%), and
CBH-7 (11%). Significant amounts were not detected using H-114. (B) Isolation of EI-E2 complex from untagged HCV polyprotein. Lanes representing
SAG and H-111 are significantly lightened. Relative yields of E2 glycoprotein for CBH-5 and CBH-7 were 6 and 5%, respectively; no significant amounts
of E2 were detected using H-114 or CBH-2. (C) and (D) Isolation of, respectively, E1Spep and HCV complex using murine MAbs #299 and #187.

3.3. Monoclonal antibodies as structural probes

To further assess the structural integrity of the noncova-
lently associated complex, we examined the ability of MAbs
to recognize the solubilized glycoproteins. As depicted in
Fig. 5, EI-E2 complex from cells expressing either the
tagged or untagged HCV structural polyproteins was read-
ily immunoprecipitated by murine MAbs directed against
linear epitopes in either E1 or E2 (#299 and #187, respec-
tively) and by the human anti-E1 MAb H-111. A signifi-
cantly lesser amount of E1-E2 complex was isolated using
conformation-dependent human MAbs directed to E1 (MAb
H-114; Z.-Y. Keck and S.K.H. Foung, unpublished) or E2
(MAbs CBH-2, CBH-5 and CBH-7 (Hadlock et al., 2000;
Triyatni et al., 2002)). Although these anti-E2 MAbs were
isolated from a patient infected with a genotype 1b virus
(Hadlock et al., 2000), we were able to recover at most 13%
of the E1-E2 complex of this genotype 1b isolate. In other
experiments, a similar pattern of reactivity was observed us-
ing complexes prepared in the absence of I mM DTT (data
not shown). The overall diminution in reactivity of these
human MAbs may be ascribed to antigenic differences be-
tween the virus of the MAb donor and those represented in
the expression plasmid, or to conformational differences in
the isolated complex. Importantly, however, the pattern of
MAD reactivity was identical using complexes derived from
the tagged and untagged HCV polyprotein. These parallels
suggest that the immunochemical structure of the complex
was not grossly perturbed by the introduction of the affinity
tag.

Further attempts to ascertain the integrity of the com-
plexes using a soluble form of the putative HCV receptor
CD81 (Flint et al., 1999) were uninformative in that CD81
does not bind to genotype 1b glycoproteins (Roccasecca
et al., 2003; Triyatni et al., 2002; Yagnik et al., 2000).

3.4. MAb binding to affinity-captured E1Spep-E2 complex
and proteoliposomes

Taken together, our analyses suggested that assembly
of the E1-E2 complex was largely unaffected by the in-
troduction of the affinity tag at position 295/296 in El.
Based on computer predictions that the E1 glycoprotein
may be able to adopt a polytopic topology in which the
Spep-tagged region would lie on the cytoplasmic side of the
membrane, we sought to reconstruct the predicted topology
of the E1Spep glycoprotein by generating affinity-captured
and properly oriented proteoliposomal complexes. We first
used S-protein-conjugated paramagnetic beads to isolate
E1Spep~E2 complex. Bound E1Spep was readily detected
by flow cytometry using murine anti-E1 MAbs or the human
MAbs H-111 (Fig. 6A) and associated E2 glycoprotein was
demonstrated by Western blot analysis using the anti-E2
MAD #187 (Fig. 6B). The nonionic detergent was then re-
placed with a liposomal membrane to examine membrane
topology. Because lipid accretion occurs at transmembrane
regions of the bound proteins, continued exposure of El
and E2 epitopes upon reconstitution would suggest that
the ectodomains of E1 and E2 are properly oriented in the
proteoliposome, despite anchoring by the affinity tag.
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Fig. 6. Analysis of E1Spep and E2 glycoproteins on paramagnetic beads
and proteoliposomes. S-protein coupled Dynabeads were used to isolate
E1-E2 complex from lysates of cells expressing the E1Spep polyprotein.
(A) Flow cytometric analysis of paramagnetic beads. Beads were incu-
bated with anti-E1 MAbs in buffer containing 0.5% Cymal-5 nonionic
detergent. Murine MAbs #299 and #384 (pooled) were detected using a
second antibody labeled with phycoerythrin (PE);, human MAb H-111 was
detected using a second antibody labeled with fluorescein isothiocyanate
(FITC). Histograms are shown in black lines. The negative control (filled,
gray histograms) for the murine MAbs are paramagnetic beads bearing
Spep-tagged CD4 (Gallina et al.,, 2002) and stained using the murine
anti-E1 MAbs; the negative contro! for the human MADb are E1Spep para-
magnetic beads stained using the anti-HIV MAb 447-52D (Conley et al.,
1994). (B) Western blot analysis of E2 glycoprotein captured via E1Spep
on paramagnetic beads (pmag beads) and subsequently retained in pro-
teoliposomes. Lysates were prepared in solubilization buffer containing
1 mM DTT and bound E2 glycoprotein was detected using non-reducing
SDS-PAGE and murine anti-E2 MADb #187.

Using protocols derived from Sodroski and colleagues
(Babcock et al., 2001; Grundner et al., 2002; Mirzabekov
et al., 2000), a mixture of synthetic lipids was added to the
suspension of paramagnetic beads bearing the E1Spep-E2
complex, and the Cymal-5 nonionic detergent was then re-
moved by dialysis to allow formation of the proteoliposomal
membrane. Lipid accretion was sufficient to cover the para-
magnetic bead, albeit not necessarily as a continuous mem-
brane (see Section 2), and biochemical analysis of the re-
constituted E1Spep-E2 proteoliposomes showed complete
retention of the noncovalently associated E2 glycoprotein
(Fig. 6B). Proteoliposomes constructed in this manner have,
in many cases, been shown to display properly oriented
and correctly folded glycoproteins (Grundner et al., 2002;
Mirzabekov et al., 2000; Rigaud et al., 1995; Walter et al,,
1990; CTM and JHN, unpublished). '

Murine and human MAbs that recognized the detergent-
solubilized E1Spep~E2 complex also recognized the pro-
teoliposomal complex (Fig. 7). Linear epitopes within the
El glycoprotein remained accessible to binding by murine
MADbs #299 and #384, and #159 (kindly provided by J.
Lau; (Triyatni et al., 2002)) and by the human anti-E1 MAb
H-111. The retention of E1 glycoprotein exposure and re-
activity, despite saturating amounts of lipid, is consistent
with formation of the lipid bilayer between the ectodomain
and the Spep anchor on the bead. Accretion of even a dis-
continuous bilayer at a single, C-terminal transmembrane
domain would be anticipated to occlude antibody access
to the now-buried ectodomain. In fact, binding to the pro-
teoliposomes was comparable to that seen with the same
paramagnetic beads prior to membrane accretion (see
Fig. 6). The proteoliposomal E2 glycoprotein also remained
accessible to murine MAb #187. As anticipated, little or no

binding was detected using human MAbs that only weakly
recognized the solubilized complexes (H-114, CBH-2,
CBH-5 and CBH-7; Fig. 7).

Taken together, these studies suggest that the immuno-
chemical properties of the E1Spep-E2 complex were
unchanged by membrane reconstitution. These results
are consistent with the prediction that El1 glycopro-
tein can assume a polytopic topology consisting of.two
membrane-spanning domains — the internal and C-terminal
transmembrane regions — and an intervening cytoplasmic
loop. In our studies with proteoliposomes, this topology was
enforced by the Spep affinity tag. The parallel immune reac-
tivity of the tagged and untagged glycoproteins in solution,
however, suggests that the E1 glycoprotein may naturally
display flexibility in its folding and membrane topology.

4. Discussion

Our studies suggest that the HCV E1 glycoprotein is able
to adopt a polytopic topology in which the heterodimeric
noncovalent association with the E2 glycoprotein subunit is
retained. Further studies are clearly needed to prove the ex-
istence of this alternative form, and to define its relationship
to the canonical, Type I form of the E1 glycoprotein. In the
absence of a productive cell culture system for the growth
of infectious HCV, direct links between envelope glycopro-
tein structure and function are difficult to demonstrate. In
fact, a firm definition of the native structure(s) of the HCV
envelope glycoproteins remains elusive despite the recent
development of infectious pseudotyped virions bearing the
E1-E2 complex (Bartosch et al., 2003; Drummer et al., 2003;
Hsu et al., 2003). Nonetheless, our studies highlight the
possibility that the E1 glycoprotein is capable of topologic
flexibility.

In considering a cytoplasmic loop in the E1 glycopro-
tein (amino acids 285-344), it is perhaps significant that
the potential glycosylation site at amino acid 325 is not
utilized in the wild-type E1 glycoprotein (Meunier et al.,
1999). Mutation to a more optimal glycosylation motif
(NWSP to NTSG) enables only partial utilization of this
site (Meunier et al., 1999). It is unclear whether the ung-
lycosylated fraction reflects suboptimal glycosylation or a
mixture of E1 topologies. Similarly, although the glycosy-
lation site at position 305 appears to be utilized in some
El glycoproteins (Meunier et al., 1999), this position is
variably glycosylated in the genotype 1b isolate used here
(YM, unpublished).

Topologic flexibility during biogenesis has been reported
for other viral envelope glycoproteins. In the case of Hep-
atitis B virus, the surface glycoprotein is initially formed in
the ER with the entire pre-S domain located in the cytosol;
during maturation, 50% of the glycoprotein is converted to
an alternative topology wherein the pre-S domain is translo-
cated through the membrane to the lumenal side (Lambert
and Prange, 2001 and references therein). Recently, Morri-
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Fig. 7. Flow cytometric analysis of MAb binding to proteoliposomal E1-E2 complexes. Proteoliposomal beads were incubated with the indicated human
or murine MAbs and subsequently stained using the appropriate secondary antibody conjugated, respectively, to FITC or PE. The murine anti-E] MAb
#159 was kindly provided by J. Lau (Triyatni et al., 2002). Control human MAbs directed to irrelevant antigens (HIV envelope glycoprotein gp120 and
gp41, respectively) were kindly provided by S. Zolla-Pazner and M. Posner. A murine anti-gp41 MAb served as negative control for the murine anti-HCV
MAbs and was kindly provided by G. Lewis. Histograms of anti-HCV MAb binding are shown by gray lines; control anti-HIV MAbs are shown in solid
black histograms. For MAb H-111, the absence of binding to HIV-1 gp160 proteoliposomal beads (unpublished) is indicated in gray within the negative
peak. The source of the minor, dull peak seen using the murine anti-HCV MAbs is unclear.

son and colleagues have reported that the fusion glycopro-
tein of Newcastle disease virus (NDV), for which a Type 1
membrane topology is well documented, can also assume
a polytopic topology (McGinnes et al., 2003). The specific
polytopic topology of the NDV fusion glycoprotein is simi-
lar to that which we propose for the HCV E1 glycoprotein.

If a cytoplasmic loop of E1 is involved in interactions
with the virion core, as has been suggested (Lo et al., 1996;
Merola et al., 2001), the immunochemical significance of an
alternative form of the E1-E2 complex is unknown. In this
regard, it is perhaps noteworthy that the human MAbs that
weakly bind the E1-E2 complex in our studies have previ-
ously been described as broad in their specificity, recogniz-
ing determinants conserved between genotypes la and 1b
(Hadlock et al., 2000). In other studies, however, gaps in this
broad pattern of recognition have been observed (Cocquerel
et al., 2003; Triyatni et al., 2002). The immunochemical dif-
ferences noted in the literature may well be related to the
genetic diversity among isolates or to the cell culture sys-
tem used for recombinant expression. Based on our studies,
we suggest that antigenic differences may also reflect the
topologic flexibility of the HCV E1 glycoprotein. Although
we cannot explain the apparent preference for the polytopic
form in our studies, our findings raise the possibility that the
topologic flexibility of the HCV E1 glycoprotein may play
a role in immune evasion.

One might imagine that topologic flexibility in the E1-E2
complex could serve to direct the antibody response away

from critical and conserved elements of the viral envelope
spike. This concept has been best advanced in the case of the
HIV envelope glycoprotein, where the antibody response is
directed predominantly to variable epitopes displayed only
on the monomeric gp120 subunit (Moore and Ho, 1995; Par-
ren et al., 1997; Parren et al., 1999). Epitopes that give rise to
rare broadly neutralizing anti-HIV MAbs appear to be phys-
ically and conformationally occluded within the oligomeric
gp120-gp41 complex (Cao et al., 1997; Kwong et al., 2002;
Saphire et al., 2001; Wyatt et al., 1993). By exposing
antigenically variable determinants and minimizing con-
served epitopes, HIV and HCV may be utilizing a com-
mon strategy, albeit via distinct mechanisms, to evade the
immune response towards the establishment of chronic
infection.

The task of designing an effective and much-needed HCV
vaccine is complicated by the paucity of knowledge re-
garding the structure and function of the native HCV en-
velope glycoprotein complex. Recently, several laboratories
have reported that infectious pseudotyped virions bearing
the HCV E1-E2 complex can be generated in cell culture
(Bartosch et al., 2003; Drummer et al., 2003; Hsu et al.,
2003) and it is possible that this methodology may be refined
to enable the biochemical and immunochemical dissection
of the functional HCV envelope glycoprotein complex. In
this regard, it may be important to consider the role of an
alternative E1 glycoprotein topology in HCV biology and
pathogenesis.
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The hepatitis C virus (HCV) nonstructural protein (NS) 5A is a phosphoprotein that associates with various
cellular proteins and participates in the replication of the HCV genome. Human vesicle-associated membrane
protein-associated protein (VAP) subtype A (VAP-A) is known to be a host factor essential for HCV replication
by binding to both NS5A and NS5B. To obtain more information on the NS5A protein in HCV replication, we
sereened human brain and liver libraries by a yeast two-hybrid system using NS5A as bait and identified VAP-B
as an NS5A-binding protein. Immunoprecipitation and mutation analyses revealed that VAP-B binds to both
NS5A and NS5B in mammalian cells and forms homo- and heterodimers with VAP-A. VAP-A interacts with
VAP-B through the transmembrane domain. NSSA interacts with the coiled-coil domain of VAP-B via 70
residues in the N-terminal and 341 to 344 amino acids in the C-terminal polyproline cluster region. NS5A was
colocalized with VAP-B in the endoplasmic reticulum and Golgi apparatus. The specific antibody to VAP-B
suppressed HCV RNA replication in a cell-free assay. Overexpression of VAP-B, but not of a mutant lacking
its transmembrane domain, enhanced the expression of NS5A and NS5B and the replication of HCV RNA in
Huh-7 cells harboring a subgenomic replicon. In the HCV replicon cells, the knockdown of endogenous VAP-B
by small interfering RNA decreased expression of NS5B, but not of NS5A. These results suggest that VAP-B,

and Departient

in addition to VAP-A, plays an important role in the replication of the HCV genome.

Hepatitis C virus (HCV) infects 170 million people world-
wide and frequently leads to cirrhosis or hepatocellular carci-
noma (6, 29). HCV is classified in the family Flaviviridae and
possesses a single-stranded positive-sense RNA with a length
of 9.6 kb. The HCV genome encodes a single large precursor
polyprotein composed of about 3,000 amino acids (aa) that is
processed by cellular and viral proteases, resulting in at least 10
structural and nonstructural (NS) proteins (29). Details of
HCV’s replication cycle are unknown because of the low viral
load in the sera of HCV-infected individuals and the lack of a
reliable and robust cell culture system to support HCV infec-
tion and replication. The development of HCV RNA replicons
in which a synthetic HCV genomic or subgenomic RNA rep-
licates efficiently in the human hepatocarcinoma cell line
Huh-7 has enabled the study of viral RNA replication in cell
culture (4, 20, 24). The HCV RNA replication complex, com-
posed of the viral NS proteins and host cellular proteins, rep-
licates the viral RNA genome at the intracellular membrane.
Thus [ar, the HCV replicon system has greatly contributed 1o
the understanding of HCV replication and pathogenesis asso-
ciated with the expression of viral NS proteins. Replication of
positive-strand RNA viruses generally involves certain intra-
cellular membrane structures, including the endoplasmic retic-
ulum (ER), Golgi apparatus, endosome, and lysosome (39).
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Virology. Research Institute for Microbial Diseases, Osaka University,
3-1, Yamadaoka. Suita, Osaka 565-0871, Japan. Phone: 81-6-6879-
8340. Fax: 81-6-6879-8269. E-mail: matsuura@biken.osaka-u.ac.jp.

Recently, several groups have succeeded in demonstrating cell-
free replication activities of replication complexes in crude
membrane fractions of HCV subgenomic replicon cells (2, 3,
14, 53). These cell-free systems provide semi-intact polymerase
assays for biochemical dissection of HCV RNA replication and
are a useful source for the isolation of HCV replication com-
plexes. Replication complexes were detected in detergent-re-
sistant membrane structures, most likely lipid raft structures
(2, 14). Although HCV NS proteins presumably form a mem-
brane-associated RNA replication complex with host proteins,
the precise components and mechanisms for replication are
poorly understood.

HCV NS5A is a phosphoprotein that appears to possess
multiple and diverse functions in viral replication, interferon
resistance, and pathogenesis (26, 35). Cell culture-adaptive
mutations have been shown to cluster in the central portion of
NS5A in subgenomic HCV replicons, indicating that NS3A is
involved in the viral replication process either directly or by
interacting with host cellular proteins (4, 55). This observation,
together with the modulation of NS5A hyperphosphorylation
by N83, NS4A, and NS4B and physical interaction with other
viral NS proteins, strongly supports the notion that NSSA is an
essential component of the HCV replication complex (21, 30,
36). NSSA has been shown to be associated with a range of
cellular proteins involved in cellular signaling pathways, such
as interferon-induced kinase PKR (11), growth {actor recep-
tor-binding protein 2 (Grb2) (43), p53 (27, 37), phosphoinosi-
tide-3-kinasc p85 subunit (15), and proteins in protein traflick-
ing and membrane morphology, such as karyopherin g3 (8),
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FIG. 1. Schematic representation of VAP-B and alignment of
amino acid sequences of VAP-A and VAP-B. The major sperm protein
domain, coiled-coil domain, and TMD are indicated. The asterisks
indicate identical amino acid residues between VAP-A and VAP-B.

apolipoprotein Al (40), amphiphysin I (56), and vesicle-asso-
ciated membrane protein (VAMP)-associated protein (VAP)
subtype A (VAP-A), also called VAP-33 (48). Host fatty acids
and geranylgeranylation appear to modulate the host and viral
proteins involved in HCV RNA replication (19, 49, 54). Gao et
al. showed that small interfering RNA (siRNA) or the domi-
nant-negative mutant of VAP-A resulted in relocation of
NSSB from detergent-resistant to detergent-sensitive mem-
branes and reduced HCV RNA replication (12). In addition,
Evans et al. suggested that NS5A hyperphosphorylation dis-
rupts interaction with VAP-A and negatively regulates HCV
RNA replication (9). Like many of the fusion proteins, VAP is
a tail-anchored protein with a globular amino-terminal domain
followed by a stalk region containing a coiled coil (Fig. 1), and
it is ubiquitously expressed in human tissues (7). In humans,
there are two isoforms of VAP, VAP-A and VAP-B, encoded
by separate genes, and VAP-C is a splicing variant of VAP-B
missing the C-terminal two-thirds (23, 32). VAP-B shows 63%
amino acid identity to VAP-A (32, 51). The first proposed
function for VAP arose from its initial identification as an
interactor with the membrane fusion protein synaptobrevin/
VAMP in Aplysia (43). Since then, it has been shown to be
involved in vesicle transport, including the regulation of COP-I
vesicle transport in the ER/Golgi pathway (13, 44), VAMP/
synaptobrevin-mediated neurotransmitter release (38), and
VAMP-2-mediated Glut-4 trafficking at the plasma membrane
(10); it is also involved in the interaction between the micro-
tubule network and tight junctions (22). Recently, VAP has
been linked to the function of mammalian neurons, where
VAP is enriched on microtubules (42), because a mutation in
human VAP-B causes familial amyotrophic lateral sclerosis
type 8 (32).

To gain a better understanding of the interactions between
NS5A and host proteins involved in HCV replication. we
screened human libraries by a yeast two-hybrid system using
NS5A as bait and identified VAP-B as an NS5A-binding pro-
tein. In this study, we examined the biological significance of
the interaction between VAP-B and NS proteins in HCV rep-
lication and found that VAP-B binds to both NS5A and NS5B
in mammalian cells and forms homo- and heterodimers with
VAP-A. Immunodepletion of VAP-B suppressed the replica-
tion of HCV RNA in a cell-free replication assay, and the

J. VIROL.

knockdown of endogenous VAP-B by siRNA decreased the
expression of NS5B but not that of NS5A. These results sug-
gest that VAP-B plays an important role in HCV replication
through interaction with NS5A and NS5B.

MATERIALS AND METHODS

Cells. Human embryo kidney 2937, human cervical carcinoma HelLa. and
human hepatoma Huh-7 cell lines were maintained in Dulbecco’s modified
Eagle's medium (DMEM) (Sigma, St. Louis, Mo) containing 10% [ctal call
serum (FCS), while the Huh-9-13 cell line, which possesses an HCV subgenomic
replicon (4, 20, 23). was cultured in DMEM supplemented with 10% FCS and 1
mg/ml G418. All cells were cultured at 37°C in a humidified atmosphere with 3%
CO,.

Antibodies. Chicken anti-human VAP-B antibody was prepared by immuni-
zation using the synthetic peptides of residues from 188 to 203. KQFKEEDGL
RMRKTVQ, of human VAP-B. A mousc monoclonal antibody to human
VAP-A was purchased from BD Pharmingen (San Diego, CA). Mouse mono-
clonal antibodies to giantin, influenza virus hemagglutinin (HA), and GluGlu
(EE) tag were from Covance (Richmond, CA). Mouse anti-FLAG antibody M2,
horseradish peroxidase-conjugated antibody. and mouse monoclonal anti-beta-
actin antibody were from Sigma. A mouse monoclonal antibody to protein
disulfide isomerase (PDI) was from Affinity Bioreagents (Golden, CO). Rabbit
polyclonal antibody to NSSA was prepared by immunization using peptides of
residues from 409 (0 422, DVESYSSMPPLEGE. Mouse monoclonal antibody to
NSSB was described previously (41).

Plasmids. For expression in mammalian cells, a DNA fragment encoding
NSSA was generated from HICV genotype 1b strain J1 (1) (GenBank database
accession number D89815), and another was generated from genotype 1a strain
H77 (52) (GenBank database accession number AF009606) by PCR using Ffu
turbo DNA polymerase (Stratagene, La Jolla, CA). The fragments were then
cloned into the appropriate sites in pEF-FLAG pGBK puro (18) and pEGFP-C'3
(Clontech, Palo Alto, CA). The mutations of the NS5A gene were generated by
a method known as “splicing by overlapping extension” (16, 17) and cloned into
pEF-FLAG pGBK puro. the DNA fragment encoding NS3B of the J1 strain was
generated by PCR and cloned into pCAGGs-PUR (33). The DNA fragment
encoding human VAP-A was amplified by PCR from a human fetal-brain library
(Clontech) and was introduced into pEF-FLAG pGBK puro, pEF-EE hygro
(34). pCL1A3 (34), and pcDNA3.1-N-11A, in which an LA tag is inscricd in the
N terminus of the cloning site of pcDNA3.1(+) (Invitrogen, Carlsbad, CA). The
¢DNAs of human VAP-A and -B were amplified by PCR and cloned into
pEF-FLAG pGBK puro, pEF-EE hygro, pcDNA3.1-N-HA. and pEGFP-C3.
The genes encoding VAP lacking (he transmembrane domain were amplilied
and cloned into pEF-FLAG pGBK puro. The DNA fragment encoding the
human VAP-B protein lacking a coiled-coil region was introduced into pEF-EE
hygro. All PCR products were confirmed by scquencing them with an ABIPRSM
310 genetic analyzer (Applied Biosystems, Tokyo, Japan).

Yeast two-hybrid assay and library screening. The NS5A-binding protein was
identified by a yeast two-hybrid assay according to the user manual of MATCH-
MAKER GAL4 Two-11ybrid System 3 (Clontech). The DNA {ragment encoding
amino acids 1973 to 2419 was amplified from HCV strain J1 by PCR and then
was cloned into pGBKT7 (Clontech). The resulting plasmid was designated
pGBK T7 HCV NS5A. A human brain library based on pACT2 was purchased
from Clontech. The yeast Saccharomyces cerevisiae strain AH109, which secretes
alpha-galactosidase under the control of MEL1 upstream activation sequence,
was grown in yeast extract-peptone-dextrose medium and transformed with the
bait and library plasmids. The transformed yeast cells were grown on 2.0% agar
plates of dropout medium lacking tryptophan. leucine, histidine, and adenine.
The resulting colonies were inoculated on the new dropout plate contuining 20
wg/ml  X-alpha-Gal  (5-bromo-4-chloro-3-indolyl-alpha-()-galactopyranoside)
and lacking leucine and tryptophan. The total DNA was prepared from all
positive clones and then introduced into Escherichia coli strain IM109. The prey
plasmids of isolated yeast cells were recovered from the clones grown on LB agar
plates containing 10 pg/mi ampicillin and then purified. The insert DNA frag-
ments of isolated clones were determined by sequencing. Finally. 48 alpha-
calactosidase-positive cloncs were ideatified from 2 million clones screened in
the fetal-brain library. One of the positive clones contained the complete cDNA
of human VAP-B in frame.

Transfection, immunoblotting, and immunoprecipitation. Cells were seeded
onto & six-well tissue culture plate 24 h before transfection. The plasmids were
transfected into cells by liposome-mediated transfection using Lipofectamine
2000 (Invitrogen). Cells were harvested 36 h posttransfection, washed five times
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with 1 ml of ice-cold phosphate-buffered saline (PBS). and suspended in 0.2 ml
lysis buffer (20 mM Tris-HCl, pH 7.4, containing 135 mM NaCl and 1% Triton
X-100) supplemented with 1 pg/ml leupeptin, 50 mM NaF, 1 mM phenylmeth-
ylsulfonyl fluoride, and S mM NaVO,. Cell lysates were sonicated at 4°C for 5
min, incubated for 30 min at 4°C, and centrifuged at 14,000 X g for 5 min at 4°C.
The supernatant was immunoprecipitated with 1 pg of antibodies and 10 pl of
Protein G-Sepharose 4B Fast Flow beads (Amersham Pharmacia Biotech,
Franklin Lakes, NJ). The immunocomplex was precipitated with the beads by
centrifugation at 14,000 X g for 30 s and then was washed five times with lysis
buffer by centrifugation. The proteins binding to the beads were boiled in 30 ul
of loading buffer and then subjected to sodium dodecyl sulfate-12.5% polyacryl-
amide gel electrophoresis. The proteins were transferred to polyvinylidene di-
(luoride membranes (Millipore, Bedford, MA) and then reacted with primary
antibody and secondary horseradish peroxidase-conjugated antibody. The immu-
nocomplexes were visualized with Super Signal West Femto substrate (Pierce.
Rockford, IL) and detected by using an LAS-3000 image analyzer (Fujifilm,
Tokyo, Japan).

Immunofluorescence microscopy. Cells were sceded on an cight-well chamber
slide at 2 X 10% per well 24 h before transfection. Transfected cells were washed
twice with PBS, fixed with PBS containing 4% paraformaldehyde, and perme-
abilized with PBS containing 0.5% Triton X-100. The ER and Golgi apparatus of
cells were stained with the mouse monoclonal antibody against luminal ER redox
enzyme PDI and the rabbit polyclonal antibody against giantin, respectively, in
PBS containing 5% bovine serum albumin. Bound primary antibody was revealed
with Alexa Fluor 594-conjugated anti-mouse or anti-rabbit antibody. After ad-
ditional washes with PBS, a coverslip was attached over PBS containing 50%
glycerol aud observed under an LSM 510 microscope (Carl Zeiss, Tokyo, Japan).

Gene silencing by siRNA. The siRNA target sequence against human VAP-B,
S'-GGUUAUGGAAGAAUGUAAGTL-3'. was synthesized and purified by
Ambion (Austin, TX). Negative control sSiRNA, siCONTROL Non-Targeting
siRNA-2, was purchased from Dharmacon (Lafayette, CO). The ITuh-7 cells
harboring a subgenomic HCV replicon on six-well plates were transfected with
80 nM or 160 nM of siRNA by using siFECTOR (B-Bridge international,
Sunuyvale, CA) according to the manufacturer’s protocol. Cells were incubated
in DMEM supplemented with 10% FCS and harvested at 96 h posttrans(ection.

RNA replication assay. In vitro RNA replication was determined as previously
described with some modification (3). Briefly, the Huh-7 cells harboring a sub-
genomic HCV replicon grown in a 100-mm dish were treated with lysolecithin
(Wako, Osaka, Japan) (250 pg/ml in wash buffer: 150 mM sucrose. 30 mM
HEPES [pll 7.4}, 33 mM NILCl 7 mM KCl, 4.5 mM magncsium acetate),
collected by scraping in 120 ul of incomplete replication buffer (100 mM HEPES
[pH 7.4], 50 mM NH,Cl, 7 mM KCl. and 1 mM spermidine). and centrifuged at
1,600 rpm for 5 min at 4°C. A total of 40 ! of cytoplasmic fraction (supernatant)
was treated with 1% Nonidet P-40 (Boehringer Mannheim, Quebec, Canada) at
4°C for 1 h and incubated with antibody for 4 h at 4°C with rotation. Then,
samples were incubated with 1 mM of ATP, GTP. and UTP; 10 pM CTP;
[«-**P]C1P (1 MBg; 15 '1Bg/mmol); 10 pg/ml actinomycin D: and 800 U/ml
RNase inhibitor (Promega. Madison, WI) for 4 h at 30°C. RNA was extracted
from the total misture by TRI Reagent (Molecular Rescarch Center Inc., Cin-
cinnati, OH). The RNA was precipitated, eluted in 10 ul of RNase-free water,
and analyzed by 1% formaldchyde agarose gel clectrophoresis.

Real-time PCR. Total RNA was prepared from cell lines by using TRIzol LS
(Invitrogen), and first-strand cDNA was synthesized by using a first-strand cDNA
synthesis kit (Amersham) with random primers. Each ¢cDNA was estimated by
Platinum SYBR Green gPCR SuperMix UDG (lavitrogen) according to the
manufacturer’s protocol. Fluorescent signals were analyzed with an ABI PRISM
7000 (Applied Biusystems). The HCV NS5A gene was amplified using the primer
pairs 3-AGTCAGTIGICIGCGCTITIC-3 and 5'-CGGGGAATTICCIGG T
CTTC-3". The human beta-actin gene was amplified with the primer pairs 5'-T
GGAGTCCTGTGGCATCCACGAAACTACCTTCAACTC-3' and 3-CGGA
CTCGTCATACTCCTGCTTGCTGATCCACATC-3, which are located at
different exons o prevemt false-positive amplification from  comtaminated
genomic DNA. The value of the HCV genome was normalized with that of actin
mRNA. Each PCR product was found s a single band ol the correct size on
agarose gel electrophoresis (data not shown),

RESULTS

Isolation of VAP-B as a novel binding partner for HCV
NSSA. To cxaminc the protein(s) that interacts with NS5A in
more detail, we screened a cDNA library of human fetal brain
by a yeast two-hybrid system using a full-length NS5A of ge-
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FIG. 2. VAP-A and VAP-B bind to both NSSA and NS5B in mam-
malian cells. N-terminally FLAG-tagged NS3A of genotype 1b, FLAG-
NSSA (1b) of genotype 1a, FLAG-NS5A (1a), and N-terminaily EE-
tagged VAP (EE-VAP-A or EE-VAP-B) were coexpressed in
HEK293T cells and immunoprecipitated with anti-EE antibody. The
resulling precipitates were examined by immunoblotting using anti-
FLAG antibody (A). NS5B was coexpressed with EE-tagged VAP-A
or VAP-B and immunoprecipitated with anti-EE antibody, and NS5B
in the precipitates was detected by anti-NS5B antibody (B). One-tenth
of the lysates used in immunoprecipitation are shown as the 10%
input. The data in cach panel arc representative of threc independent
experiments.

notype lb as bait. Among the 2 million transformants we
screened, we obtained 48 positive clones containing ¢cDNAs
that encode proteins interactive with NS5A. A BLAST search
against the GenBank database revealed each of two clones that
have the cDNA encoding VAP-A and VAP-B in frame. Figure
1 shows the amino acid alignments of VAP-A and VAP-B and
their predicted functional domains. VAP-A and VAP-B are
composed of 242 and 243 amino acids, respectively. VAP-B
shows 63% amino acid identity to VAP-A. VAP has three
structural domains. The first 124 amino acids share high se-
quence similarity with the nematode major sperm protein and
are conserved among all VAP family members (50). The cen-
tral region on the protein contains an amphipathic helical
structure and is predicted to form a coiled-coil protein-protein
interaction motif (159 to 196 aa) and a hydrophobic carboxy-
terminal transmembrane domain (TMD) (223 to 243 aa). The
homology between their N-terminal regions is higher than that
between their C-terminal regions (32, 48).

VAP-B interacts with NS5A and NS5B in mammalian cells.
To confirm the specific interaction, FLAG-tagged NS5A was
coexpressed with EE-tagged VAP-A or VAP-B in 293T cells,
and cell lysates were immunoprecipitated by specific antibod-
ies. NS5A was coprecipitated with VAP-A and VAP-B to sim-
ilar extents (Fig. 2A). We also obtained the same results in the
reverse experiments (data not shown). Recently, it was shown
that hyperphosphorylation of NS5A disrupts interaction with
VAP-A and negatively regulates HCV RNA replication, sug-
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gesting that adaptive mutations detected in the HCV replicon
prevent phosphorylation-dependent dissociation of the RNA
replication complex (9). Amino acid residues at Tyr2185 and
Lys2187 of NS5A genotype 1b were defined as key determi-
nants for VAP-A binding, and the replacement of these resi-
dues with those of genotype la (Ala and Gly, respectively)
reduced binding to VAP-A in yeast and enhanced hyperphos-
phorylation of NS5A (9). However, as shown in Fig. 24, the
NS5As of both the la and 1b genotypes were coimmunopre-
cipitated with VAP-A and -B in mammalian cells. Since a
previous report indicated that VAP-A interacts with not only
NS5A but also NS5B (12), we next examined the interaction of
VAP-B with NS5B. EE-tagged VAP-A or VAP-B was coex-
pressed with NS5B in 293T cells and immunoprecipitated with
anti-EE-tag antibody. NS5B was coprecipitated with VAP-B,
as well as VAP-A (Fig. 2B). These results indicate that VAP-B
participates in the complex of HCV NS proteins in a manner
similar to that of VAP-A.

NSS5A colocalizes with VAP-B in ER and Golgi compart-
ments. To determine the subcellular localization of NS5A and
VAP-B in mammalian cells, HeLa cells were cotransfected
with plasmids encoding enhanced green fluorescent protein
(EGFP)-tagged NS5A and FLAG-tagged VAP-B or FLAG-
tagged VAP-A and examined by immunofluorescence analysis.
EGFP-NS5A was colocalized exclusively with FLAG-VAP-B
in the cytoplasm, as seen in FLAG-VAP-A (Fig. 3A). To fur-
ther determine the precise subcellular localization of NSSA
and VAP-B, the ER and Golgi apparatus were stained with
specific antibodies against PDI and giantin, respectively. NSSA
and VAP-B were colocalized with PDI and giantin in HeLa
cells transfected with the plasmids (Fig. 3B), indicating that
NS5A and VAP-B are colocalized in the membranes of the ER
or ER-derived compartment. VAP-B was localized in a diffuse
ER-like network, in small vesicles clustered around the nu-
cleus, and predominantly in a perinuclear/Golgi region. Similar
to the case with VAP-A, the colocalization of NS5A with
VAP-B in the ER and Golgi apparatus suggests that NS5A
specifically interacts with VAP-B under intracellular condi-
tions.

Dimerization of VAP-A and VAP-B and interaction with
NS5A. Immunoprecipitation analyses revealed that NS3A and
NSS5B interact with VAP-A and VAP-B. Therefore, it might be
reasonable to speculate that VAP-A and VAP-B interact with
each other and are involved in RNA replication through the
formation of a replication complex. It has been demonstrated
that VAP-A interacts with VAP-A'or VAP-B through their
TMDs and forms a homodimer and a heterodimer in vitro
(32). We constructed. expression plasmids encoding mutant
VAP-A and VAP-B lacking their TMDs and examined their
dimer formation with authentic VAPs in vivo. Although copre-
cipitation of authentic VAP (FLAG-VAP-B or FLAG-
VAP-A) with VAP-B-HA was clearly detected. no interaction
between TMD deletion mutants (FLAG-VAP-AATMD or
FLAG-VAP-BATMD) and VAP-B-HA was observed (Fig.
4A and B). Furthermore, a TMD deletion mutant, HA-VAP-
BATMD. which lost the ability to form a dimer with VAP-B
and VAP-A, retained the ability to bind to FLAG-NSSA (Fig.
4C), although the efficiency of interaction with NS5A was re-
duced. These results indicate that TMDs of VAP-A and
VAP-B are required for hetero- and homodimerization, but
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FIG. 3. Intracellular localization of VAPs and NS5A in mammalian
cells. (A) N-terminally FLAG-tagged VAP (FLAG-VAP-A or FLAG-
VAP-B) was coexpressed with N-terminally EGFP-fused NS5A of
genotype 1b (EGFP-NSSA) in HelLa cells, fixed with 4% paraformal-
dchyde-PBS, permeabilized with 0.5% Triton X-100, and stained with
anti-FLLAG antibody and AlexaFluor 594-conjugated anti-mouse 1gG
antibody. (B) EGFP-NSSA of genotype 1b (b and e) or FLAG-VAP-B
(h and k) was expressed and then stained with anti-PDI (a and g) or
anti-giantin (d and j) antibodies and AlexaFluor 594-conjugated anti-
mouse IgG antibody. FLAG-VAP-B was stained with biotinylated
anti-FLAG antibody and fluorescein isothiocyanate-conjugated
streptavidin. Overlapped images are shown in panels ¢, f, i, and L.

not for binding to NS5A. A region other than the TMD should
be involved in the specific interaction between VAP-B and
HCV NS5A. The coiled-coil domain of VAP-A was reported
to be critical for binding to NS5A (48). Therefore, we exam-
ined whether the coiled-coil domain of VAP-B is also involved
in interaction with NS5A. FLAG-NS5A was coimmunoprecipi-
tated with EE-VAP-B but not with EE-VAP-BAcoiled-coil,
which lost the coiled-coil domain but retained the TMD (Fig.
4D), suggesting that the coiled-coil domain is also essential for
interaction between NS5A and VAP-B.

Two separate domains in NS5A are critical for binding to
VAP-B. Since NS35A specifically interacts with VAP-B. we tried
to determine the region of NS5A responsible for interaction
with VAP-B. Various deletion mutants of FLAG-tagged NS5A
were prepared as shown in Fig. 5A. The mutants covering
regions from amino acids 1 to 75, but not 1 to 50, and those
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