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Classical swine fever virus (CSFV) is often used as a surrogate model in molecular studies of 
the closely related hepatitis C virus. In this report we have examined the effect of the inhibition 
of glycosylation on the survival and maturation of CSFV. Viral glycoproteins (Erns, E1, E2) form 
biologically active complexes — homo- and heterodimers, which are indispensable for viral life 
cycle. Those complexes are highly N-glycosylated. We studied the influence of N-glycosylation 
on dimer formation using Erns and E2 glycoproteins produced in insect cells after infection with 
recombinant baculoviruses. The glycoproteins were efficiently synthesized in insect cells, had 
similar molecular masses and formed dimers like their natural counterparts. Surprisingly, the 
addition of tunicamycin (an antibiotic which blocks early steps of glycosylation) to insect cell 
culture blocked not only dimer formation but it also led to an almost complete disappearance 
of E2 even in monomeric form. Tunicamycin did not exert a similar effect on the synthesis and 
formation of Erns dimers; the dimers were still formed, which suggests that Erns glycan chains 
are not necessary for dimer formation. We have also found that very low doses of tunicamycin 
(much lower than those used for blocking N-glycosylation) drastically reduced CSFV spread in 
SK6 (swine kidney) cell culture and the virus yield. These facts indicate that N-glycosylation in-
hibitors structurally similar to tunicamycin may be potential therapeutics for the inhibition of 

the spread of CSFV and related viruses.
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INTRODUCTION

Classical swine fever virus (CSFV) belongs to 
the genus Pestivirus, family Flaviviridae. It causes a 
highly contagious disease in pigs, which is character-
ized by high morbidity and mortality. CSFV shares 
many similarities with hepatitis C virus (HCV), one 
of the most important human pathogens of the last 
two decades. Most of the proteins of these two vi-
ruses are functionally homologous, so in the ab-
sence of a widely available system for propagation 
of HCV, CSFV often serves as HCV surrogate model 
for molecular studies. 

CSFV is an enveloped, single-stranded RNA 
(+) virus. Its genome (12.3 kb in size) encodes a 
single polyprotein precursor (3898 aa) which is 
processed by host and viral proteases into mature 
structural and nonstructural proteins. The struc-
tural proteins include nucleocapsid protein C and 
three envelope glycoproteins: E0 (Erns), E1 and E2. 
The CSFV glycoproteins in the viral envelope and 
infected cells are present in the form of biologically 
active disulfide-bonded homo- and heterodimers 
(Weiland et al., 1990; Thiel et al., 1991; Rumenapf 
et al., 1993). The Erns and E2–E1 complexes are in-
volved in interactions with host cells during virus 
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entry and cell-to-cell spread (Hulst & Moormann, 
1997). They are the main virulence factors and the 
main targets for the host immune response (Wei-
land et al., 1990). E2 exists mostly as a heterodimer 
with glycoprotein E1 (molecular mass of the dimer 
about 75 kDa); only a small fraction of E2 forms 
homodimers (molecular mass about 100 kDa). Both 
E2 and E1 contain transmembrane domains. E2 is 
the most immunogenic viral protein and is the ma-
jor target for neutralizing antibodies. Erns is the sec-
ond target for neutralizing antibodies; it exists as a 
homodimer (molecular mass about 97 kDa) which 
is present in virions, on the surface of infected cells 
and is also secreted from the cell (Thiel et al., 1991). 
Erns lacks the membrane anchor and probably is 
bound to the virus envelope and cell surface by 
hydrophobic interactions (Weiland et al., 1999). Erns 
is the only known viral surface protein which has 
an RNase activity (Schneider et al., 1993). Secreted 
Erns is suspected to be a factor causing apoptosis of 
lymphocytes leading to immunosupression (Hulst 
et al., 1994; Wildish et al., 1995).

E2 contains six potential N-glycosylation sites, 
Erns contains nine such sites and the positioning of 
N-linked glycans is conserved among viral strains. 
N-glycosylation is an important step for protein 
maturation and functioning (Risatti et al., 2007). The 
sugar moieties assist in proper folding, stabilize 
protein conformation, make proteins more resistant 
to protease degradation and more hydrophilic. Vi-
ral particles covered with sugars produced by host 
machinery are less efficiently recognized by the im-
mune system (Scanlan et al., 2007). Alterations of 
the glycosylation by specific inhibitors have usually 
an anti-viral effect (Leavitt et al., 1977; Mehta et al., 
1998; Parodi, 2000) 

N-glycosylation occurs cotranslationally; in 
this process a 14-residue oligosaccharide core unit 
(Glc3Man9GlcNAc2) is transferred by oligosaccha-
ryl transferase from dolichol pyrophosphate to an 
asparagine side chain (consensus sequence Asn-Xaa-
Ser/Thr) of the nascent polypeptides (Imperiali et al., 
1999). This step of N-glycosylation can be blocked by 
an antibiotic tunicamycin (Elbein, 1987). Lack of N-
glycan chains can lead to protein miss-folding caus-
ing their aggregation in ER or degradation (Parodi, 
2000; Trombetta, 2003; Jones et al., 2005, Indyk et al., 
2007). 

In this report we describe our studies on the 
contribution of the N-glycosylation to the dimeriza-
tion of CSFV glycoproteins and its influence on viral 
propagation. We have studied effect of tunicamycin 
on those processes by two experimental approach-
es — using swine kidney cells SK6, which support 
propagation of CSFV, and using isolated Erns and E2 
glycoproteins produced in a heterologous baculovi-
rus system.

MATERIALS AND METHODS

Cells. SK6 (swine kidney) cells were grown in 
EMEM (Sigma) supplemented with 5% FBS.

Sf9 (Spodoptera frugiperda) insect cells were 
grown in HyQ-SFX medium (Hyclone). 

Viruses. CSFV Cellpest (a vaccine strain, de-
rivative of C-strain, obtained from Tomasz Stadejek 
from the National Veterinary Institute in Puławy, 
Poland) was used for the experiments.

Autographa californica nuclear polyhedrosis 
virus (AcNPV) recombinants expressing full-length 
form of Erns or full-length form of E2 were used 
for the dimerization studies. To obtain recombinant 
baculoviruses, cDNAs coding for full length E2 and 
Erns of CSFV were introduced into baculovirus trans-
fer vector pFastBac and baculoviruses expressing E2 
and Erns were generated by transposition-mediated 
recombination using the ”Bac-to-Bac system” from 
Invitrogen (Luckow et al., 1993).

Antibodies. Anti-E2 mAb 24/10, rabbit poly-
clonal serum anti-E2, rabbit polyclonal serum anti-
Erns were used. Secondary antibody conjugates, goat 
anti-rabbit-alkaline phosphatase (AP), goat anti-rab-
bit-horse radish peroxidase (HRPO) and rabbit anti-
mouse-AP were purchased from Santa-Cruz Bio-
technology (USA). Fluorescence goat anti-rabbit and 
goat anti-mouse conjugates with Alexa dyes were 
purchased from Molecular Probes (USA).

Western blot analysis of baculovirus-infect-
ed insect cells expressing Erns and E2. For detection 
of E2 and Erns in insect cells and studies of the effect 
of tunicamycin on dimer formation, Sf9 cells grown 
on a 12-well plate were infected with recombinant 
baculoviruses at multiplicity of infection (MOI) of 
10. Two hours later the inoculum was removed and 
replaced with fresh medium. For blocking N-glyco-
sylation medium containing different doses of tuni-
camycin was used. Three days post infection cells 
were harvested, washed with PBS and whole cells 
were subjected to SDS/PAGE, or they were separat-
ed into soluble and insoluble fraction by lysis (for 
10 min on ice) in equal volumes of 0.03 M Tris/HCl 
+ 0.01 M magnesium acetate + 1% Nonidet P-40, pH 
7.5. The lysates were centrifuged at 13 000 rpm for 
20 min, supernatants (soluble fractions) were col-
lected and pellets (insoluble fractions) were washed 
twice with PBS and then resuspended in PBS to the 
same volume as the collected soluble fractions. Sam-
ples were subjected to SDS/PAGE under non-reduc-
ing conditions. After electrophoresis proteins were 
transferred to PVDV membranes. Membranes were 
first incubated with specific mAb anti-E2 or poly-
clonal sera anti-Erns and then with alkaline phos-
phatase-conjugated secondary antibodies. NBT and 
BCiP substrates were used for visualization of reac-
tion with antibodies. 
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Western blot analysis of CSFV-infected 
swine kidney cells SK6. SK6 cells were grown in 
EMEM + 5% FBS, and infected with CSFV Cellpest 
at MOI 1. Two hours after infection the medium 
was changed for EMEM supplemented with differ-
ent doses of tunicamycin. Three days post infection 
the cells were harvested, washed with PBS, lysed in 
non-reducing SDS/PAGE sample buffer and subject-
ed to electrophoresis followed by immunoblotting. 
This was performed in the same way as described 
for insect cells.

Cell viability assay. CSFV-infected and non-
infected cells were grown in the absence or pres-
ence of different doses of tunicamycin. After 2 days 
the cells were trypsinized, spinned down, washed 
with PBS and combined with cells recovered from 
the growth media. Cells resuspended in PBS were 
stained with 0.1% trypan blue (dead cells are stained) 
and viable cells and dead cells were counted under 
the microscope using Thoma’s chamber.

Plaque and yield reduction assay. SK6 cells 
were grown to subconfluent monolayers in 12-well 
plates and infected with CSFV-Cellpest at a MOI of 
0.005 for 2 h at 37°C. After removal of the inoculum, 
fresh medium containing different concentrations of 
tunicamycin was added and cultures were incubated 
for 3 days. The medium containing virus was then 
collected from wells and centrifuged. Cells were 
washed with PBS and fixed for 10 min with cold 
40% acetone in 0.5 × PBS. Fixed cells were dried and 
washed with PBS. Immunoperoxidase monolayer as-
say (IPMA) was used for detection of CSFV plaques 
and was performed using rabbit polyclonal serum to 
Erns or to E2 diluted in PBS containing 1% Tween 20 
and 5% FBS. After 1 h incubation, cells were washed 
three times with PBS containing 1% Tween 20 and 
then they were incubated for 1 h with goat anti-rab-
bit antibody-HRPO conjugate. Cells were washed 
again three times and antibody complexes were de-
tected using H2O2/AEC (3-amino-9-ethylcarbazole 
from Sigma) which gives red precipitates enabling 
quantification of plaques and comparison of their 
size.

Collected medium was used to infect fresh 
monolayers of SK6 cells in 12-well plates (in ten-fold 
dilutions) for counting the virus yield. Two days af-
ter infection cells were fixed and plaques were visu-
alized as described above. 

Indirect immunofluorescence and confo-
cal imaging. Subconfluent SK6 cells grown in 12-
well plates on coverslips were infected with CSFV-
Cellpest at a MOI of 0.01. After two hours the inocu-
lum was removed and fresh medium containing dif-
ferent concentrations of tunicamycin was added. At 
16 h post infection the cells were fixed with 4% para-
formaldehyde in PBS for 20 min. Cells were permea-
bilized with 0.5% Triton X-100 in PBS for 15 min or 

left intact for surface staining. Cells were incubated 
with primary antibodies in PBS for 1 h. They were 
then washed three times with PBS and incubated 
for 1 h with Alexa-conjugated secondary antibod-
ies. After three washes, coverslips were mounted on 
microscopic slides and studied for the localization of 
E2 and Erns glycoproteins using a Nikon laser-scan-
ning confocal microscope PCM-2000. 

RESULTS AND DISCUSSION

Characterization of Erns and E2 expressed in baculo-
virus system

It is an established fact that glycosylation in-
hibitors may have an inhibitory effect on the propa-
gation of many viruses (Leavitt et al., 1977; Mehta et 
al., 1998; Parodi, 2000). Flaviviruses are not an ex-
ception to this rule and their propagation is affected 
by some glycosylation inhibitors. The aim of our in-
vestigations was to characterize the contribution of 
N-glycosylation to the synthesis and maturation of 
CSFV glycoproteins. In the initial stage of our stud-
ies we tested the effect of glycosylation status on 
the formation of E2 and Erns dimers in an isolated 
system. For this purpose the baculovirus expression 
system was chosen because the post-translational 
modifications in insect cells are similar to those in 
mammalian cells. Additionally, it is a versatile sys-
tem giving high level expression of foreign genes 
(Miller, 1993). It is widely used for production of vi-

Figure 1. Expression of CSFV Erns and E2 in baculovirus 
system.
Whole cell lysates were separated by 10% SDS/PAGE un-
der non-reducing conditions. Negative control (lanes: Wt) 
— lysate of cells infected with wild type baculovirus.. 
Panel A. Immunodetection of Erns with rabbit polyclonal 
anti-Erns serum. Arrows indicate monomers and dimers. 
Panel B. Immunodetection of E2 with mAb 24/10, arrows 
indicate dimer and glycosylated and nonglycosylated 
monomers.
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ral proteins in a biologically active form and allows 
for studies of the formation of different protein com-
plexes in an isolated system in the absence of native 
parental virions. Previously it was successfully used 
by us for the characterization of glycoprotein com-
plexes of pseudorabies virus and bovine herpesvirus 
type 1 (Tyborowska et al., 2000; 2006).

In these studies, we constructed baculovirus 
recombinants expressing full-length forms of Erns 
and E2 of CSFV. The expression of Erns and E2 in 
insect cells and formation of homodimers (which in 
natural host cells are stabilized by disulfide bonds) 
was tested under non-reducing conditions by West-
ern blot analysis. E2 and Erns were expressed ef-
ficiently in insect cells and were mostly present as 
homodimers (Fig. 1A and B). Although some aggre-
gates of higher molecular mass were also present, 
the bands corresponding to monomers and dimers 
of E2 and Erns expressed in insect cells exhibited mo-
lecular masses similar to their natural counterparts.

Effect of tunicamycin on the synthesis and dimer 
formation of CSFV Erns and E2 glycoproteins in 
insect cells

We tested the influence of N-glycans on E2 
and Erns homodimer formation and their cellular lo-
calization by using the antibiotic tunicamycin, which 
blocks early stages of N-glycosylation. For this pur-
pose insect cells infected with respective baculovi-
ruses were grown in the presence of different doses 
of tunicamycin. Infected cells were fractionated using 
mild lysis, which results in a soluble fraction (cyto-
plasmic proteins and some membrane proteins) and 
an insoluble fraction (mostly membranes). The re-
sults obtained by Western blotting (Fig. 2A) showed 
that deglycosylated Erns was still able to form dim-
ers, but the deglycosylated Erns dimer and monomer 
and higher molecular aggregates were present only 

in the insoluble fraction (membrane fraction), while 
Erns produced without tunicamycin (therefore glyco-
sylated) was present mostly in the soluble fraction. 
This suggests, that glycan chains are not critical for 
Erns dimerization but they are important for its prop-
er maturation and transport; it is likely that deglyco-
sylated Erns aggregates and is retained in the ER. 

To our surprise, the addition of tunicamycin 
to insect cells infected with E2-expressing baculovi-
rus blocked not only dimer formation but it led to 
the complete disappearance of E2 even in the mon-
omeric form (Fig. 2B). This effect is unique because 
usually deglycosylated viral glycoproteins are sta-
ble. This fact suggests that E2 lacking N-glycans is 
very unstable and is very quickly degraded. It was 
reported in the past that modification of two gly-
cosylation sites in E2 of related bovine diarhorea 
virus (BVDV) impaired expression and secretion 
of the protein in insect cells, suggesting that glyco-
sylation is essential for correct folding of E2 (Pande 
et al., 2005). 

Effect of tunicamycin concentration on the propaga-
tion of CSFV-Cellpest and survival of SK6 cells

Because of the destructive effect of tunicamy-
cin on E2 in insect cells, we decided to test whether 
tunicamycin inhibited propagation of CSFV in por-
cine cells. For this purpose SK6 cells were infected 
with CSFV vaccine strain Cellpest and the effect of 
different doses of tunicamycin on virus propaga-
tion and cell survival was examined. Standard con-
centrations of tunicamycin used for deglycosylation 
studies are usually in the range of 0.5 to 4 µg per 
mililiter of medium while the concentrations used 
in our experiments and their effect on the cell vi-
ability and virus propagation are summarized in 
Table 1. The survival rate was measured by trypan 
blue staining after 48 h and it was dependent on 

Figure 2. Effect of tunicamycin on the synthesis 
and dimer formation of CSFV Erns and E2 glyco-
proteins in insect cells. 
Baculovirus-infected insect cells were grown for 
72  h in the presence of 0.5 µg/ml or 2 µg/ml of tu-
nicamycin. Infected cells (106) were separated into 
soluble (S) and insoluble (IN) fractions using equal 
volumes of lysis buffer. Equal volumes of the frac-
tions were subjected to SDS/PAGE and immuno-
detection as described in Fig. 1. Negative controls: 
lane Wt (S) or Wt (IN), fractions of cells infected 
with wild type baculovirus. Positive controls: frac-
tions of infected cells expressing Erns or E2 grown 
without tunicamycin (tun (-)). Panel A. Expression 
of Erns in the presence of tunicamycin. Arrows in-
dicate glycosylated and deglycosylated (deglyc) 
forms of Erns monomers or dimers. Panel B. ex-
pression of E2 in the presence of tunicamycin, lack 
of expression.
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the concentration of serum in the medium (higher 
concentrations of serum promote survival of cells). 
It follows from this experiment that tunicamycin 
is much more toxic to swine kidney cells than to 
insect cells and the concentrations used for degly-
cosylation studies were toxic to SK6 cells (most of 
them were dead already after 24 h of incubation 
with tunicamycin).

CSFV strain Cellpest is noncytopathogenic, 
therefore the foci of infected cells (pseudo-plaques) 
were detected by immunoperoxidase monolayer as-
say. We found that CSFV pseudo-plaques formed 
in the presence of very low concentrations of tuni-
camycin (which were not toxic) — 62.5 ng/ml (cell 
viability 90%) and 31.2 ng/ml (cell viability 98%), 
were very small (suggesting inhibition of virus cell-
to-cell spread) compared to the control and that the 
virus yield was reduced, respectively, about 1000× 
and 100×. This means that very low concentrations 
of tunicamycin (non-toxic to the very sensitive mam-
malian cells) blocked CSFV propagation very effec-
tively (Table 1).

Effect of tunicamycin on synthesis of CSFV glyco-
proteins and E2–E1 heterodimer formation in SK6 
cells

In cells infected with CSFV, most of the E2 
glycoprotein is present as a heterodimer formed by 
disulfide bonds with E1. Because tunicamycin in low 
doses effectively blocked virus propagation we test-
ed whether E2–E1 heterodimer formation was affect-
ed in these conditions. This was done by Western-
blotting (Fig. 3) and the results of this experiment 
show that low doses of tunicamycin did not affect 
E2–E1 heterodimer formation. Erns dimerization was 
not affected either (not shown).

In situ analysis of localization of CSFV glycopro-
teins in SK6 cells

Using confocal microscopy we examined the 
localization of E2 and Erns in SK6 cells infected with 
CSFV in the presence of low doses of tunicamycin. 
Cells growing on coverslips had to be treated with 
even lower doses of tunicamycin than those used in 
the above studies because they detached in the pres-
ence of higher tunicamycin concentrations. Even at 
the concentration of 12 ng/ml of tunicamycin the foci 
of infected cells were smaller (Fig. 4) than for the 
control without tunicamycin; it was observed that 
transport of Erns to the surface was blocked (lack of 
surface staining – Fig. 4D). In addition the localiza-
tion of Erns inside the cell was changed (Fig. 4C). It 
has been reported that Erns interacts with heparan 
sulfate on the cell surface during the initial binding 
of the virus facilitating endocytosis of the viral parti-
cle (Hulst et al., 1994). Retroviral pseudotype studies 
have shown that E2–E1 heterodimer is sufficient for 
the infectivity of pseudoparticles and Erns of CSFV 
is not needed (Wang et al., 2004), but CSFV mutants 
lacking Erns are not infectious and have to be grown 
on an Erns-complementing cell line (Frey et al., 2006). 
It is very likely that in natural CSFV infection, the 
presence of Erns on the viral envelope and on the 
cell surface is essential for proper virus maturation, 
its assembly, egress and cell-to-cell spread.

No changes of the localization of E2 in SK6 
cells were observed in the analogous conditions be-

Table 1. Effect of tunicamycin concentration on the prop-
agation of CSFV-Cellpest and survival of SK6 cells.

CSFV-infected cells were grown in the presence of differ-
ent doses of tunicamycin in medium containing either 2% 
or 8% fetal bovine serum. Cell viability was determined 
by trypan blue staining. Virus titer was determined as de-
scribed in Materials and Methods. ND, not determined, vi-
rus titer was not tested because of excessive cell death. 

Tunicamy-
cin dose

Cell sur-
vival [%] 
EMEM+2%FBS

Titer of 
virus

Cell sur-
vival [%] 
EMEM+8%FBS

Titer of 
virus

2 µg
1 µg
500 ng
250 ng
125 ng
62.5 ng
31.2 ng

0

0
0
0
25
50
90
98

98

ND
ND
ND
ND
ND

3×103
5×104

4×106

10
30
50
70
85
95
98

98

ND
ND
ND
ND

3×103
4×104
4×106

4×106

Figure 3. Effect of tunicamycin on synthesis of CSFV 
glycoproteins and E2–E1 heterodimer formation in SK6 
cells.
SK6 cells infected with CSFV-Cellpest were grown in the 
presence of different doses of tunicamycin for 72 h. Whole 
cell lysates were separated by 10% SDS/PAGE under non-
reducing conditions. Negative control, non-infected cells. 
Positive control, infected cells grown without tunicamycin 
(tun(-)). Immunodetection was performed with mAb 24/10 
anti-E2. Arrows indicate E2 monomer, E2 dimer and E2–
E1 heterodimer.
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cause during natural infection E2 is retained in ER 
and the presence of tunicamycin does not change its 
localization (not shown). But taking into account our 
results from the expression of E2 in insect cells it is 
very likely that the E2–E1 homodimer formed in the 
presence of low concentrations of tunicamycin loses 
its biological activity.

Our results may indicate that the observed ef-
fect of inhibition of CSFV propagation by low doses 
of tunicamycin may be caused by some other mech-
anisms than N-glycosylation inhibition. It has been 
reported that low doses of tunicamycin affect cellu-
lar receptors and signal transduction (Mauro et al., 
2003; Horikawa et al., 2006) and these effects may in-
hibit proper transport of viral components and virus 
maturation.

CONCLUSIONS

Summarizing our results, we have shown that 
tunicamycin abolishes effective production of E2 

in insect cells, probably leading to its degradation. 
Deglycosylated Erns produced in insect cells forms 
dimers but its transport is affected, it is completely 
retained in the insoluble fraction (most likely in the 
ER compartment). 

In the presence of very low doses of tunicamy-
cin during infection of mammalian cells with CSFV, 
Erns transport to the cell surface and cytoplasm was 
blocked. Although in those conditions N-glycosyla-
tion of CSFV glycoproteins and their dimerization 
was not affected and such low doses of tunicamycin 
were non-toxic to mammalian cells, they very effec-
tively inhibited propagation of CSFV. 

Concluding, although tunicamycin is toxic 
in higher doses, its antiviral effect should be thor-
oughly studied. Its less toxic, cheaper synthetic 
structural analogs could prove to be effective in 
fighting viral infections. This line of research should 
be further explored by examining the effect of tuni-
camycin and its derivatives on other epidemiologi-
cally important flaviviruses, especially on human 
hepatitis C virus.

Figure 4. Effect of tunicamycin on localization of Erns in CSFV-infected SK6 cells. 
Sixteen hours after infection with CSFV SK6 cells were fixed and permeabilized with 0.5% Triton X-100 or left intact 
for surface staining. Erns localization was visualized with Alexa 488 dye conjugated to goat IgG. A and B, control cells 
grown without tunicamycin. C and D, cells grown in the presence of 12 ng/ml tunicamycin. 
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