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Hepatitis C virus (HCV) infects humans, with a preva-
lence around 3 % of population, causing acute and
chronic hepatitis and hepatocellular carcinoma. We
studied the effect of inhibition of glycosylation on the
assembly of the HCV particle. HCV possesses two enve-
lope glycoproteins E1 and E2 that are highly modified
by N-glycans. These glycan residues are crucial for viral
entry and maturation of the progeny. Here, we exam-
ined the influence of inhibition of N-glycosylation on
expression of E1 and E2. Since the propagation of HCV
in cell culture is limited, we used a recombinant bacu-
lovirus producing viral-like particles in insect cells. Our
data showed that blocking of N-glycan transfer to the
nascent polypeptide chain with the antibiotic tunicamy-
cin resulted in the loss of E1 and E2. We also found that
a dose of tunicamycin that did not influence the cell vi-
ability significantly reduced the E2 level in infected cells.
The results indicate that blocking of glycosylation at an
early step efficiently reduces the assembly of HCV viri-
ons. Thus, we suggest that derivatives of tunicamycin
that preferentially block glycosylation of viral proteins
may become potential therapeutic agents against HCV.
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INTRODUCTION

Hepatitis C virus (HCV) is a member of the Flavip-
iridae family that primarily infects hepatocytes causing
acute and chronic hepatitis and hepatocellular carci-
noma. Approximately 170 million people worldwide
are infected with the virus (World Health Organization,
1997; Shepard ez al., 2005). The acute infection is often
asymptomatic making early diagnosis difficult. HCV is
relatively noncytopathic and the liver disease is likely
immune-mediated (Su ¢# a/, 2002; Thimme e/ al., 2002;
Lindenbach & Rice, 2005). In about 70-80% of patients,
the infection becomes chronic, which can eventually
progress to liver cirrhosis and hepatocellular carcinoma
(Bowen & Walker, 2005).

HCV is an enveloped virus with a single-stranded
RNA (ssRNA) genome of positive polarity. The genome
carries a single open reading frame (ORF) encoding a
polyprotein that is cleaved into three structural and seven
nonstructural (NS) proteins. The structural proteins (core
and envelope glycoproteins E1 and E2) are components
of viral particle, while the NS gene products (p7, NS2,
NS3, NS4, NS4B, and NS5B) mediate replication (Bar-

tenschlage & Lohmann, 2000). The ORF is flanked by
untranslated regions (UTRs) which contain control ele-
ments required for viral RNA translation and replication.
Several studies provide evidence that host cell infection
is initiated by binding of the HCV glycoproteins (gps)
to cell surface receptors, followed by clathrin-mediated
endocytosis. It is suggested that low pH in endosome
induces fusion of viral and cell membranes, and release
of nucleocapsid into the cytosol (Tscherne e al., 2006;
Blanchard ¢z al, 2006; Meettens ef al., 2006). The HCV
life cycle is restricted to the cytoplasm. The released
positive-strand RNA serves multiple roles within the vi-
rus life cycle. First, it acts as a messenger RNA (mRNA)
for translation of the viral polyprotein. Second, it is a
template for RNA replication, carried out by viral NS
proteins. Nascent plus strand RNA is packaged into the
virions. The progeny viral particles are then thought to
bud into the endoplasmic reticulum (ER) and leave the
cell through the secretory pathway (von Hahn & Rice,
2008).

HCV exhibits a high degree of genetic diversity with
six distinct genotypes which are further divided into sub-
types (Simmonds ¢ al, 1993). Furthermore, due to the
error-prone nature of its RNA-dependent RNA polymer-
ase, high replication rate 7z wvivo and immune selective
pressure, HCV persists in an infected individual as a
diverse population of viral variants known as quasispe-
cies (Gomez et al, 1999; Simmonds, 2004). The genetic
diversity together with the possibility of re-infection of
re-exposed individuals and the propensity of HCV to
chronic infection, have hampered the development of
effective vaccine against HCV. Numerous studies over
the last 20 years indicate that preventive and therapeu-
tic vaccine may be within reach (Bassett er al, 2001;
Seeff, 2002; Nevens e/ al, 2003; Lanford et al, 2004;
review in Houghton & Abrignani, 2005). Nevertheless,
there is no vaccine against HCV yet and the standard
treatment of HCV is based on ribavirin and pegylated
INF-a (McHutchison & Fried, 2003). This therapy is ex-
pensive, toxic and effective in only 50-60% of patients
treated (Peatlman, 2004; Strader e al., 2004). Therefore it
is clear that less toxic and more effective treatments are
needed. Most of the approaches to address this issue are
focused on identifying agents that inhibit specific steps
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in the life cycle of the virus. These include small-mole-
cule inhibitors of viral enzymes (Lamarre ez a/, 2003; Lin
et al., 2004; Chen & Tan, 2005; Reiser & Timm, 2009),
nucleic-acid-based antiviral agents (Foster, 2004; Kronke
et al., 2004) and novel immunomodulatory agents (Hahn,
2003). Another target for HCV drug discovery is the
glycosylation pathway involved in the biogenesis of viral
glycoproteins (Durantel ¢z a/, 2001; Chapel e al., 2007).

HCV glycoproteins E1 and E2 are the major compo-
nents of the viral envelope involved in the viral entry.
E1l and E2 are type 1 transmembrane proteins with an
N-terminal ectodomain and a C-terminal hydrophobic
anchor. They assemble as a non-covalent heterodimer
and are highly modified by N-linked glycans (Op De
Beeck et al., 2001; Dubuisson e al, 2002). E1 contains
five potential N-linked glycosylation sites and E2 may
contain up to eleven glycosylation sites. The N-glycans
are believed to be responsible for correct folding of E1l
and E2, they are essential for the entry functions of
HCV and play a role in the assembly and release of the
viral particle (Goffard & Dubuisson, 2003).

In this report, we investigated the significance of
blocking the incorporation of glycans into E1 and E2.
Specifically, we were interested in testing whether tu-
nicamycin, an eatly-step inhibitor of N-glycosylation,
affects the synthesis and stability of E1 and E2 and
hence the formation of the viral particle. Since propa-
gation of HCV in a cell culture system is limited and a
small-animal model does not exist, several other meth-
ods to study HCV are used (reviewed in Rychlowska
& Bienkowska-Szewczyk, 2007). In our experiments we
used a recombinant baculovirus (tbac-B45) expressing aa
1 to 830, representing the entire structural region (core,
E1 and E2) plus p7 and the N-terminal 27 aa of NS2
of the infectious clone of HCV genotype 1la strain H77¢c
(Clayton e al., 2002). It was previously shown that insect
cells infected with rbac-B45 produce viral-like particles
(VLPs) that are empty virions of HCV (Owsianka ez al.,
2001; Clayton e# al., 2002). Our experiments showed that
in the presence of tunicamycin the synthesis of E1 and
E2 glycoproteins in insect cells is restrained and con-
sequently the assembly of VLPs is blocked. Therefore,
we speculate that tunicamycin can control the HCV by
blocking the formation of viral particles. Our results call
for thorough studies of tunicamycin and its non-toxic
derivatives as potential therapeutic agents for HCV in-
fections.

MATERIALS AND METHODS

Cell cultures. The insect cell line Spodoptera frugiperda
(S19) was grown in TC-100 medium (Gibco) supple-
mented with penicillin-streptomycin and 10% FCS, or in
HyQ medium (HyClone) at 27 °C.

Production and purification of virus-like particles
(VLPs). Approximately 2X10% Sf9 cells were infected at
a multiplicity of infection (MOI) of 3 with the recom-
binant baculovirus rbac-B45 expressing the genotype la
HCV strain H77c (Yanagi ef al., 1997) core, E1, E2, p7
and the N-terminal 27 aa of NS2 (Owsianka e al., 2001;
Clayton ez al, 2002). At 96 h post-infection cells were
centrifuged, washed with PBS and lysed with lysis buffer
(20 mM Tris/HCL, pH 7.4, 20 mM iodoacetamide, 150
mM NaCl, 1 mM EDTA, 0.5% Triton X-100). The
VLPs were partly purified by sucrose density gradient
centrifugation. Fractions were collected from the top of
centrifuged samples and analyzed by sodium dodecylsul-

fate/polyactylamide gel electrophoresis (SDS/PAGE) for
the presence of VLP proteins as described by Baumert
et al. (1998).

Expression of the HCV E2 gene in insect cells.
Monolayer culture of Sf9 cells was infected with rbac-
B45 at an MOI of 1 and incubated for 24, 48 and 96 h
at 27°C. Cells were lysed and proteins were separated by
SDS/PAGE under reducing conditions and then trans-
ferred to Immobilon P membranes. Monoclonal anti-E2
HCV AP33 (Clayton e al., 2002) was used as the prima-
ry antibody. Anti-mouse alkaline phosphatase (AP)-con-
jugated antibody was used as secondatry species-specific
antibodies. Nitrotetrazolium blue (NBT) and 5-bromo-
4-chloro-3-indolyl phosphate (BCIP) were used as sub-
strates.

Inhibition of glycoprotein synthesis. Stock solution
of tunicamycin (2 mM) (Sigma-Aldrich) was prepared in
dimethyl sulfoxide (DMSO). Sf9 cells were infected with
rbac-B45 at an MOI of 1 or 3 for 1 h. Then the viral in-
oculum was replaced with medium containing tunicamy-
cin at a concentration of 2 pg/ml, 1 pg/ml or 0.5 pg/
ml. Cells were harvested 24, 48 and 96 hpi and subjected
to SDS/PAGE followed by Western blotting.

Indirect immunofluorescence assay. Sf9 cells
(1.5%10° in monolayer culture were grown on cover
slips in TC-100 medium with 10% FCS and then in-
fected with rbac-B45. One hour post infection the vi-
ral inoculum was replaced with medium with or with-
out tunicamycin (0.5 pg/ml). At 48 h post infection,
the cells were fixed with 4% paraformaldehyde in PBS
and then permeabilized with 0.2% Triton X-100 in PBS.
Cells were incubated with rabbit polyclonal anti-core se-
rum or mouse monoclonal anti-E2 AP33 antibody for 1
h, washed and incubated with anti-rabbit or anti-mouse
IgG conjugated with Alexa Fluor 488 or Alexa Fluor
546 for an additional hour. After three washes the cells
were analyzed using a fluorescence microscope.

SDS/PAGE and Western blotting. Protein samples
were tesolved by SDS/PAGE in reducing conditions
and processed for Western blotting as described previ-
ously (Tyborowska ez al., 2000).

Serological reagents. The anti-E1 and anti-E2 mouse
monoclonal antibodies, 21.010 and AP33, respectively,
and the rabbit polyclonal anti-core serum R526 have
been described previously (Clayton ef al., 2002).

Endo H treatment. Samples were digested with en-
doglycosidase H (Endo H; Calbiochem) according to the
manufacturer’s instructions or left untreated (negative
control) for 24 h at 37°C, mixed with an equal volume
of 2X sample reducing buffer and analyzed by SDS/
PAGE, followed by Western blotting.

RESULTS AND DISCUSSION

Effect of tunicamycin on the synthesis of HCV core, E1
and E2 glycoproteins in insect cells

With the exception of HCV strain JFH-1 (Kato ez al,
2001) and a few chimeric genotypes based on this strain
that can be propagated in human hepatoma cells (Huh-
7), there is no cell culture system suitable for in vitro
propagation of HCV (Pietschmann e a/, 2006). There-
fore other 7n vitro models are used to study HCV infec-
tion. Several reports have shown that HCV structural
proteins expressed in recombinant baculovirus-infected
cells can assemble into enveloped viral capsid described
as virus-like particles (VLPs) (Baumert ez @/, 1998; 1999;
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Figure 1. Western blot analysis of HCV structural proteins ex-
pressed in insect cells in the presence of tunicamycin

Insect cells were infected with rbac-B45 or with wild type baculo-
virus (WT) and cultured with tunicamycin at 2 pg/ml (lane 1, 2, 3,
4, 5) or without it (lane 6, 7, 8, 9). Cells were harvested at 24, 48
and 96 hpi and Western blot analysis was performed using anti-
core rabbit polyclonal serum R526 (A), anti-E1 monoclonal anti-
body 21.010 (B) or anti-E2 monoclonal antibody AP33 (C). Mono-
meric forms of these two glycoproteins are marked with arrows.
Oligomeric forms of E1 and E2 are marked with dots.

Clayton et al, 2002). Such particles have been used to
study the structure and function of viral glycoproteins
and the virus-receptor interaction (Baumert ez al, 1998;
Owsianka ef al, 2001; Clayton e al., 2002; Triyatni ez al.,
2002). In this study, we used the previously described re-
combinant baculovirus rbac-B45 expressing core, E1, E2,
p7 and the N-terminal 27 aa of NS2 of the infectious
HCV genotype 1a strain H77c (Yanagi e/ al, 1997; Ow-
sianka ¢z al., 2001; Clayton e al., 2002). Previous studies
have shown that infection of insect cells with rbac-B45
results in assembly of HCV VLPs (Owsianka e af., 2001;
Clayton ef al., 2002).

We used the rbac-B45 baculovirus to study the effect
of tunicamycin (Elbein, 1987) on the synthesis of viral
glycoproteins E1 and E2. Tunicamycin blocks N-glyc-
osylation of the translated peptide at a very eatly step,
during the transfer of a 14-residue oligosaccharide core
unit (Gle3Man9GIcNAc2) from dolichol pyrophosphate
to the asparagine moiety of the sequence N-X-S/T (Im-
periali ¢z al, 1999). This antibiotic has been shown to
efficiently inhibit the expression of glycoproteins of clas-
sical swine fever virus (CSFV), also a member of the
Flaviviridae family, that is often used as a surrogate model
to study HCV (Tyborowska ez al., 2007).

To study the effect of inhibition of glycosylation on
the assembly of VLPs, we cultured rbac-B45 in the pres-
ence of tunicamycin. Interestingly, when we fractionated
the lysate of infected cells on a sucrose gradient, fol-
lowed by SDS/PAGE analysis (as described in Materials
and Methods), the bands corresponding to VLP proteins
were not visible in contrast to cells cultured without tu-
nicamycin (not shown). That observation suggested that
progeny VLPs were not assembled. Thus, we performed
a more detailed analysis of core, E1 and E2 expression
in the presence of tunicamycin in insect cells infected

with tbac-B45. Lysates of insect cells infected with rbac-
B45 in the presence or absence of tunicamycin were
analyzed for HCV core, E1 and E2 by Western blot-
ting. HCV core protein is a 21 kDa polypeptide that is
known not to be modified by glycosylation, therefore it
served as a control in those experiments. The expression
of core protein in rbac-B45-infected cells was monitored
from 24 untl 96 hpi. As expected, the core protein pat-
tern from insect cells grown with or without tunicamycin
was identical (Fig. 1A, lane 2, 3 and 7, core marked with
arrow), indicating that this antibiotic had no effect on
the synthesis of core in the insect cells. The 118-80 kDa
bands (marked with stars) were most likely cellular pro-
teins which cross reacted with the anti-core polyclonal
serum, as they were also seen in WT baculovirus-infect-
ed cells (Fig. 1A, lanes 8 and 9) (these bands provided
loading control on the gel blot). The same amounts of
infected cell lysates were analyzed with the E1 and E2
antibodies. Both E1 and E2 are highly glycosylated in
their native forms; E1 contains five potential glycosyla-
tion sites, while E2 may contain up to eleven glycosyla-
tion sites (Op De Beeck ez @/, 2001; Voisset & Dubuis-
son, 2004). As shown in Fig. 1B, E1 was expressed in
rbac-B45, but not in WT baculovirus-infected cells (lane
6 and 7; E1 monomer marked with arrow), however, El
was not detectable when tunicamycin was added to the
medium (Fig. 1B line 1 to 3). Similarly, E2 was expressed
by the rbac-B45-infected cells between 2448 hpi, while
in the presence of tunicamycin the protein was not vis-
ible (Fig. 1C). The faint band observed in the sample
cultured with tunicamycin harvested at 96 hpi (Fig. 1C,
lane 3) was presumably an insignificant amount of non-
glycosylated form of E2. E1-E2 complexes as well as
the E2-E2 and E1-E1 interaction are known to be very
stable, therefore these proteins are not fully dissociated
even in SDS/PAGE lysis buffer.

Our results show that tunicamycin specifically abro-
gates the synthesis of E1 and E2, but does not inhibit
core protein expression. Indeed, as shown before with
CSFV (Tyborowska et al., 2007), almost no non-glyco-
sylated forms of HCV glycoproteins were observed in
the presence of tunicamycin. This effect of tunicamycin
on flavivirus glycoproteins is unusual because in the vast
majority of viruses a lack of glycan chains on glycopro-
teins does not lead to a rapid disappearance of glycan-
free polypeptide chains (Stohrer & Hunter, 1979; Pizer
et al., 1980; Notrild & Pedersen, 1982; Tu e al, 1995;
Nakhasi e al., 2001).

N-linked glycosylation occurs co-translationally and in-
fluences the maturation of the nascent peptide. Blocking
of the transfer of N-glycans to the nascent peptides of
HCV gps may either hamper their full translation or pre-
vent the maturation of E1 and E2 which may result in
their quick degradation immediately after synthesis. We
suggest that the second scenario is more likely to occur
but future experiments are needed to confirm outr hy-
pothesis. Also, the faint band of E2 detected in cells cul-
tured with tunicamycin indicated that at least a vestigial
amount of the non-glycosylated protein was expressed
and this protein was stable even late after infection.

Loss of glycans does not influence the reactivity of E2
and E1 with anti-E2 and anti-E1 antibodies

A lack of glycans in a nascent peptide chain often
causes the loss of its immunodominant epitopes. This
could result in weaker reactivity of antibodies that have
been raised to the glycosylated product. Here, we asked
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if the disappearance of HCV gps expressed in the pres-
ence of tunicamycin was or was not related to the lack
of reactivity with specific antibodies. As shown in Fig. 2,
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with the anti-E2 monoclonal antibody AP33 (panel A)
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Figure 3. Tunicamycin blocks the E2 synthesis in insect cells at
concentration as low as 0.5 mg/ml

rbac-B45-infected insect cells were either treated with differ-
ent doses of tunicamycin (2 pg/ml, 1 pg/ml or 0.5 pg/ml) or not
treated with tunicamycin (control). Cells were harvested and ana-
lysed by Western blot at 24 and 48 hpi with anti-E2 monoclonal
antibody AP33.
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Figure 2. Anti-E2 and anti-E1 monoclonal an-
tibodies recognize both glycosylated and
deglycosylated forms of E2 and E1

Insect cells were infected with wild type bacu-
lovirus (lane 1, 3) or rbac-B45 (lane 2, 4). At 48
hpi insect cell extracts were treated (lane 1, 2) or
not (control, lane 3, 4) with Endo H. Western blot
analysis was performed using anti-E2 monoclonal
antibody AP33 (panel A) and anti-E1 monoclonal
antibody 21.010 (panel B).

and the anti-E1 monoclonal antibody 21.010 (panel B)
following enzymatic deglycosylation with Endo H (Fig. 2
panels A, B, lanes 2). Thus, we exclude the possibility
that the tunicamycin-mediated E1 and E2 disappearance
in insect cells observed above (Fig. 1) is related to the
loss of epitopes recognized by the antibodies used.

Tunicamycin blocks E2 synthesis in insect cells at a
concentration that does not significantly influence cell
viability

Tunicamycin is toxic at high concentrations and sig-
nificantly decreases cell viability. In mammalian cells,
we found that concentrations of tunicamycin between
62.5-125 ng/ml result in cell viability between 90-98%
(Tyborowska ez al., 2007). Insect cells are less susceptible
to tunicamycin treatment than mammalian cells. At the
concentration of 1 pg/ml, tunicamycin efficiently blocks
N-glycosylation but not protein synthesis in insect cells
(S19) (Webb ez al, 1989; Jarvis & Summers, 1989; Ri-
chatdson, 1995). Our tesults indicate that at 0.5 pg/ml
of tunicamycin the cell viability varies between 90 and
100% (not shown). Therefore we checked whether the
concentration of tunicamycin as low as 0.5 pg/ml can
lead to the disappearance of HCV glycoproteins. The
highly glycosylated E2 served as a model glycoprotein
in the experiment. In the presence of 0.5 pg/ml of tu-
nicamycin, cells infected with rbac-B45 exhibited similar
behavior with respect to E2 as in the presence of 1-2
pg/ml of tunicamycin (Fig. 3). This indicated that the in-
hibition of E2 glycosylation by tunicamycin leads to the
disappearance of this protein even at concentrations that
have little or no effect on cell survival.

Quantitative estimation of tunicamycin effect on E2

Our experiments showed a significant loss of HCV
glycoproteins in insect cells cultured with tunicamycin.
Using immunofluorescence microscopy, which is more
sensitive than classical biochemical methods, we tried
to quantify the degree of inhibition of HCV gps syn-
thesis in insect cells by tunicamycin. Cells were infected

Figure 4. Effect of tunicamycin on core and E2 protein expres-
sion in insect cells

Indirect immunofluorescence microscopy analysis (panel a). In-
sect cells were infected with WT (A, D) or rbac-B45 and cultured
without (B, E) and with (C, F) tunicamycin. At 48 h post infection,
cells were fixed and analyzed for the presence of core (A, B, Q)
and E2 (D, E, F) with specific antibodies. Quantitative estimation
of E2 synthesis inhibition by tunicamycin (panel B). Insect cells
were infected with WT or rbac-B45 and treated with 0.5 pg/ml of
tunicamycin. Forty-eight hours post infection cells were fixed and
analyzed for the presence of core and E2 with specific antibodies.
Positive cells were scored three times from three independent ar-
eas to calculate average. Graph represents percentages of infected
cells positive for expression of core and E2.
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with rbac-B45 with and without tunicamycin and were
studied for the presence of E2 and core. As seen with
Western blots (Fig. 1, panel A and C), we observed a
loss of E2 in cultures with tunicamycin, when compared
with cells cultured without this antibiotic (Fig. 4, panel o,
photo F). In contrast, tunicamycin had no influence on
core expression (photo C). Figure 4 panel 8 shows the
percentage of infected cells cultured with and without
tunicamycin expressing a given protein. The expression
of core and E2 in cells cultured without tunicamycin,
and also core expression in culture with tunicamycin,
reached 30-40% of infected cells. The synthesis of E2
in the presence of tunicamycin was detected in less than
5% of insect cells.

CONCLUSIONS

In this report we have shown that blocking N-glyco-
sylation with tunicamycin results in a loss of the HCV
gps E1 and E2 expressed in insect cells. Obviously, due
to the disappearance of E1 and E2, the formation of
HCV VLPs is blocked. We suggest two scenarios that
may take place during the translation of HCV gps in the
presence of tunicamycin. First, E1 and E2 synthesis is
blocked at the level of extension of the nascent polypep-
tides, and/or second, the non-glycosylated proteins are
directed for rapid degradation. Although we favor the
second option, further experiments using proteasome in-
hibitors are necessary to differentiate between these pos-
sibilities.

Our results indicate that tunicamycin has antiviral ef-
fects and may block the assembly of HCV. This is con-
sistent with the results of Tyborowska es a/ (2007) who
showed a similar effect of this antibiotic on CSFV gps.
The obvious disadvantage of the use of tunicamycin in
antiviral therapy is its toxicity. Although we showed that
tunicamycin actively blocks E2 production at a concen-
tration at which cell proteins synthesis is not inhibited,
we have to take into account that insect cells are less
susceptible to tunicamycin treatment than are mamma-
lian cells. Our preliminary results should lead to more
detailed studies of tunicamycin and its antiviral effects.
Currently, we are testing other derivatives of tunicamycin
for their effect in mammalian cells expressing HCV gps,
which gives several advantages over insect cell systems
because the mammalian cell glycosylation machinery is
similar to the one found in human cells which are per-
missive for HCV growth. Two mammalian cell-culture
models (HCV JFH1 strain in Huh7.5 cells, and infec-
tious HCV pseudotyped particles (HCVpp) produced in
HEK-293T cells) have already been used to study the
replication and infection of HCV in the presence of de-
rivatives of deoxynojirimycin (DN]J) iminosugars which
are potent endoplasmic reticulum a-glucosidase inhibi-
tors. Treatment with DN]J derivatives resulted in mis-
folding of HCV gps, reduced incorporation of E1-E2
complexes into HCVpp and eventually reduced infectiv-
ity of HCVpp (Chapel ¢t al, 2007). Such studies have
not been performed for tunicamycin yet and we plan
to perform such experiments in the future. The results
presented in this report suggest that it is likely that tuni-
camycin may have a similar effect as iminosugars.

In conclusion, we suggest that the development of tu-
nicamycin derivatives and other small-molecule inhibitors
of glycosylation that are less toxic than tunicamycin and
preferentially block the synthesis of viral glycans, may
aid in the discovery of drugs against HCV infection.
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