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Recent studies have suggested the existence of a novel protein of hepatitis C virus (HCV) encoded by an ORF overlapping the core gene in the
+1 frame (core+1 ORF). Two alternative translation mechanisms have
been proposed for expression of the core+1 ORF of HCV-1a in cultured
cells; a frameshift mechanism within codons 8–11, yielding a protein known
as core+1 ⁄ F, and ⁄ or translation initiation from internal codons in the
core+1 ORF, yielding a shorter protein known as core+1 ⁄ S. To date, the
main evidence for the expression of this protein in vivo has been the speciﬁc
humoral and cellular immune responses against the protein in HCV-infected patients, inasmuch as its detection in biopsies or the HCV infectious
system remains elusive. In this study, we characterized the expression properties of the HCV-1a core+1 protein in mammalian cells in order to identify conditions that facilitate its detection. We showed that core+1 ⁄ S is a
very unstable protein, and that expression of the core protein in addition
to proteosome activity can downregulate its intracellular levels. Also, we
showed that in the Huh-7 ⁄ T7 cytoplasmic expression system the core+1
ORF from the HCV-1 isolate supports the synthesis of both the core+1 ⁄ S
and core+1 ⁄ F proteins. Finally, immunoﬂuorescence and subcellular fractionation analyses indicated that core+1 ⁄ S and core+1 ⁄ F are cytoplasmic
proteins with partial endoplasmic reticulum distribution in interphase cells,
whereas in dividing cells they also localize to the microtubules of the mitotic spindle.

The hepatitis C virus (HCV) is a major etiological
agent of chronic hepatitis, which often leads to liver
cirrhosis and hepatocellular carcinoma [1–4]. A vaccine
against the virus is not available at present, and therapeutic approaches are still limited [5,6]. HCV is classiﬁed into the genus Hepacivirus of the Flaviviridae
family [7]. The small single-stranded, positive-sense
HCV RNA genome ( 9.6 kb) is ﬂanked at both
termini by conserved, highly structured nontranslated

regions and encodes a polyprotein precursor ( 3000
amino acids) [8–11]. This polyprotein is co- and posttranslationally processed by host and viral proteases to
produce three structural (core, E1 and E2) and at least
six nonstructural (NS2, NS3, NS4A, NS4B, NS5A and
NS5B) proteins. Initiation of translation of the viral
polyprotein is controlled by an internal ribosome entry
site (IRES) located mainly within the 5¢-nontranslated
region of the viral RNA [12,13].

Abbreviations
core+1 ⁄ F, core+1 protein expressed by translational frameshift; core+1 ⁄ S, short form of core+1 protein expressed by internal translation
initiation; ER, endoplasmic reticulum; b-gal, b-galactosidase; GFP, green fluorescent protein; HCV, hepatitis C virus; IRES, internal ribosome
entry site; LUC, luciferase; RRL, rabbit reticulocyte lysates.
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In addition, the 5¢-end of the HCV polyprotein coding region encompasses a second ORF shifted to the
+1 position relative to the core coding sequence. Our
team was among the ﬁrst to independently report that
this alternative ORF produces a protein known as
ARFP (for alternative reading frame protein), F (for
frameshift), or core+1 (to indicate the position of the
new ORF) [14–17]. Converging data from several
laboratories provide evidence of the presence of
speciﬁc antibodies in the sera of HCV-infected patients
[14–16,18,19], as well as the presence of speciﬁc T-cellmediated immune responses [20] suggesting that the
HCV core+1 ORF is expressed during natural
infection.
Expression studies have indicated that both ribosomal frameshift and internal translation initiation
can lead to translation of the core+1 ORF for the
HCV genotype 1a. Frameshifting is mediated by slippage of ribosomes during translation elongation at
core codons 8–11 and yields a core+1 chimeric protein containing the ﬁrst 8–11 amino acids of core
fused to amino acids encoded by the core+1 ORF
[15–17]. By contrast, internal translation initiation of
core+1 can occur at the internal methionine codons
85 ⁄ 87, resulting in a shorter form of the core+1
protein (core+1 ⁄ S) [21]. Furthermore, in the absence
of codons 85 ⁄ 87, the core+1 codon 26 was recently
found to function as an internal translation initiation
site [22]. The frameshift mechanism has been extensively studied in vitro using rabbit reticulocyte lysates
(RRL) [15–17,21,23,24]. However, despite the fact
that studies have focused more on frameshifting,
given that it was the ﬁrst mechanism associated with
core+1 expression, the data regarding this mechanism in cultured cells remain variable [15,21–24]. In
contrast, internal translation initiation has been identiﬁed only in mammalian cells, and recent evidence
indicates that this mechanism is the predominant
mechanism associated with core+1 expression in
tranfected liver cells [21,22].
The biological signiﬁcance of the core+1 protein
remains largely unknown, as functional studies of the
core+1 ORF are limited by the elusive detection of its
native form in cultured cells expressing the HCV structural region or in the HCV infectious systems. In this
study, we sought to characterize the expression properties and deﬁne conditions that allow detection of the
HCV-1a core+1 ⁄ S protein, which appears to represent
the main form of core+1 expressed in transfected liver
cells [21]. Transfection studies in Huh-7 cells showed
that core+ ⁄ S is a very unstable protein and that its
intracellular levels can be downregulated by the
proteolytic activity of proteasomes. Notwithstanding
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this, expression of the core protein also negatively
regulates core+1 ⁄ S levels. Interestingly, transfection
studies in Huh-7 ⁄ T7 cells supported the expression of
both the core+1 ⁄ S protein and the core+1 protein
expressed by translational frameshift (core+1 ⁄ F), suggesting that both forms of the core+1 protein can be
expressed concomitantly in cultured cells under conditions that allow cytoplasmic transcription. Furthermore, analysis of the subcellular distribution of the
core+1 protein by immunoﬂuorescence and biochemical subcellular fractionation indicated that both
core+1 ⁄ S and core+1 ⁄ F are cytoplasmic proteins,
with the core+1 ⁄ S protein being mainly membrane
associated. Both proteins show partial endoplasmic reticulum (ER) distribution in interphase cells, and in
dividing cells they also localize to the microtubules of
the mitotic spindle.

Results
Intracellular levels of the HCV-1a core+1 protein
in Huh-7 cells are negatively regulated by the
core protein and the proteolytic activity of
proteasomes
To date, several attempts to detect the core+1 protein
in mammalian cells have failed, including transfection
of cells with plasmid DNA encoding the core sequence
or infection with recombinant herpes simplex virus
expressing the core–E1–E2 sequence. Consistent with
these ﬁndings, previous studies have shown that the
form of the core+1 protein produced by frameshift
(core+1 ⁄ F), is a short-lived protein whose half-life
could be substantially increased by the addition of
chemical proteasome inhibitors [23,25]. Furthermore,
preliminary experiments using vectors expressing chimeric core+1–luciferase (LUC) have indicated that
in cis expression of core downregulates expression of
the core+1 ORF [21]. In light of these observations,
we sought to investigate expression of the core+1 ⁄ S
protein under conditions that prevent both core
expression and the proteolytic activity of proteosomes.
To this end, we performed two series of experiments.
First, a series of plasmids was constructed to allow the
expression of core+1 ⁄ S singly or in combination with
the core protein (Fig. 1Aa). Plasmid pHPI-1494 carries
the wild-type core ⁄ core+1 coding sequence, under
control of the HCMV and T7 promoters. To increase
protein stability, the myc epitope sequence (EQKLISEEDL) was inserted at the 3¢-end of the core+1
ORF (nucleotide 825). Plasmids pHPI-1507 and pHPI1495, which are derivatives of pHPI-1494, carry mutations that abolish the expression of core. These include
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a deletion of the initiator ATG (pHPI-1507) or a
deletion of nucleotides 342–514 of the core coding
region (pHPI-1495). Furthermore, to increase the efﬁciency of core+1 expression, the myc-tagged core+1coding sequence contained within nucleotides 590–825
was mutated to introduce the ATG85 initiator codon
(nucleotide 598) in an optimal context for translation
initiation (GCCCCTCTATGG to CCGCCACCAT
GG) [26] (pHPI-1579, Fig. 1Ab). In addition, another
plasmid was constructed, plasmid pHPI-1580, a
derivative of pHPI-1579 lacking the myc tag sequence.
Western blot analysis of Huh-7 cells transfected with
the above plasmids gave the following results: the
pHPI-1495 and pHPI-1507 plasmids, which failed to
express core, supported the expression of a protein of
 13 kDa that was recognized by anti-(core+1) serum
(anti-NK1) (Fig. 1Ba, lanes 2,4). This protein had the
expected size for the core+1 ⁄ S–myc protein and was
detectable only in the presence of proteosomal inhibitors MG-132 or lactacystin (Fig. 1Bb). By contrast, no
detectable levels of core+1 ⁄ S–myc were observed from
the parental pHPI-1494 plasmid, supporting the
expression of the core protein even in the presence of
MG-132 (Fig. 1Ba, lane 3). Core expression was monitored by western blot analysis as shown in Fig. 1Bc.
As expected, introducing the initiator ATG codon 85
in an optimal Kozak context (pHPI-1579) signiﬁcantly
increased the levels of the 13 kDa core+1 ⁄ S–myc
product (Fig. 1C, lanes 2,4). Similarly, core+1 ⁄ S–myc
levels showed a signiﬁcant increase when Huh-7 cells
were treated with the proteasome inhibitor MG-132
(Fig. 1C, lanes 3,5). More importantly, a protein of
 8.5 kDa, corresponding to the untagged core+1 ⁄ S
protein (pHPI-1580) was produced at detectable, albeit
low, levels only in the presence of MG-132 (Fig. 1C,
lanes 6,7). Collectively, these results indicate that
core+1 ⁄ S is a very unstable protein and demonstrate
that both proteasome-mediated degradation and coreprotein expression account for the very low intracellular levels of the core+1 ⁄ S protein in cultured cells.
The second series of experiments aimed to gain an
insight into the relationship between the core and
core+1 ⁄ S proteins. The suppressive effect of core
expression on core+1 ⁄ S–myc levels may be due either
to competition between the initiator ATG of core and
the internal translation initiation codons of core+1 ⁄ S
for the available 40S ribosomal subunits and ⁄ or to a
putative inhibitory function of the core protein on the
translation or stability of the core+1 ⁄ S protein. As a
ﬁrst step to address this question, Huh-7 cells were
cotransfected with the core+1 ⁄ S–myc-expressing
plasmid (pHPI-1496) and increasing amounts of the
core-expressing vector (pHPI-1499) (Fig. 2A), in the
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presence of MG-132. Immunoblotting indicated that
core and core+1 ⁄ S–myc were successfully expressed as
proteins of the expected sizes (21 and 13 kDa, respectively) (Fig. 2B). Interestingly, the level of core+1 ⁄ S
was signiﬁcantly reduced when coexpressed with core,
in a dose-dependent manner, suggesting that the core
protein exerts a negative effect on expression of the
core+1 protein. To verify the speciﬁcity of the effect of
core on core+1 ⁄ S expression, Huh-7 cells were transfected with the vector expressing core+1 ⁄ S–myc
(pHPI-1496) and with varying amounts of a plasmid
expressing an unrelated protein, b-galactosidase (b-gal),
instead of core (Fig. 2A). Also, Huh-7 cells were transfected with a constant amount of b-gal-expressing
plasmid, instead of the core+1 ⁄ S–myc vector, and
increasing amounts of the core-expressing plasmid. As
shown by immunoblotting (Fig. 2C), the amount of
core+1 ⁄ S–myc detected was not signiﬁcantly affected
by the expression of b-gal. Similarly, b-gal levels
remained largely unchanged when coexpressed with
core (Fig. 2D). These results exclude the possibility that
the decrease in core+1 ⁄ S–myc levels in the presence of
core was the result of an overloading of the cellular
protein-synthesis machinery and of a shortage of its
components. Finally, we examined the possible effect
of core+1 ⁄ S–myc expression on intracellular levels of
core. To perform this experiment, we used the plasmid
pHPI-1579 (Figs 1Ab,2A), which produces high levels
of the core+1 ⁄ S–myc protein (Fig. 1C), so that sufﬁcient levels of core+1 ⁄ S–myc could be detected in the
presence of core, when equal amounts of the
core+1 ⁄ S–myc and core-expressing plasmids were used
for cotransfection. Interestingly, the levels of core were
not signiﬁcantly altered by cotransfection with increasing amounts of core+1 ⁄ S (Fig. 2E). Transfection efﬁciency in all control experiments was estimated by
detecting the expression of green ﬂuorescent protein
(GFP), which is also encoded by the pA-EUA2-derived
plasmids (Fig. 2B–E). Overall, these results provide
strong evidence that core expression in trans reduces
the intracellular levels of the core+1 ⁄ S protein in a speciﬁc and dose-dependent manner, suggesting an effect
of the core protein on the translation and ⁄ or the
stability of the core+1 protein. However, no effect of
the core+1 protein on core expression could be
detected.
Expression of the core+1 ORF in Huh-7 ⁄ T7 cells
Expression in transfected Huh-7 cells is associated with
nuclear transcription, which occasionally is known to
activate cryptic promoters or to be followed by posttranscriptional modiﬁcations to the newly synthesized
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RNA, such as splicing [27–31] or association with nuclear proteins [29,32] which may inﬂuence its translation. Therefore, we sought to characterize core+1
expression in a mammalian expression system that
could support transcription in the cytoplasm. In this
case, the conditions for core+1 expression are closer
to that supporting the expression of the viral RNA
during natural HCV infection of the host cell. For this,
we used a stable retrovirally transformed Huh-7 cell
line that constitutively synthesizes the bacteriophage
T7 RNA polymerase (T7 RNAP) in the cytoplasm
(referred to as Huh-7 ⁄ T7). The core ⁄ core+1 sequence

A

contained within nucleotides 342–825, followed by the
myc epitope sequence fused to the core+1 frame, in
the absence or the presence of the N6 mutation that
abolishes core translation, were placed under the control of the HCV IRES element, giving rise to plasmids
pHPI-1705 and pHPI-1706, respectively (Fig. 3A). The
presence of the HCV IRES is important to ensure
translation of the core+1 gene in Huh-7 ⁄ T7 cells,
inasmuch as RNA molecules transcribed in the cytoplasm remain uncapped and therefore can be translated only by a cap-independent mechanism. In the
HCV IRES-containing constructs, initiation of transla-
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tion is mediated by a direct binding of the 40S subunit
to the AUG start codon of the polyprotein. Transfected Huh-7 ⁄ T7 cells were treated with MG-132 at 12 h
post transfection and harvested 24 h later, as control
expression studies have shown that T7-driven LUC
activity normally peaks at 24 h post transfection in this
system (data not shown). As shown in Fig. 3Ba, both
plasmids yielded expression of the 13 kDa myc-tagged
core+1 ⁄ S protein, predicted to be translated by internal
initiation at core+1 codons 85 ⁄ 87. Surprisingly, however, both pHPI-1705 and pHPI-1706 plasmids also supported the expression of a larger form of the core+1
protein with an apparent molecular mass of 22 kDa,
which is predicted to be produced by the +1 frameshift
event at core codons 8–11 (core+1 ⁄ F). As expected, the
expression levels of core+1 ⁄ S and core+1 ⁄ F yielded
from pHPI-1706 were higher than those derived
from pHPI-1705 (Fig. 3Ba), suggesting that core
expression negatively regulates the intracellular levels
of both core+1 ⁄ S and core+1 ⁄ F proteins. Core
expression was tested by immunoblotting (Fig. 3Bb). To
conﬁrm that a comparable total amount of protein was
analyzed for each transfectant, the amount of actin in
each sample was analyzed by immunoblotting with an
anti-actinrabbit polyclonal serum (Fig. 3Bc).
Because the core+1 gene was cloned under both the
HCMV and T7 promoters, we cannot exclude the
possibility that core+1 ⁄ S has been produced from
transcripts generated by PolII at 24 h post transfection. To assure exclusively cytoplasmic transcription,
we made a new construct that carries the N6 mutated
IRES–core+1–myc cassette under the control of the
T7 promoter alone (pHPI-1748, Fig. 3A). In this case,
all IRES–core+1–myc transcripts and the resulting
chimeric core+1–myc protein molecules should be
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generated exclusively by T7 RNA polymerase activity
in the cytoplasm. T7-driven core+1 expression was
assessed in the presence of the N6 mutation to ensure
efﬁcient levels of core+1 ⁄ S. As shown in Fig. 3C, the
data are comparable with those observed before, indicating that both core+1 ⁄ S–myc and core+1 ⁄ F–myc
proteins were expressed at detectable levels from
pHPI-1748.
Taken together, these data conﬁrm the synthesis of
a short form of the core+1 protein (core+1 ⁄ S)
derived from internal translation initiation at the
core+1 codons 85 ⁄ 87. Most importantly, our results
showed that in contrast to expression in Huh-7 cells,
both core+1 ⁄ F and core+1 ⁄ S proteins are synthesized
in Huh-7 ⁄ T7 cells, where cytoplasmic transcription is
supported. Interestingly, both forms of the core+1
protein can be expressed concomitally under our
experimental conditions. Furthermore, the suppressive
effect of core protein’s expression on core+1 levels
was conﬁrmed in the Huh-7 ⁄ T7 cells.
Subcellular localization of the core+1 protein
The subcellular localization of the core+1 ⁄ S protein
was analyzed by immunoﬂuorescence in Huh-7 cells
transiently transfected with the myc-tagging vector
pHPI-1579 (Fig. 1Ab) and was compared with that of
the core+1 ⁄ F protein, expressed from pHPI-1509 (see
Experimental procedures). As shown in Fig. 4Aa–c,
part 1, the core+1 ⁄ S–myc protein showed partial colocalization with the ER-bound protein calnexin, in double immunoﬂuorescence experiments using an anti-myc
mAb for the detection of core+1 ⁄ S–myc and a
polyclonal anti-calnexin serum for calnexin staining.
In dividing cells, core+1 ⁄ S–myc was also found to

Fig. 1. Characterization of core+1 ⁄ S–myc expression. (A) Schematic illustration of the myc-tagging constructs used in the transfection
assays. (a) The myc epitope sequence was fused to the 3¢-end of the HCV-1 core+1 ORF. The pHPI-1494 plasmid carries the intact core ⁄
core+1 sequence contained within nucleotides 342–825, whereas the plasmids pHPI-1507 and pHPI-1495 contain deleted forms of the
core ⁄ core+1 sequence, lacking the initiator ATG and nucleotides 342–514, respectively. (b) The HCV-1 core ⁄ core+1 coding sequence contained within nucleotides 590–825, either myc-tagged at the 3¢-end of the core+1 ORF (pHPI-1579) or untagged (pHPI-1580), was mutated
in the context of the ATG85 initiator codon (nucleotide 598), so as to introduce an optimal Kozak context for translation initiation. The
core+1 ⁄ S–myc plasmid vector pHPI-1496 carrying the corresponding wild-type sequence is also shown. (B) Effect of proteasome inhibitors
and core expression on the intracellular levels of the core+1 ⁄ S protein. (a,c) Huh-7 cells were transfected with 1 lgÆwell)1 of the parental
vector pcDNA3.1(–) ⁄ Myc-His B (control; lane 1) or the plasmids pHPI-1494 (lane 3); pHPI-1495 (lane 2); or pHPI-1507 (lane 4), respectively,
and subsequently treated with MG-132. Cell lysates were analyzed by western blotting with the anti-(core+1) serum (a) or anti-core mAb (c).
(b) Huh-7 cells transfected with the plasmid pHPI-1507 and treated with MG-132 (lane 1); dimethylsulfoxide (the solvent of MG-132; lane 2);
or lactacystin (lane 3). Proteins were visualized by western blotting with the anti-(core+1) serum. The core+1 ⁄ S–myc and core proteins are
indicated with a filled arrowhead and an arrow, respectively. The migration positions of the molecular mass markers are shown on the left.
(C) Optimization of the translation initiation of the core+1 ⁄ S protein at codon ATG85. Huh-7 cells transfected, as described above, with the
plasmids pHPI-1496 (lanes 2, 3); pHPI-1579 (lanes 4, 5); pHPI-1580 (lanes 6, 7) or the parental vector pA-EUA2 (control, lane 1) were treated
with MG-132 (lanes 1, 3, 5, 7) or left untreated (lanes 2, 4, 6). Expression of the myc-tagged (lanes 2–5) or untagged (lanes 6, 7) core+1 ⁄ S
protein was detected by western blotting with the anti-(core+1) serum. The single and double filled arrowheads indicate the myc-tagged and
untagged core+1 ⁄ S proteins, respectively. The migration positions of molecular mass markers are shown on the right.
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Fig. 2. Suppression of intracellular HCV core+1 ⁄ S levels upon HCV core coexpression in mammalian cells. (A) Schematic representation of the
constructs used in cotransfection experiments, carrying the DNA sequences encoding the HCV-1 core+1 ⁄ S–myc with the wild-type (pHPI-1496)
or optimal (pHPI-1579) ATG85 context, the full-length HCV-1 core (pHPI-1499), or the b-gal (pA-EUA2 + lacZ) protein. (B) Dose-dependent effect
of core on the intracellular levels of the core+1 ⁄ S protein. Cotransfection of Huh-7 cells using the pHPI-1496 plasmid (0.4 lgÆwell)1) together
with various amounts of the pHPI-1499 (0.1, 0.2 or 0.4 lgÆwell)1). The quantity of transfected DNA was kept constant (0.8 lg DNAÆwell)1) by
the addition of the parental plasmid pA-EUA2. The quantity of DNA used for transfection is indicated in micrograms above each lane. Western
blotting was performed to visualize the core+1 ⁄ S–myc and core proteins, using anti-(core+1) serum and anti-core mAb, respectively. Transfection efficiency was estimated by assessing the expression of GFP as an internal control from the pA-EUA2 derived plasmids. (C, D) Control
experiments to assess the specificity of the core inhibitory effect on core+1 ⁄ S. Huh-7 cells were cotransfected with the core+1 ⁄ S–myc-expressing vector (pHPI-1496) and various quantities of a pA-EUA2 derived vector expressing an unrelated protein, b-gal in the place of core (C), or with
various amounts of the core expressing vector (pHPI-1499) and the b-gal-expressing vector in the place of core+1 ⁄ S–myc (D), as described
above. The core+1 ⁄ S-myc, core, b-gal and GFP proteins were detected by western blotting. (E) Effect of core+1 ⁄ S protein on core. Huh-7 cells
were cotransfected with DNA encoding the core protein and increasing quantities of the core+1 ⁄ S–myc-expressing vector pHPI-1579, as described above. In the cotransfection experiments depicted in (B), (C) and (E), where the core+1 ⁄ S–myc vector was used, cells were treated with
MG-132. The filled arrowheads indicate the core+1 ⁄ S–myc fusion protein. The proteins core, b-gal and GFP are indicated by arrows.

colocalize with the mitotic spindle microtubules at
different phases of mitosis, by double immunolabeling
with anti-myc mAb and polyclonal anti-(a-tubulin)
serum (Fig. 4Ad–f, part 1). Partial colocalization of
4062

core+1 ⁄ S–myc with microtubules was also detected in
interphase cells (Fig. 4Ag–i, part 1) by double immunolabeling with the anti-(core+1) serum and an anti(a tubulin) mAb. In addition, the protein was detected
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Fig. 3. Detection of both myc-tagged core+1 ⁄ F and core+1 ⁄ S proteins in transiently transfected Huh-7 ⁄ T7 cells. (A) Schematic representation of the myc fusion constructs used in the transfection assays. The myc epitope sequence was fused to the 3¢-end of the HCV-1 core+1
ORF. Plasmid pHPI-1705 carries the wild-type HCV-1 IRES-core ⁄ core+1 sequence (nucleotides 9–825), whereas plasmid pHPI-1706 contains
a mutated variant of this sequence harboring the N6 nonsense mutation, designed to abolish core translation, under the control of both the
HCMV and T7 promoters. Plasmid pHPI-1748 carries the HCV-1 IRES-core ⁄ core+1 sequence (nucleotides 9–825) under the control of the T7
promoter alone. (B, C) Huh-7 ⁄ T7 cells (106 in B and 2 · 107 in C) were transiently transfected, as described in the legend to Fig. 1B, either
with the parental vector pcDNA3.1(–) ⁄ Myc-His B (control; B lane 1, C lane 2) or with the plasmid pHPI-1705 (B lane 2), pHPI-1706 (B lane 3)
or pHPI-1748 (C lane 1) and treated with MG-132. Cell lysates were analyzed by western blotting with anti-(core+1) serum (Ba,C) or anti-core
mAb (Bb). The lower panel in (Ba) represents a longer exposure of the bottom part of the blot that is directly above. To confirm that a total
amount of protein was analyzed in each condition, actin was detected by immunoblotting (Bc). The migration profiles of core+1 ⁄ F–myc and
core+1 ⁄ S–myc proteins, at  22 and 13 kDa, respectively, are indicated by the open and filled arrowheads. The arrows show core and actin.
The migration positions of molecular mass markers are shown on the left.

in the periphery of the cell (Fig. 4Ad–f and g,h insets,
part 1). Notably, despite the small size of core+1 ⁄ S,
no protein was detected in the nucleus [33–35], suggest-

ing that it is tightly bound to cell components in the
cytoplasm. Similar results were obtained for the
core+1 ⁄ F–myc protein, in colocalization studies with

FEBS Journal 274 (2007) 4057–4074 ª 2007 The Authors Journal compilation ª 2007 FEBS

4063

Expression of the HCV-1 core+1 protein

N. Vassilaki et al.

A1. core+1/S–myc
a

b

c

d

e

f

g

h

i

b

c

A2. core+1/F–myc
a

1

2

a
d

b

c
e

a

b

c

f

Fig. 4.

4064

FEBS Journal 274 (2007) 4057–4074 ª 2007 The Authors Journal compilation ª 2007 FEBS

N. Vassilaki et al.

(pHPI-1495)

pcore+1/S–myc

Control

pGFP

(pA-EUA2)

pGFP

Cytoplasmic extracts

(pA-EUA2)

kDa

Control

Nuclear extracts
pcore+1/S–myc
(pHPI-1495)

(pHPI-1495)

Control

pcore+1/S–myc

pGFP

(pA-EUA2)

pGFP

Control

(b)

Cytoplasmic extracts

(pA-EUA2)

Nuclear extracts
pcore+1/S–myc
(pHPI-1495)

B (a)

Expression of the HCV-1 core+1 protein

17

kDa
45
36

anti-core+1
29
24

7

6
4

5

6

(pHPI-1203)

pNS4B GFP

(pA-EUA2)

Detergent phase

pGFP

(pHPI-1495)

queous phase
Control
pcore+1/S–myc

Control

(pA-EUA2)

pGFP

(pHPI-1495)

kDa

3

(pHPI-1495)

C

Cytoplasmic extracts
pcore+1/S–myc

Control

(pA-EUA2)

pGFP

(pHPI-1495)

Nuclear extracts
pcore+1/S–myc

(c)

2

Control

1

pcore+1/S–myc

5

(pHPI-1203)

4

pNS4B GFP

3

(pA-EUA2)

2

pGFP

1

anti-GFP

kDa

45
66
36
45
36

anti-GFP

29

1

2

3

4

5

29
24

6

anti-cyclin D1

20
14

1

2

3

4

5

6

7

anti-core+1

8

Fig. 4. Subcellular localization of core+1 protein. (A) Analysis by confocal fluorescence microscopy. Huh-7 cells cultured on 10-mm coverslips
were transfected with the vector expressing core+1 ⁄ S–myc (pHPI-1579) (A1) or core+1 ⁄ F–myc (pHPI-1509) (A2). Transfected cells were treated with MG-132 and processed for immunolabeling (see Experimental procedures). For core+1 ⁄ S–myc or core+1 ⁄ F–myc localization, anti-myc
mAb and Alexa Fluor 546-conjugated goat anti-(mouse IgG) were used. For core+1 ⁄ S–myc localization, polyclonal anti-(core+1) serum and Alexa
Fluor 647-conjugated goat anti-(rabbit IgG) were used as well. The ER marker calnexin was detected with the polyclonal anti-calnexin and Alexa
Fluor 647-conjugated goat anti-(rabbit IgG) a-Tubulin was detected using polyclonal anti-(a-tubulin) and Alexa Fluor 647-conjugated goat anti(rabbit IgG) in the case of anti-myc and anti-(a-tubulin) double labeling, or with anti-(a-tubulin) mAb and Alexa Fluor 546-conjugated goat anti(mouse IgG) in the case of anti-(core+1) and anti-(a-tubulin) double labeling. Black and white images on the left and middle panels correspond to
labeling of each protein. The merged images for the double immunolabelings are shown as colored images on the right panels (merge). The
green pseudocolor represents Alexa 546 fluorescence in (A1c,f) and (A2c,f) or Alexa 647 fluorescence in (A1i). The red pseudocolor represents
Alexa 647 fluorescence in (A1c,f) and (A2c,f) and Alexa 546 fluorescence in (A1i). (A1a–c,g–i) The panels to the lower right (A1a–c) and lower left
(A1g-i) corners represent ·2 magnifications of the framed area. The panels to the lower-right corners of (A1d–f) and upper-right corners of
(A1g,h) show cells at different phases of mitosis. (A2a–c) Details 1 and 2 shown as small panels at the bottom are ·2 magnifications of the
framed areas in (A2c). (A2d) The framed panel at the lower left corner shows a cell in mitosis. Arrowheads in the magnified details indicate
points of colocalization. (B) Fractionation of nuclear and cytoplasmic fractions. Separation of cytoplasmic and nuclear fractions from lysates of
Huh-7 cells transfected with the core+1 ⁄ S–myc expressing plasmid pHPI-1495 and treated with MG-132, and their analysis by western blotting
using anti-(core+1) serum (a). Lysates from cells transfected with the GFP-expressing vector pA-EUA2 (a, b, lanes 3,4) or from untransfected
cells (a, b, lanes 2,5) were also analysed by western blotting using with anti-GFP (b) and anti-actin (c) serum. (C) Triton X-114 phase-separation
assay. Cells expressing the core+1 ⁄ S–myc protein after transfection with the plasmid pHPI-1495 were treated with MG-132. Cell lysates were
mixed with Triton X-114 and subjected to detergent phase separation (see Experimental procedures). Aliquots of the aqueous (lane 2) and
detergent (lane 6) phases were analyzed by western blotting with anti-(core+1) serum. GFP (lanes 3, 7) and NS4B-GFP (lanes 4, 8) contained in
the lysates of Huh-7 cells transfected with the corresponding expression vectors pA-EUA2 and pHPI-1203, were used as positive controls and
were detected with anti-GFP serum. The aqueous and detergent phases separated from lysates of untransfected Huh-7 cells (treated with
MG132) were used as negative controls (lanes 1 and 5).The core+1 ⁄ S–myc protein is indicated by the filled arrowhead. Arrows indicate the
positions of the GFP, NS4B-GFP and cyclin D1 proteins. The migration positions of molecular mass markers are shown on the right.
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calnexin (Fig. 4Aa–c, part 2) or a-tubulin (Fig. 4Ad–f,
part 2). The speciﬁcity of the antibodies was analyzed
in control untransfected (NT) Huh-7 cells (data not
shown).
To conﬁrm the data obtained by immunoﬂuorescence for the subcellular distribution of the core+1 ⁄ S
protein, biochemical cell fractionation was performed
in transfected cells. Crude cell fractionation of Huh-7
cells transfected with the core+1 ⁄ S–myc-encoding
vector pHPI-1495 (Fig. 1Aa) into cytoplasmic and
nuclear extracts and subsequent western blot analysis
indicated that core+1 ⁄ S was recovered mainly in the
cytoplasmic fraction (Fig. 4Ba, lanes 1,6). GFP,
expressed by pA-EUA2, was recovered in both
cytoplasmic and nuclear extracts (Fig. 4Bb, lanes 3,4).
Untransfected Huh-7 cells were used as the negative
control (Fig. 4Ba,b, lanes 2,5). The efﬁciency of the
fractionation assay to clearly separate cytoplasmic
from nuclear extracts was evaluated by analyzing the
distribution of cyclin D1 in the nuclear fraction
(Fig. 4Bc, lanes 1–6). Interestingly, when membrane
proteins were separated from soluble proteins by
the Triton X-114 phase-separation assay [36], the
core+1 ⁄ S–myc protein expressed in Huh-7 cells was
predominately recovered in the detergent phase as a
membrane-associated protein (Fig. 4C, lanes 2,6). A
small amount,  15%, of the core+1 ⁄ S–myc protein
was detected in the aqueous phase. The chimeric
NS4B–GFP and GFP proteins expressed in Huh-7 cells
transfected with the corresponding pEGFP–N3 ⁄ NS4B
(pHPI-1203) and pA-EUA2 plasmids were detected
after the same phase separation assay, either mainly in
the detergent or in the aqueous phase, respectively, as
expected by their membrane-bound or soluble nature
(Fig. 4C, lanes 4,8 and 3,7). Analysis of lysates from
untransfected Huh-7 cells (used as negative controls) by
the same assay conﬁrmed the speciﬁcity of the anti(core+1) and anti-GFP sera (Fig. 4C, lanes 1,5).
Overall, the above data indicated that the myctagged forms of the core+1 ⁄ S and core+1 ⁄ F proteins
are cytoplasmic and show partial ER distribution in
transfected mammalian cells. The core+1 ⁄ S protein
appears to associate mainly with cellullar membranes.
Interestingly, core+1 ⁄ S and core+1 ⁄ F were also
found to colocalize with microtubules during mitosis,
a colocalization also detected in interphase cells,
although to a lesser extent.

Discussion
Expression of a novel HCV protein, encoded by an
ORF overlapping the core coding sequence in the +1
frame, has recently been documented by studies
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conducted in several laboratories [37]. However, functional studies on this protein have been limited by the
fact that its detection in mammalian cells and in the
HCV infectious system is elusive.
This study shows that intracellular levels of the
core+1 protein in mammalian cells are strongly inﬂuenced not only by proteasome activity, but also by
expression of the core protein. A myc-tagged form of
the core+1 ⁄ S protein was detectable only in the presence of proteasome inhibitors and in the absence of
core expression, indicating that, like the core+1 ⁄ F
protein [23,25], the short form of core+1 is also a very
unstable protein. Consistent with our results, both
core+1 ⁄ F and core+1 ⁄ S proteins are predicted to be
unstable proteins using the protparam tool (http://
expasy.org/tools/protparam.html), which predicts the
instability of a protein on the basis of the presence of
certain dipeptides the occurrence of which is signiﬁcantly different in the unstable proteins compared with
those in the stable ones [38]. The instability indexes
predicted for the core+1 ⁄ F and core+1 ⁄ S proteins
are 45.63 and 51.91, respectively.
Interestingly, the existence of a relationship between
core and myc-tagged core+1 ⁄ S was shown when core
was introduced either in cis or in trans, suggesting that
the attenuating effect of core on core+1 ⁄ S expression
may not be limited to competition between translation
initiation events, but may also be exerted at the posttranslational level. Whether or not HCV core induces
proteosome-mediated core+1 degradation remains an
open question. However, growing evidence points to a
targeting of proteosomal activity by a diverse range of
viral proteins as part of a strategy for efﬁcient virus
propagation [39–45]. In fact, it was recently reported
that the core protein of HBV stimulates the proteasome-mediated degradation of the HBV X protein
(HBX), when the HBV viral proteins, which are transcriptionally transactivated by the X protein, reach a
level sufﬁcient for viral replication [46–50]. Furthermore, the HCV core protein was shown to interact
directly with the activator of the interferon-c inducible
immunoproteasome PA28c as a means of regulating
the nuclear retention and stability of core [51]. Collectively, these data support the hypothesis that the inhibitory effect of core on core+1 ⁄ S may be part of a
feedback mechanism that may be exerted through a
core-mediated enhancement of proteasome activity
that is speciﬁc for the core+1 protein. Certainly the
possibility exists that the suppressive effect of core
on core+1 expression levels may be mediated by
alternative mechanism(s).
Interestingly, these ﬁndings correlate with data
showing that tumors of HCV patients are likely to
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accumulate the core+1 protein [37], while the levels of
core are greatly reduced [52]. Although immunohistochemical studies on core+1 are not yet available, the
possibility that core+1 levels are increased in HCC is
supported by studies showing the accumulation of
mutations in HCV RNA sequences in a number of
patients with HCC and their association with increased
expression of core+1 in cell-free systems [53–59]. Furthermore, a relatively high prevalence of anti-(core+1)
sera has been found in patients with HCC [18,60].
Importantly, we have shown for the ﬁrst time that
Huh-7 ⁄ T7 cells support the synthesis of both the
core+1 ⁄ S and core+1 ⁄ F proteins from the HCV-1a
isolate [1]. Possible differences in the RNA structure of
the gene or in RNA–protein interactions that may
underlie nuclear versus cytoplasmic transcription may
explain the signiﬁcant difference observed in frameshift
efﬁciencies between the Huh-7 and Huh-7 ⁄ T7 expression systems. However, the internal translation initiation events at codons 85 ⁄ 87 were functional in both
expression systems with no signiﬁcant differences. The
concomitant expression of core+1 ⁄ S and core+1 ⁄ F
proteins in Huh-7 ⁄ T7 cells suggests that expression of
these two proteins is not mutually exclusive at the level
of translation.
The subcellular distribution of the myc-tagged
core+1 ⁄ S protein in transfected mammalian cells was
studied in comparison with that of core+1 ⁄ F. Both
myc-tagged core+1 ⁄ S and core+1 ⁄ F proteins were
found to be cytoplasmic despite their small size, which
would justify passive diffusion through nuclear pores
[33–35]. More speciﬁcally, both proteins showed partial
colocalization with the ER and were also detected at
the cell periphery. Notably, the core+1 ⁄ S protein was
primarily associated with membranes. Association of
the core+1 protein with membranes cannot be
justiﬁed by the presence of a transmembrane domain,
inasmuch as no signiﬁcant or only a marginally signiﬁcant probability was predicted for the presence of transmembrane helices within the core+1 sequences,
including the two predicted hydrophobic regions at
amino acids 29–45 and 95–118 [tmpred (http://
www.ch.embnet.org), tmhmm (http://www.cbs.dtu.dk),
hmmtop (http://www.enzim.hu/hmmtop/) [61,62], http://
npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page ¼ ⁄
NPSA ⁄ npsa_sopm.html]. The functional importance
of core+1 association with the ER membranes merits
further investigation, as the ER represents the localization site for most HCV proteins and of the HCV replication complex [63–65]. Furthermore, a possible
interaction of the core+1 protein with the mitotic spindle and microtubules, as suggested by our immunoﬂuorescence data, is intriguing and points to a number of
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potential functions for the core+1 protein with regard
to the regulation of microtubule dynamics and mitosis.
The biological role of the core+1 protein(s) and
their possible contribution to some of the known functions of the overlapping HCV core remain largely
unknown. It is of interest to mention that the average
percentage identity of the core+1 amino acid sequence
is signiﬁcantly lower than that of the overlapping core
protein but very close to that of E1 and NS2 proteins [66]. Furthermore, using the BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/,
http://dove.emblheidelberg.de/Blast2/) as well as the SSEARCH, we
searched for regions of local similarity between the
core+1 protein sequence and sequences of SwissProt
database. In agreement with previous reports [15], we
observed no clear sequence homologies between
core+1 and other proteins of known function. However, we found a statistically important homology
(45% identity over 44 residues length alignment) [67]
between core+1 fragment amino acids 72–115 and the
transmembrane domain of the ATP-binding cassette
transporter subfamily A (ABC1) amino acids 27–69.
The ABCA1 (ABC1) gene product translocates
intracellular cholesterol and phospholipids out of
macrophages and genetic aberrations in ABCA1 cause
perturbations in lipoprotein metabolism [68]. Any
putative implication of core+1 in lipid metabolism
would be intriguing inasmuch as HCV replication is
associated with the modulation of multiple genes
involved in lipid metabolism [69].
The location of the core+1 ORF within the viral
genome, the ﬁndings that the core+1 ORF can be
expressed independently of the polyprotein synthesis,
in combination with the short half-life of the
core+1 ⁄ S protein due to its proteasome-mediated
degradation and to its downregulation by the core
protein, favor a regulatory function for this protein in
the viral life cycle. It is now well established that HCV
[70–72], like several other viruses (HIV-1, TMV and
TYMV plant viruses) [73–75], make use of the proteasome-mediated degradation pathway for efﬁcient viral
replication, escape from host innate immunity, or inhibition of cellular apoptosis.
Also, in support of a regulatory role for core+1 in
cell viability and viral persistence, earlier studies have
shown that a nonstructural protein is encoded by the
N-terminal structural region of a number of positivesense RNA viruses, such as the Npro protease in
classical swine fever virus (CSFV) pestivirus [76], the L
(leader) protease in foot-and-mouth disease virus
(FMDV) (apthovirus, picornavirus) [77], and the L*
protein in Theiler’s murine encephalomyelitis virus
(TMEV) (cardiovirus, picornavirus) [78].
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To date, we have been unable to detect the core+1
protein in the in vitro infectious system. Although
more experiments are in progress, the possibility is
open that core+1 expression may not be favored
during the productive stage of the viral life cycle. This
is also supported by the ﬁnding that core expression
negatively regulates the intracellular levels of core+1.
Studies addressing whether core+1 expression is
involved in HCV persistence and ⁄ or the development
of HCC through evasion of host immune responses
or controlling cell growth, await the development of
the appropriate experimental models. Nevertheless, the
transfection systems currently in use can provide the
ﬁrst valuable information concerning the nature and
function of HCV proteins, as many such results have
been conﬁrmed in infectious systems.

Experimental procedures
Chemicals
The proteasome inhibitors MG132 (Z-Leu-Leu-Leu-CHO)
and lactacystin were purchased from Afﬁnity Research
Products (Exeter, UK) and used within the indicated times
at concentrations of 5 and 25 lm, respectively. The protease
inhibitor cocktail for mammalian extracts (containing
AEBSF, aprotinin, leupeptin, bestatin, pepstatin a and
E-64) was obtained from Sigma (St. Louis, MO).

Plasmid construction and site-directed
mutagenesis
Cloning was performed following standard protocols [79].
Site-directed mutagenesis was carried out using the QuikchangeTM kit (Stratagene, La Jolla, CA). Mutations were
conﬁrmed by sequencing. The basic characteristics of the
different plasmids used in this study are summarized in
Table 1.

Myc-tagging constructs
All the myc-tagging constructs carry the myc epitope
sequence fused to the 3¢-end of the HCV-1 [1] core+1
ORF, at nucleotides 825. Plasmid pHPI-1494 contains the
HCV-1 core ⁄ core+1 sequence between the initiator ATG
codon of the polyprotein (nucleotide 342) and the 3¢-end of
the core+1 ORF (nucleotide 825). The corresponding
sequence was ampliﬁed by Vent DNA polymerase (New
England Biolabs, Ipswick, MA, USA) in PCR using as template the plasmid pHPI-755 [16], which contains nucleotides
342–920 of the HCV-1 core ⁄ core+1 sequence, and the primer pair C53–C203 (Table 2). First, the C53–C203 PCR
product was digested with EcoRI and inserted into the
EcoRI cloning site of pcDNA3.1(–) ⁄ Myc-His B (Invitrogen,
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Madison, WI) to yield pHPI-1494. Plasmids pHPI-1507
and pHPI-1495 contain deleted forms of the HCV-1 core ⁄
core+1 sequence, lacking the initiator ATG and nucleotides 342–514, respectively. Deletion of the initiator ATG
was performed by site-directed mutagenesis using as template pHPI-1494 and the primer pair N294–N295 (Table 2).
The core ⁄ core+1 sequence between nucleotides 342 and
514 was deleted by excision of the XhoI fragment of pHPI1494. Plasmids pHPI-1705 and pHPI-1706 were constructed
by inserting the XhoI–XhoI fragment of pHPI-1429 and
pHPI-1453, respectively, carrying the IRES-core ⁄ core+1
sequence (nucleotides 9–514) in the absence or presence of
the N6 mutation [21], respectively, into the XhoI site of
pHPI-1495. Plasmid pHPI-1429 contains nucleotides 9–825
of the HCV-1 IRES-core ⁄ core+1 sequence fused to the
GFP gene in the core+1 frame and was constructed by
two-step cloning. First, pHPI-790 was derived by insertion
of the IRES-core(nt 9–630)-LUC sequence of pHPI-768
[16], after HindIII–SalI digestion, into the HindIII and SalI
cloning sites of pEGFP-N3 (Clontech, Mountain View,
CA, USA). Second, the KpnI fragment of pHPI-790, containing nucleotides 585–630 of the core ⁄ core+1 sequence
followed by the LUC gene, was replaced with the KpnI
fragment containing nucleotides 585–825 of the core ⁄
core+1 sequence derived from pHPI-1428. Plasmid pHPI1428 contains the HCV-1 core+1 coding sequence from
nucleotide 385 to nucleotide 825, fused to the GFP gene in
the +1 frame. pHPI-1453 was constructed by inserting
mutation N6 [21] into pHPI-1429 to change the 25th codon
(CCG, Pro25) of the core ORF (at nucleotide 414) to a
TAA stop codon. Plasmid pHPI-1509 was constructed by
site-directed mutagenesis using as template pHPI-1494 and
the primer pair N246-N247 (Table 2), which deleted an A
residue from core codons 8–11. In all the above constructs,
the core+1–myc cassette is under the control of the HCMV
and T7 promoters. Plasmid pHPI-1748 was constructed by
inserting the PmeI–PmeI fragment of pHPI-1706, containing the IRES-core ⁄ core+1(nt 9–825)–myc sequence in the
presence of the N6 mutation, into the SmaI site of pBluescript II KS (–) (Stratagene), under the control of the T7
promoter. Plasmid pHPI-1496 carries the myc-tagged
HCV-1 core ⁄ core+1 sequence (nucleotide 515–825) of
pHPI-1495, excised as a PmeI fragment and cloned into the
XbaI-blunt-ended site of the pA-EUA2 expression vector.
pAEUA-2 was kindly provided by A. Epstein (University
Claude Bernard, Lyon, France) [80]. Brieﬂy, this plasmid
carries two expression cassettes that are transcribed in
opposite directions. The ﬁrst comprises the herpes simplex
virus type 1 immediate early 4 (IE4) (a22 ⁄ a47) promoter
controlling expression of the GFP protein, which permits
the estimation of transfection efﬁciency. The second comprises the promoters HCMV and T7 followed by a pCIderived chimeric intron that increases the level of gene
expression, and a short polylinker (restriction sites NheI,
XbaI, NotI). Plasmid pHPI-1579 was constructed following
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core initiation
codon
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myc
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Pro25 ﬁ stop in core ORF)

Deletion of core
nts 342–514
ATG core+1 85
with optimal context
GCCCCTCTATGG ﬁ
CCGCCACCATGG
ATG core+1 85
with optimal context
GCCCCTCTATGG ﬁ
CCGCCACCATGG

myc

Deletion of 1 adenine (A)
at core codons 8–11

myc

myc

myc

–

342–825

pHPI-1494
(pcDNA3.1(–) ⁄
Myc-His)
pHPI-1507
(pcDNA3.1(–) ⁄
Myc-His)
pHPI-1495
(pcDNA3.1(–) ⁄
Myc-His)
pHPI-1705
(pcDNA3.1(–) ⁄
Myc-His)

Mutation

Tag
molecule

Length of the
HCV-1 sequence
(nucleotides)

Plasmid
(paternal
vectror)

N298, N222

N298, N300

N246, N247

N294, N295

C53, C203

Primers

ATG core+1 85, 87
(internal initiation)
ATG polyprotein
(ribosomal frameshift)
ATG core+1 85, 87
(internal initiation)
ATG polyprotein
(ribosomal frameshift)

core+1 ⁄ S–myc

core+1 ⁄ F–myc
(detected in Çuh-7 ⁄ Ô7)
core+1 ⁄ S–myc

ATG core+1 85, 87

ATG core+1 85, 87

core+1 ⁄ S

ATG core+1 85, 87
(internal initiation)
ATG core+1 85, 87

core+1 ⁄ S–myc
core+1 ⁄ S–myc
(internal initiation)
core+1 ⁄ S–myc

ATG polyprotein
(ribosomal frameshift)

core+1 ⁄ F–myc
(detected in Huh-7 ⁄ T7)

core+1 ⁄ F–myc

core+1 ⁄ S–myc

ATG core+1 85, 87
(internal initiation)
ATG polyprotein ⁄
9As at codons 8–11
frameshift

ATG core+1 85, 87
(internal initiation)

core+1 ⁄ S–myc

core+1 ⁄ F–myc
(detected in Huh-7 ⁄ T7)

–

Elements mediating
core+1 translation:
start codons

not detectable in
Huh-7

Forms of core+1 protein
detected
(GCA346 defined as codon
1 and frameshift site

Table 1. Summarized information concerning core+1 expression from the different constructs used in this study.

8.5

13

13

13

22

22

13

22

13

22

13

13

Expected size
(kDa)

–

–

–

–

+
(by )1 ⁄ +2 f
at core codons 8–11)

–

+

–

–

+

Core
coexpression

N. Vassilaki et al.
Expression of the HCV-1 core+1 protein

4069

Expression of the HCV-1 core+1 protein

N. Vassilaki et al.

Table 2. List of priming oligonucleotides used in PCR. Restriction sites included in the primer sequence are underlined.

Primer name

Primer sequence

C53 (sense)
C203 (antisense)
N294 (sense)
N295 (antisense)
N246 (sense)
N247 (antisense)
N298 (sense)
N300 (antisense)
N222 (antisense)
C54 (antisense)

GTGCTTGCGAATTCCCCGGGA
CTCGAATTCAGTTGACGCCGTCTTCCAGAACC
CGTAGACCGTGCACCAGCACGAATCCTAAAC
GTTTAGGATTCGTGCTGGTGCACGGTCTACG
CCTAAACCTCAAAAAAAAACAAACGTAACACC
GGTGTTACGTTTGTTTTTTTTTGAGGTTTAGG
CCGGAATTCCGCCACCATGGCAATGAGGGCTGCGGGTGGGCGGG
GGAATTCCAGCGGTTTAAACTCAATG
CTCGAATTCAGTTCACGCCGTCTTCCAG
CTCGAATTCCACTAGGTAGGCCGAAG

PCR ampliﬁcation of the myc-tagged HCV-1 core ⁄ core+1
sequence that is contained within nucleotides 590–825, using
as template pHPI-1494 and the primer pair N298–N300
(Table 2). These primers introduced mutations in the context of the ATG85 initiator codon (nucleotide 598) of the
core+1 ORF to convert it to an optimal Kozak context,
CCGCCACCATGG [26]. Firstly, the N298–N300 PCR
product was inserted into the HincII cloning site of pUC19
(BioLabs) in a 5¢ ﬁ 3¢ orientation to yield pHPI-1745. Subsequently, the SmaI–PmeI fragment of pHPI-1745, containing the core ⁄ core+1(nt 590–825)–myc sequence, was
cloned into the XbaI-blunt-ended site of pA-EUA2.
For the construction of pHPI-1580, the HCV-1 core ⁄
core+1 sequence contained within nucleotides 590–828
(including the termination codon of the core+1 ORF),
encoding the core+1 ⁄ S protein, was PCR ampliﬁed from
pHPI-1494 using the primer pair N298–N222 (Table 2).
Primer N298 introduces for ATG85 an optimal Kozak
context, CCGCCACCATGG. The N298–N222 PCR
fragment was digested with EcoRI, blunt-ended and inserted into the XbaI-blunt-ended site of pA-EUA2. Plasmid
pHPI-1499 contains the HCV-1 core coding sequence
(nucleotides 342–920). The core sequence was ampliﬁed
using as template the plasmid pHPI-755 [16] and the primer
pair C53–C54 (Table 2). The C53–C54 PCR product was
digested with EcoRI and inserted into the EcoRI cloning
site of pCI to yield pHPI-773. The NheI–XbaI fragment
from pHPI-773, containing nucleotides 342–920 of the core
sequence, was cloned into the XbaI-blunt-ended site of
pA-EUA2 to produce pHPI-1499.
The plasmid pA-EUA2 + lacZ (kindly provided by
A. Epstein, University Claude Bernard, Lyon, France)
carries the coding sequence of b-gal, cloned into the
pA-EUA2 vector. This plasmid will be referred to as
the lacZ vector. For the construction of plasmid pHPI-1203,
the HCV-1a (H) NS4B coding sequence (783 bp) obtained
from plasmid p90-FL (kindly provided by C. Rice), preceded by a Met and an Ala codon, was inserted into the
EcoRI and SalI cloning sites of pEGFP-N3.
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Primer
pair

Annealing
temp (C)

C53–C203

60

N294–N295

66

N246–N247

59

N298–N300

57

N298–N222
C53–C54

64
60

For the PCR ampliﬁcation of the core ⁄ core+1
sequences, the following conditions were used: 94 C for
5 min followed by 35 cycles of 94 C for 1 min, annealing
for 30 s, and 74 C for 1 min, with a ﬁnal extension at
74 C for 10 min. For PCR site-directed mutagenesis the
following conditions were used: 95 C for 30 s followed by
18 cycles of 95 C for 30 s, annealing for 1 min, and 68 C
for 10 min, with a ﬁnal extension at 68 C for 10 min.

Cells and transfection experiments
Huh-7 ⁄ T7, a stable retrovirally transformed Huh-7
(human hepatoma) cell line that constitutively synthesizes
the bacteriophage T7 RNA polymerase in the cytoplasm,
was kindly provided by R. Bartenschlager (University of
Heidelberg, Germany). Huh-7 and Huh-7 ⁄ T7 cells were
maintained in Dulbecco’s modiﬁed Eagle’s medium
(Biochrom KG, Terre Haute, IN, USA), supplemented
with 10% fetal bovine serum (Gibco, Rockville, MD),
penicillin and streptomycin (100 UÆmL)1 and 100 lgÆmL)1,
respectively) and 2 mm l-glutamine. Speciﬁcally for Huh-7
cells, the culture medium was supplemented with nonessential amino acids (1· ) (Biochrom KG), and for
Huh-7 ⁄ T7 cells with Zeocin (5 lgÆmL)1) (Invitrogen). Cells
seeded in six-well plates (Nunc, Naperville, IL), at a conﬂuence of 60–70% for Huh-7 and 80–90% for Huh-7 ⁄ T7
cells, were transfected using Lipofectamine Plus reagent
(Invitrogen) according to the manufacturer’s protocol.
Cells were treated with the indicated proteasome inhibitors
for 12 h before harvesting. Huh-7 cells were harvested at
48 h post transfection, whereas Huh-7 ⁄ T7 cells at 24 h
post transfection.

Immunoblotting
Cell monolayers were harvested 24 h post transfection and
lysates were analyzed on a 13% SDS ⁄ PAGE gel as
described previously [80].
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Subcellular fractionation–phase separation of
membrane proteins in Triton X-114 solution
Monolayers of Huh-7 cells, either transfected with plasmid
vectors expressing core+1–myc, GFP or NS4B-GFP proteins, or left untransfected, were grown in six-well plates.
Cell lysis and phase separation with Triton X-114 were performed as described previously [36]. After separation
SDS ⁄ PAGE loading buffer was added to each sample and
aliquots of the separated phases were analyzed on a 13%
SDS ⁄ PAGE gel.

Preparation of nuclear and cytoplasmic extracts
Nuclear and cytoplasmic extracts from monolayers of Huh-7
cells either transfected with plasmid vectors expressing
core+1–myc or GFP proteins, or from untransfected cells,
were prepared by using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Pierce, Rockford, IL) according
to the manufacturer’s instructions, in the presence of a protease inhibitor cocktail for mammalian extracts (Sigma).

Immunofluorescence microscopy
Huh-7 cells were prepared and incubated with the primary
antibodies as previously described [80]. Following three
washes with 0.05% w ⁄ v saponin in NaCl ⁄ Pi (NaCl ⁄ Pi-S),
cells were further incubated for 1 h at room temperature
with secondary anti-mouse and ⁄ or anti-rabbit sera conjugated to Alexa Fluor 546 or 647 (Molecular Probes, Eugene,
OR) diluted 1 : 1000 in NaCl ⁄ Pi-S containing 2 mgÆmL)1
BSA. Following three washes with NaCl ⁄ Pi-S and three with
NaCl ⁄ Pi, cells were ﬁnally mounted on glass slides (SuperFrost Plus; Menzel-Glaser, Braunschweig, Germany) with
Mowiol (10% w ⁄ v Mowiol, 25% v ⁄ v glycerol, 100 mm HCl,
pH 8.5) (Sigma). Images were acquired with the ·63 apochromat lens of a Leica TCS-SP1 four-channel confocal
microscope equipped with argon ion laser and helium–neon
laser.

Antibodies
For the production of the polyclonal antibody against the
core+1 ORF, the peptide NK1, consisting of amino acids
TYRSSAPLLEALPGP(C) (core+1 amino acids 135–149),
was chemically synthesized, conjugated to keyhole limpet
hemocyanin (KLH) and used to immunize rabbits using a
classical protocol of immunization [81]. The antisera were
collected 2 weeks after the last boost. The anti-(core+1)
polyclonal serum was puriﬁed by a slightly modiﬁed
afﬁnity chromatography method based on CNBr-activated
Sepharose 4B beads, as described previously [81]. The
antibody was used in western blotting at a concentration
of 1 lgÆmL)1 and in immunoﬂuorescence analysis at
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10 lgÆmL)1. The mouse mAb against core (amino acids 1–
120) (Biogenesis, Brentwood, NH, USA) and against b-gal
(Gibco) were used in western blotting at dilutions of 1 : 1000
and 1 : 500, respectively. The mouse anti-myc mAb (Invitrogen) was used in immunoﬂuorescence analysis at a dilution
of 1 : 100 and the rabbit polyclonal antibody against GFP
(Santa Cruz Biotechnology, Santa Cruz, CA) was used in
western blotting at a dilution of 1 : 100. The rabbit anti(calnexin) polyclonal serum (Sigma) was used at a dilution of
1 : 250 and the mouse anti-(a-tubulin) mAb (Molecular
Probes) and rabbit polyclonal (Invitrogen) antibodies were
used at a dilution of 1 : 50 in immunoﬂuorescence analysis.
Mouse anti-(cyclin D1) mAb and the rabbit anti-actin polyclonal serum (Santa Cruz Biotechnology) were used in western blotting at dilutions of 1 : 500 and 1 : 200, respectively.
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