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Hepatitis C virus (HCV) is the major causative patho-
gen associated with liver cirrhosis and hepatocellular
carcinoma. The virus has a positive-sense RNA gen-
ome encoding a single polyprotein with the virion
components located in the N-terminal portion. During
biosynthesis of the polyprotein, an internal signal
sequence between the core protein and the envelope
protein E1 targets the nascent polypeptide to the
endoplasmic reticulum (ER) membrane for trans-
location of E1 into the ER. Following membrane
insertion, the signal sequence is cleaved from E1 by
signal peptidase. Here we provide evidence that after
cleavage by signal peptidase, the signal peptide is fur-
ther processed by the intramembrane-cleaving pro-
tease SPP that promotes the release of core protein
from the ER membrane. Core protein is then free for
subsequent traf®cking to lipid droplets. This study
represents an example of a potential role for intra-
membrane proteolysis in the maturation of a viral
protein.
Keywords: aspartic protease/HCV/lipid metabolism/SPP/
viral polyprotein processing

Introduction

Chronic infection with hepatitis C virus (HCV) is the
leading cause of liver disease that can culminate in
cirrhosis and hepatocellular carcinoma (Kuo et al., 1989).
The genome of HCV consists of a positive-sense, single-
stranded RNA molecule that has a single open reading
frame encoding a polyprotein of ~3000 amino acids
(Grakoui et al., 1993). The polyprotein can be broadly
separated into two regions; the N-terminal third encodes
the structural components of the virion (core and two
envelope glycoproteins E1 and E2; Figure 1A) with the
remaining two-thirds comprising the non-structural
proteins (NS2-NS5B; for reviews, see Clarke, 1997;
Lindenbach and Rice, 2001). A small hydrophobic protein,
p7, which lies between E2 and NS2, may also be a virion
component. During protein translation, the mature viral
products are generated from the polyprotein by a series of
cleavage events. The structural components are produced
by cellular proteases, while maturation of the non-
structural proteins requires virus-encoded proteases.

Core protein, which is considered to constitute the
virion capsid, is synthesized as the most N-terminal
component of the polyprotein and is followed by the signal
sequence of the E1 envelope glycoprotein (Figure 1A).
The signal sequence targets the nascent polypeptide chain
to the endoplasmic reticulum (ER) membrane and induces
translocation of E1 into the ER lumen. There, cleavage by
signal peptidase liberates the N-terminal end of E1,
leaving core protein anchored in the ER membrane by
the signal peptide. Maturation of core protein is considered
to involve at least one additional cleavage event within or
immediately N-terminal to the signal sequence by an
unidenti®ed microsomal protease (Santolini et al., 1994;
Hussy et al., 1996; Moradpour et al., 1996; Liu et al.,
1997; Yasui et al., 1998).

Signal sequences play a key role in the biosynthesis of
secretory and membrane proteins. In eukaryotic cells, they
target newly synthesized proteins to the ER membrane for
entry into the secretory pathway (Walter and Johnson,
1994). Thereafter, signal sequences are usually cleaved
from the pre-protein by signal peptidase (Evans et al.,
1986). Recent ®ndings indicated that some signal peptides
are subsequently cleaved by signal peptide peptidase
(SPP), a presenilin-type intramembrane-cleaving aspartic
protease located in the ER membrane (Weihofen et al.,
2002). N-terminal portions of processed signal peptides
are released into the cytosol, and some are suspected to
promote post-targeting functions in the cell (Martoglio and
Dobberstein, 1998; Lemberg et al., 2001). The discovery
that intramembrane proteolysis by SPP promotes the
release of signal peptide fragments from ER membranes
prompted us to investigate whether this mechanism is
utilized for the processing of HCV core protein.

Results

The signal sequence at the HCV core-E1 junction is
a substrate for subsequent cleavage by signal
peptidase and SPP
Previous in vitro studies have indicated that the HCV core
protein is processed in the presence of microsomal
membranes, suggesting proteolysis by signal peptidase
and/or other microsomal proteases (Santolini et al., 1994;
Hussy et al., 1996; Moradpour et al., 1996; Liu et al.,
1997; Yasui et al., 1998). This processing event was re-
examined ®rst in an in vitro translation/translocation
system (Weihofen et al., 2000). Two substrates were
employed (Figure 1B). One contained the C-terminal
30 residues of the core protein including the signal
sequence of E1, and the N-terminal 100 amino acid
residues of E1 (SP-E1/100). The second substrate con-
sisted of the entire core protein, the signal sequence and
the N-terminal 100 residues of E1 (core-E1/100). These

Intramembrane proteolysis promotes traf®cking of
hepatitis C virus core protein to lipid droplets
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polypeptides were synthesized in vitro in the presence
of ER-derived rough microsomes and [35S]methionine
(Martoglio et al., 1998). Microsomes were subsequently

isolated and analysed for retention of radiolabelled
translation products.

Translation of SP-E1/100 mRNA in the presence of
microsomes yielded two products in addition to precursor
protein (Figure 1C): ®rst, an E1/100 species, with lower
molecular weight than precursor protein, indicating cleav-
age of the signal peptide by signal peptidase at residue
191, and secondly, a pair of slower migrating proteins that
did not appear in the presence of glycosylation inhibitor
N-benzoyl-Asn-Leu-Thr-methyamide and thus repre-
sented glycosylated E1/100 peptides (Figure 1C, compare
lanes 2 and 3). The presence of glycosylated products
indicated translocation of E1/100 into the microsomes.
The released signal peptide, which should have an
apparent molecular weight of ~4 kDa and co-migrate
with in vitro translated reference signal peptide, was
barely detectable, suggesting that it had been further
processed and released from the membrane.

Previously, we have reported that signal peptides can be
processed by SPP, a reaction that is blocked by (Z-LL)2-
ketone (Weihofen et al., 2000). On addition of the
inhibitor, the signal peptide generated from SP-E1/100
was readily detected, and co-migrated with the reference
peptide indicating that cleavage by SPP had been blocked
(Figure 1C, lane 4). These results demonstrate that the
signal sequence at the junction of core-E1 functions as a
typical ER targeting signal and is a substrate for both
signal peptidase and SPP.

We next assayed the function of the signal sequence at
the core-E1 junction in the context of the entire core
protein. Translation of core-E1/100 in the presence of
microsomes yielded several products including a non-
translocated precursor (core-E1/100), and a 12 kDa prod-
uct that corresponded to unglycosylated E1/100, generated
through cleavage by signal peptidase at residue 191
(Figure 1D, lane 2). Two other major bands migrated with
apparent molecular weights of 21 and 19 kDa. To identify
these products, reactions were either performed in the
presence of acceptor tripeptide to inhibit N-glycosylation,
or (Z-LL)2-ketone to inhibit processing by SPP, or both.
Addition of acceptor tripeptide reduced the intensity of the
21 kDa species while the amount of E1/100 increased
(Figure 1D, lanes 3 and 5). This indicated that the product
at 21 kDa contained glycosylated E1/100. Upon addition
of SPP inhibitor, the 19 kDa product disappeared,
suggesting that it might be processed core protein.

We next analysed where core protein migrated on the
gel by western blot analysis with a core-speci®c antibody
(Figure 1D, compare corresponding lanes in left and right
panels). When no SPP inhibitor was added (Figure 1D,
right panel, lanes 2 and 3), two core species were
recognized that corresponded to the 21 and 19 kDa
products described above. Their migration was unaffected
by the addition of acceptor tripeptide, but production of the
19 kDa species was abolished in the presence of SPP
inhibitor (Figure 1D right panel, compare lanes 2 and 3
with 4 and 5). From these results, we conclude that the
21 kDa species is a core product generated by cleavage by
signal peptidase at residue 191 and thus contains the signal
peptide at the C-terminus. The 19 kDa product results from
cleavage at the signal peptide by SPP. Together with the
®ndings presented above, these data indicate that the

Fig. 1. Analysis of core protein processing in vitro. (A) Diagram of the
N-terminal portion of the HCV polyprotein comprising the structural
proteins, core, E1 and E2. Sig. seq. indicates the signal sequence at the
core-E1 junction; TM, transmembrane regions of the envelope proteins.
(B) Diagram of core-E1 constructs used for the in vitro assays. Open
bars indicate the hydrophobic region of the signal sequence; arrows, the
signal peptidase cleavage site; diamonds, the N-glycosylation sites in
E1. (C) Synthesis and processing of SP-E1/100 by in vitro translation
in the presence of rough microsomes (lanes 2±4), acceptor tripeptide to
inhibit N-glycosylation (lanes 3 and 4), and SPP inhibitor (Z-LL)2-
ketone (lane 4). Dots indicate 1x, 2x and 3x glycosylated E1/100; lane 5
shows the reference signal peptide (SP). (D) Synthesis and processing
of core-E1/100 by in vitro translation in the presence of rough micro-
somes (lanes 2±5), acceptor tripepetide to inhibit N-glycosylation
(lanes 3 and 5) and SPP inhibitor (lanes 4 and 5). Dots indicate the pos-
ition of glycosylated E1/100 (E1/100g). The panel to the right shows a
corresponding western blot for lanes 2±5 probed with a core-speci®c
antibody.
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signal peptide at the core-E1 junction is ®rst cleaved
by signal peptidase and subsequently processed by SPP.

Mutations within the signal peptide block SPP
cleavage in vitro and in tissue culture cells
Intramembrane proteolysis of signal peptides is abolished
when helix-breaking and -bending residues in the trans-

membrane region are replaced by leucines or valines
(Lemberg et al., 2001). Residues Ala180 and Ser183Cys184

were therefore replaced by Val and LeuVal, respectively
(Figure 2A), and the resulting signal peptide mutant (spmt)
was tested for protein targeting, translocation, cleavage by
signal peptidase and processing by SPP. In vitro trans-
lation of spmtSP-E1/100 mRNA in the presence of
microsomes and acceptor tripeptide revealed that identical
levels of E1/100 were produced as compared with the
substrate containing the wild-type (wt) signal sequence
(Figure 2B, compare lanes 2 and 3 with 6 and 7). Hence,
the substitutions in the signal sequence did not affect
targeting, translocation and signal peptidase cleavage of
the protein resulting from the spmt construct. However,
the mutant signal peptide that had been cleaved from the
precursor was not processed, and remained associated with
the membrane irrespective of whether SPP inhibitor was
added or not (Figure 2B and C). This showed that the
mutations abolished processing of the core-E1 signal
peptide by SPP in vitro.

We next tested the effect of the mutations in the signal
sequence on the processing of core protein in tissue culture
cells to verify that the above data were not restricted to
the in vitro system. The signal peptide mutations were
therefore transferred into the Semliki Forest virus (SFV)
construct pSF/CE1E2, which encodes the core-E1-E2
polyprotein (CE1E2). Fragmentation of this portion of the
HCV polyprotein relies solely on microsomal proteases
(Lindenbach and Rice, 2001). Upon maturation, both E1
and E2 are retained at the membrane through transmem-
brane domains at their C-termini (Cocquerel et al., 1998,
1999; Flint and McKeating, 1999).

Extracts from cells electroporated with mRNA coding
for CE1E2 and CspmtE1E2, respectively, were ®rst
examined by western blot analysis alongside correspond-
ing products obtained from in vitro translation/trans-
location reactions with core-E1/100 mRNA (wt and spmt).
When wt CE1E2 was expressed in cells, mature core
protein was obtained and migrated with a reference
peptide of 179 residues (Figure 2D, left panel, compare
lanes 1 and 2). The in vitro experiments yielded two core
protein species that migrated with reference peptides of
191 and 179 residues, respectively (Figure 2D, left panel,
lane 3). The 191 residue product originates from cleavage
by signal peptidase at Ala191. Production of the 179 residue
species is indicative of further processing in the trans-
membrane region of the signal peptide. The latter product
did not appear in the presence of (Z-LL)2-ketone, indicat-
ing inhibition of cleavage by SPP (Figure 2D, left panel,
compare lanes 3 and 4). Co-migration of core products of
179 amino acids, generated both in tissue culture cells
and in vitro, was indicative of cleavage of the HCV
polyprotein by SPP in both systems.

When CspmtE1E2 was expressed in cells, the resulting
core protein co-migrated with the 191 residue reference
peptide (Figure 2D, right panel, compare lanes 2 and 5).
This core protein species was also exclusively obtained
in vitro, irrespective of whether SPP inhibitor was added
or not, demonstrating that the mutations abolished signal
peptide processing both in vitro and in tissue culture cells
(Figure 2D, right panel, compare lanes 3 and 4). From all
the above comparative data, we concluded that proteolysis
occurs within the signal peptide at the core-E1 junction,

Fig. 2. Mutations affecting processing of the core-E1 signal peptide.
(A) Illustration of the mutations in the transmembrane region (under-
lined) of the signal sequence at the core-E1 junction. Exchanged resi-
dues in the mutant, spmt, are indicated. (B) In vitro translation and
processing of SP-E1/100 (wt, lanes 1±3) and spmtSP-E1/100 (spmt,
lanes 5±7) in the presence of rough microsomes and inhibitor of glyco-
sylation (lanes 2, 3, 6 and 7), and SPP inhibitor (lanes 3 and 7). Lanes 4
and 8 show the respective reference signal peptide (SP). (C) Quanti-
®cation of signal peptide processing using the IQMac v1.2 software
(Molecular Dynamics). Grey bars indicate the relative amount of signal
peptide obtained in lanes 2 and 6 (no SPP inhibitor) compared with the
amount obtained in lanes 3 and 7, respectively, where SPP was inhibi-
ted (set to 0% processing). Dark bars indicate the ef®ciency of process-
ing obtained with the core-E1/100 constructs [(D); lanes 3 wt and
spmt]. Relative processing ef®ciencies were determined accordingly by
comparing the amount of processed core protein in lane 3 with that
obtained in the presence of SPP inhibitor (lane 4) of the respective
panel. Each value was calculated from three independent experiments;
the amounts of signal peptide were corrected for variations in trans-
located E1/100 (for SP-E1/100 constructs). (D) Comparison of core
protein produced in cells expressing CE1E2 (wt and spmt) (lane 2) with
core protein generated by in vitro translation of core-E1/100 (wt and
spmt) in the presence of rough microsomes (lanes 3 and 4) and SPP
inhibitor (lane 4). Lanes 1 and 5 show in vitro translated reference pep-
tides corresponding to the N-terminal 179 and 191 residues of the HCV
polyprotein, respectively. Dots indicate processed core protein. Note
that the wt proteins (left panel) were resolved on Tris±glycine acryl-
amide gels, which did not resolve spmt proteins of 179 and 191 residues.
The latter were analysed on Tris±bicine gels (right panel), where the
191 residue reference peptide showed greater mobility than the shorter
179 residue peptide. After electrophoresis, proteins were transferred to
PVDF membranes and probed with a core-speci®c antibody.
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and that the signal peptide is a substrate for cleavage by
SPP in a cellular environment.

Disruption of signal peptide processing blocks
traf®cking of core protein to lipid droplets
A de®ning feature of core protein in mammalian cells after
processing from the HCV polyprotein is its association
with cytosolic lipid droplets (Barba et al., 1997). Wt and
spmt versions of core protein were therefore expressed in
baby hamster kidney (BHK) cells, and the products
analysed by immuno¯uorescence. We ®rst tested whether
the glycoproteins were properly generated. Glycosylated
E1 was equally produced by both wt and spmt constructs
(Figure 3A, lanes 1 and 2), and, when treated with
endoglycosidase H, the deglycosylated species had the
same electrophoretic mobility on gels (Figure 3A, lanes 3
and 4). There was no evidence that uncleaved core-E1
species could be detected (data not shown). Also,
immuno¯uorescence analysis did not detect any difference
in the localization of E1 (data not shown) and E2
(Figure 3B) made from the two constructs, and is
consistent with their association with the ER membrane.
These results indicated once more that the mutations in
the signal sequence between core protein and E1 did not
affect its function in protein targeting and signal peptidase
cleavage.

By immuno¯uorescence, we next investigated the
effects of signal sequence mutations on the intracellular
localization of core protein. The wt protein was detected at
the surface of cytosolic lipid droplets that had been stained
with Oil Red O as reported previously (Hope and
McLauchlan, 2000) (Figure 3C and D). In contrast, the
spmt core protein was distributed in a reticular pattern
throughout the cell and showed no co-localization with
lipid droplets (Figure 3C and D). The same results with wt
and spmt core were obtained when the HCV proteins were
expressed in the human hepatoma cell line Huh7
(Figure 3E). The distribution of the mutant form of core
protein was indistinguishable from those for E1 and E2,
suggesting localization at the ER membrane (data not
shown). These ®ndings indicated that inhibiting cleavage
in the transmembrane region of the signal peptide
abolished traf®cking of core protein to lipid droplets.

Mutations affecting signal peptide processing
prevent release of core protein from the ER
membrane
To examine whether preventing proteolysis within the
signal peptide altered the membrane-binding properties of
core protein, we tested the ability of alkali to release the
protein from membranes (Fujiki et al., 1982). Crude
membranes from cells electroporated with SFV RNAs
encoding either CE1E2 or CspmtE1E2, were treated with
sodium carbonate and the resultant soluble and insoluble
fractions were analysed for both core protein and E2,
which is anchored in the lipid bilayer by C-terminal
transmembrane domains (Figure 1A) (Cocquerel et al.,
1998; Duvet et al., 1998). Alkali extraction of membranes
from cells electroporated with RNA from either construct
did not release E2, as expected, and the protein was found
almost exclusively in pelleted material (Figure 4A, left
panel, compare lanes 3 and 4). Analysis of the same
samples for core protein indicated that the wt protein was

Fig. 3. Traf®cking of core protein to lipid droplets requires intra-
membrane cleavage of the core-E1 signal peptide. CE1E2 polyproteins
of the wt and spmt were expressed in BHK cells. (A) Cell extracts were
probed for E1 by western blot analysis either directly (lanes 1 and 2) or
upon treatment with endoglycosidase H (lanes 3 and 4). (B) Analysis
of cells by immuno¯uorescence with an E2-speci®c antibody.
(C) Immuno¯uorescence of core protein combined with Oil Red O
staining of lipid droplets. (D) As for (C) except that a wider ®eld is
shown. (E) As for (C) except that the cells used were Huh7 cells.
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released by sodium carbonate (Figure 4A, left panel,
lane 3). By contrast, the mutant protein was found in the
pellet fraction, consistent with anchorage in the ER
membrane via the non-processed signal peptide at its
C-terminus (Figure 4A, right panel, lane 4).

To further test whether the release of core protein
from the ER membrane is affected when intramembrane
proteolysis of the signal peptide cannot occur, we made

use of a variant of core protein, DC, which lacks amino
acid residues 125±144, and is degraded by the proteasome
upon cleavage from E1 (Hope and McLauchlan, 2000).
We hypothesized that blocking processing of the signal
peptide may reduce degradation since core protein is
expected to be retained at the ER membrane by its
unprocessed signal peptide (Weihofen et al., 2000;
Lemberg et al., 2001). Hence, a signal peptide mutant,
DCspmtE1E2, was made that lacked residues 125±144 and
had the same mutations in the signal sequence as spmt
described above.

Comparing levels of protein made by cells either
expressing CE1E2, DCE1E2 or DCspmtE1E2, did not
reveal any differences in the amounts of E1 (data not
shown) and E2 detected (Figure 4B, left panel). However,
there was a considerable difference in the relative amounts
of core protein. In cells expressing DCE1E2, core protein
was barely detected yet it was readily recognized in
cells expressing CE1E2 and DCspmtE1E2 (Figure 4B,
right panel). To con®rm that cells expressing DCE1E2
did nevertheless produce DC, cells were incubated in the
presence of the proteasome inhibitor MG132. In
agreement with our previous observations (Hope and
McLauchlan, 2000), enhanced levels of DC were detected
upon treatment with MG132 (Figure 4B, right panel). The
difference in detectable amounts of DC is also evident
from indirect immuno¯uorescence analysis (Figure 4C). In
contrast, MG132 did not increase the amount of core
protein produced from DCspmtE1E2 (Figure 4B, right
panel).

Expression and intracellular localization of DC and
DCspmt were also analysed by indirect immuno¯uores-
cence. DC, which was detected only in the presence of
MG132, was distributed throughout the cell, including the
nucleus (Figure 4C). DCspmt, in contrast, strictly co-
localized with E2 at the ER membrane and was excluded
from the nucleus. Furthermore, DCspmt was indistinguish-
ably detected, irrespective of whether MG132 was added
or not, suggesting that retention of the protein at the ER
membrane did not expose it to degradation in the cytosol.
Taken together, these results are consistent with cleavage
of DCspmt from DCspmtE1E2 by signal peptidase, but not
processing by SPP, leading to anchoring of non-processed
DCspmt in the ER membrane, a ®nding that was con®rmed
by extraction with alkali (data not shown).

Discussion

HCV core protein is released from the viral polyprotein by
the action of host proteases at the signal sequence between
core protein and the envelope glycoprotein E1 (Hijikata
et al., 1991; Ralston et al., 1993). In common with typical
signal sequences, this region functions in protein targeting
to the ER membrane (Walter and Johnson, 1994). It directs
the nascent HCV polypeptide to translocation sites at the
ER membrane where cleavage by signal peptidase in the
ER lumen separates core protein and generates the
N-terminal end of E1. Based on the size of core protein
produced in tissue culture cells, it was proposed that the
signal peptide was removed from the C-terminus by a
second proteolytic event catalysed by an unidenti®ed
microsomal protease (Santolini et al., 1994; Hussy et al.,
1996; Moradpour et al., 1996; Liu et al., 1997; Yasui et al.,

Fig. 4. Mutations affecting intramembrane cleavage of the signal pep-
tide at the core-E1 junction retain core protein at the ER membrane.
(A) Wt and spmt CE1E2 polyproteins were expressed in BHK cells.
Membranes were isolated from cells and extracted with sodium carbo-
nate (lanes 3 and 4). The distribution of core protein and E2 were
visualized by western blot analysis with a core- and an E2-speci®c anti-
body, respectively. (B) CE1E2 (lane 1), DCE1E2 (lanes 2 and 3) and
DCspmtE1E2 (lanes 4 and 5) polyproteins were expressed in BHK cells
in the absence or presence of proteasome inhibitor MG132 as indicated.
Membranes were isolated and extracted with sodium carbonate, and the
distributions of E2 (left panel) and core/DC protein (right panel) were
visualized by western blot analysis with a core- and an E2-speci®c anti-
body, respectively. (C) Immuno¯uorescence of cells probed with a
core- and an E2-speci®c antibody. Where indicated, proteasome inhibi-
tor MG132 was present during expression of DCE1E2.
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1998). In the present study, we have provided evidence
from both in vitro and cellular systems that this second
protease is SPP, a recently identi®ed presenilin-type
aspartic protease that promotes intramembrane proteolysis
of signal peptides at the ER membrane (Weihofen et al.,
2002).

The signal sequence at the junction of core protein and
E1 is processed in the centre of the transmembrane region
as was reported previously for other signal sequences
(Weihofen et al., 2000; Lemberg et al., 2001). The
reaction was sensitive to (Z-LL)2-ketone, a compound that
ef®ciently inhibits SPP in vitro (Weihofen et al., 2000).
Moreover, signal sequence mutations known to abolish
processing by SPP (Lemberg et al., 2001), also abolished
processing of the core-E1 signal sequence both in vitro and
in live cells. The amino acids that were mutated are
conserved in strains from all genotypes examined thus far,
including those that are infectious in chimpanzees (Bukh
et al., 1994; Kolykhalov et al., 1997; Yanagi et al., 1997,
1999; Beard et al., 1999). Therefore, we conclude that
intramembrane proteolysis within the core-E1 signal
sequence is a general feature in the maturation of HCV
core protein.

Core protein is thought to constitute the HCV capsid and
it would thus be an integral component of the virion. At the
present stage of research, HCV cannot be propagated in
mammalian tissue culture cells and there is no system in
such cells to demonstrate virus assembly. This includes
human Huh7 cells, which harbour full-length genomes that
can support constitutive HCV RNA replication but not
virion production (Pietschmann et al., 2002). Hence, it is

not possible to directly show that SPP cleavage to generate
mature core protein is a prerequisite for virus production.

A characteristic feature of the intracellular distribution
of core protein is its association with lipid droplets. This
was not only demonstrated in tissue culture cells, as
reported herein and elsewhere, but also in hepatocytes
from an HCV-infected chimpanzee (Moradpour et al.,
1996; Barba et al., 1997; Yasui et al., 1998; Hope and
McLauchlan, 2000; Pietschmann et al., 2002). Such
localization is found on expression of either the entire
HCV polyprotein, truncated versions or the core-coding
region alone. Therefore, it is independent of other HCV
proteins. The consistency with which association with
lipid droplets is observed in various cell types suggests that
this localization may be important in the virus assembly
pathway.

A hydrophobic domain, domain 2, not found in the
capsid protein of related pesti- and ¯aviviruses, mediates
targeting to lipid droplets (Hope and McLauchlan, 2000).
We speculate that domain 2 integrates into the cytosolic
lea¯et of the ER membrane (Figure 5A) (Murphy and
Vance, 1999; Brown, 2001; Ostermeyer et al., 2001).
Upon intramembrane cleavage of the transmembrane
signal peptide, the processed core protein may then be
capable of traf®cking along the lipid bilayer from the site
of biosynthesis to zones at the ER, where lipid droplets are
produced. Lipid droplet formation is proposed to occur at
the ER, where an accumulation of neutral lipids in the lipid
bilayer forces the lea¯ets of a bilayer apart leading to a
bulge that may release budding droplets (Brown, 2001).
Attachment of core protein could occur while droplets are
generated. By contrast, the mutant core protein, which is
not processed by SPP, may be unable to traf®c to regions
where lipid droplets are formed, or cannot transfer from
the ER to lipid droplets as a consequence of the
membrane-spanning signal peptide anchor at its
C-terminus (Brown, 2001; Ostermeyer et al., 2001). Our
data also indicate that deletion of domain 2 leads to
degradation of the protein upon SPP cleavage (Figure 5B).
Disabling intramembrane cleavage by SPP, leading to
retention at the ER, prevented its degradation. Thus, the
ability of domain 2 to mediate attachment of the protein to
lipid droplets may act as a protective mechanism against
degradation.

The same genomic arrangement of the structural
proteins in HCV is also found in other positive-sense
RNA viruses such as members of the alpha-, rubi-, and
¯aviviruses (Schlesinger and Schlesinger, 2001). In each
case, the capsid protein, which remains in the cytosol, is
synthesized at the N-terminal end of a polyprotein and is
followed by an envelope protein, which is translocated
into the ER lumen. Targeting to the ER membrane and
translocation into the ER lumen are mediated in all cases
by a signal sequence that lies between the capsid and
envelope proteins. Despite these organizational similar-
ities and the common translocation function inherent in the
signal sequences, members of the above viruses have
evolved different strategies for processing at signal
peptides to generate mature capsid proteins (Melancon
and Garoff, 1987; Amberg and Rice, 1999; Law et al.,
2001). From the available data, HCV core is the only
example for which cleavage by SPP is required for
maturation. This suggests that the processes to produce

Fig. 5. Model for the release of HCV core protein from the ER mem-
brane and its association with lipid droplets. (A) The central hydropho-
bic domain 2 (triangle) of HCV core protein anchors the protein in the
phospholipid monolayer surrounding lipid droplets. During biosynthesis
of the HCV polyprotein, core protein is cleaved from the nascent poly-
peptide by signal peptidase. Subsequent processing by SPP within the
centre of the membrane-spanning portion of the signal peptide (barrel)
liberates core protein from the membrane. Core protein, with domain 2
integrated into the cytosolic lea¯et of the bilayer, is now free for enter-
ing the zone of lipid droplet formation. TG, triacylglycerol. (B) Mutant
DC, which lacks domain 2, is targeted to the ER membrane and cleaved
by signal peptidase as wt core protein. Processing by SPP liberates DC
from the ER membrane leading to degradation by the proteasome.
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core proteins have followed distinct evolutionary
pathways for viruses with common organizational and
functional elements. Presumably, such evolution is driven
by individual features of the life cycles of each of these
viruses.

As reported herein, HCV is an example of a pathogen
that exploits a host's intramembrane cleaving protease for
the processing of its proteins. Processing of core protein
and traf®cking to lipid droplets may be critical for the virus
life cycle, but may also affect cellular lipid metabolism.
Expression of core protein in animal model systems is
associated with the development of liver pathologies such
as steatosis and liver carcinoma that are features of HCV
infection in humans (Dhillon and Dusheiko, 1995; Moriya
et al., 1998; Perlemuter et al., 2002). Additional studies
will be required to test whether inhibitors of SPP have the
potential to affect the HCV life cycle and reduce any
impact of HCV on associated disease.

Materials and methods

Plasmid constructs
For in vitro transcription and translation reactions, the EcoRI±HindIII
fragment of pgHCV/CE1E2 (Hope and McLauchlan, 2000) was inserted
into vector pSV-Sport1 (Life Technologies) under the control of the SP6
promoter to give pSV/CE1E2. The plasmid encoding signal sequence
mutant, pSVspmt, was generated by overlap extension PCR using pSV/
CE1E2 as the template. For expression in tissue culture cells, the BglII
fragment of pgHCV/CE1E2 was inserted into the BamHI site of a Semliki
Forest virus vector pSFV1 (Life Technologies) to give pSF/CE1E2. To
generate the signal peptide mutant in the pSFV1 vector, pSF/spmt, the
BstEII±NruI fragment of pSV/spmt was transferred ®rstly into pgHCV/
CE1E2 and thereafter, the BglII fragment of the resulting plasmid was
transferred into pSFV1. Likewise, the BstEII±NruI fragment of pSV/spmt
was transferred into pgHCV/DCE1E2 (Hope and McLauchlan, 2000) and
thereafter the BglII fragment of the resulting plasmid was transferred into
pSFV1.

In vitro transcription, translation and signal peptide
processing
To prepare mRNA coding for core-E1/100 precursors (wt and spmt), the
respective coding region from the appropriate pSV-Sport1 plasmid was
®rst ampli®ed by PCR using Pfu DNA polymerase (Stratagene), SP6
primer and a reverse primer starting with 5¢-NNNNNNNNNCTA to
introduce a TAG stop codon at position `+101' of the E1 sequence. PCR-
ampli®ed DNA fragments were transcribed in vitro with SP6 RNA
polymerase at 42°C in the presence of 500 mM m7G(5¢)ppp(5¢)G CAP
analog (Weihofen et al., 2000). mRNA coding for SP-E1/100 (wt and
spmt) was prepared accordingly. For the latter PCR, the forward primer
encoded the SP6 promotor, the Kozak initiation sequence and codons
161±167 of HCV open reading frame.

Translations of mRNAs were performed in 25 ml rabbit reticulocyte
lysate (Promega) containing [35S]methionine (Amersham-Pharmacia)
and, where indicated, two equivalents of nuclease-treated rough
microsomes prepared from dog pancreas (Martoglio et al., 1998),
10 mM (Z-LL)2-ketone (Weihofen et al., 2000) and 30 mM N-benzoyl-
Asn-Leu-Thr-methyamide (Martoglio et al., 1998). Samples were
incubated for 30 min at 30°C. Membranes were next treated with
500 mM KOAc, recovered by centrifugation through a 500 mM sucrose
cushion, and prepared for SDS±PAGE as described previously (Weihofen
et al., 2000).

Expression in tissue culture cells, treatment with MG132
and deglycosylation
Prior to electroporation, the appropriate SpeI linearized pSFV-1 plasmids
were transcribed in vitro with SP6 RNA polymerase (Hope and
McLauchlan, 2000). Typical reactions were carried out in a volume of
20 ml and contained 40 mM Tris±HCl pH 7.5, 6 mM MgCl2, 2 mM
spermidine, 10 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM ATP, 1 mM
CTP, 1 mM UTP, 0.5 mM GTP, 1 mM m7G(5¢)ppp(5¢)G CAP analog,
40 U RNasin, 40 U SP6 RNA polymerase and 1.5 mg linearized DNA.
Reactions were performed at 37°C for 2 h.

BHK C13 cells were grown and maintained in Glasgow minimal
Eagle's medium supplemented with 10% new-born calf serum (NCS), 4%
tryptose phosphate broth and 100 IU/ml penicillin/streptomycin (ETC10).
Huh7 cells were propagated in Dulbecco's modi®ed Eagle's Medium
supplemented with 10% fetal calf serum, 2 mM L-glutamine, non-
essential amino acids and 100 IU/ml penicillin/streptomycin. For electro-
poration, cells were washed and treated with trypsin for detachment from
tissue culture containers. Detached cells were suspended in 20 ml of
growth medium and centrifuged at 400 g for 5 min at room temperature.
Cell pellets were suspended in 50 ml of PBSA [phosphate-buffered saline
(PBS) solution that lacks Ca2+ and Mg2+ salts] and centrifuged as before.
Pellets were suspended in PBSA at a ®nal concentration of ~2 3 107

cells/ml. Competent cells (0.8 ml) were mixed with in vitro transcribed
RNA in an electroporation cuvette (0.4 cm gap) and pulsed once either at
1.2 kV, 25 mF (for BHK cells) or 0.36 kV, 950 mF (for Huh7 cells) (Hope
and McLauchlan, 2000). Following electroporation, cells were diluted in
growth medium, seeded onto either tissue culture dishes or coverslips
in 24-well tissue culture plates and incubated at 37°C for 12 h. When
treated with MG132 (Boston Biochem), cells were incubated for 5 h after
electroporation at 37°C and supplemented with fresh medium containing
the protease inhibitor at a ®nal concentration of 2.5 mg/ml. Incubation was
continued at 37°C for a further 12 h before the cells were either
solubilized in sample buffer and prepared for SDS±PAGE and western
blot analysis, or ®xed for indirect immuno¯uorescence.

For deglycosylation, cells were dissolved in 0.5% SDS, 1%
b-mercaptoethanol at 100°C for 10 min at a concentration of ~6 3 106

cell equivalents/ml. Sodium citrate was added to 50 mM followed by
2000 U of endoglycosidase H (Roche Bioscience), and reactions were
incubated at 37°C for 1 h (Martoglio et al., 1998). Sample buffer was
added to dilute the extract to ~4 3 106 cell equivalents/ml and samples
were heated to 100°C as described above.

Immuno¯uorescence and staining of lipids
Cells grown on 13 mm coverslips were ®xed in either methanol at ±20°C
for 15 min, or 4% paraformaldehyde and 0.1% Triton X-100 in PBS at
4°C for 30 min. Following washing with PBS and blocking with PBS/
NCS (PBS containing 1% NCS), cells were incubated with primary
antibody (1/200 for JM122 and ALP98; 1/1000 for R308) for 2 h at room
temperature. Cells were washed with PBS/NCS and then incubated with
conjugated secondary antibody (either anti-mouse or anti-rabbit IgG
raised in goat) for 2 h at room temperature (Patel et al., 1999; Hope and
McLauchlan, 2000). Following incubation with both antibodies and
washing, lipid droplets were stained in paraformaldehyde-®xed cells by
brie¯y rinsing coverslips in 60% propan-2-ol followed by incubation with
0.5 ml of 60% propan-2-ol containing 1% Oil Red O for 1.5±2 min at
room temperature (Hope and McLauchlan, 2000). Coverslips were brie¯y
rinsed with 60% propan-2-ol, washed with PBS and H2O and mounted on
slides using Citi¯uor. Samples were analysed using a Zeiss LSM confocal
microscope.

Alkali extraction of tissue culture cells
Tissue culture dishes (150 mm) of Huh7 cells, electroporated with RNA
from the relevant pSF construct, were incubated at 37°C for 15 h. Cells
were washed twice and scraped into PBS. After pelleting at 300 g for
5 min at 4°C, cells were swollen in 600 ml of buffer A (10 mM
HEPES±KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT) for
10 min at 4°C and pelleted as before. Cell pellets were resuspended in
600 ml of buffer A and homogenized by passage 10 times through a 0.45
gauge needle. Intact cells and nuclei that survived homogenization were
pelleted by centrifugation at 1000 g for 10 min at 4°C. The resultant
supernatant was centrifuged at 100 000 g for 15 min at 4°C. This
generated crude membranes that were resuspended in 100 ml of freshly
prepared 100 mM Na2CO3 (pH 11.3) and incubated on ice for 15 min.
Soluble and insoluble material was separated by centrifugation through
200 ml of sucrose cushion (100 mM Na2CO3, 250 mM sucrose) at
130 000 g for 15 min at 4°C. For uniformity, all samples were delipidated
and proteins precipitated by addition of acetone to 25% and
trichloroacetic acid to 15%, respectively. Precipitated proteins were
recovered by centrifugation at 13 000 g for 5 min, washed with acetone,
dried and resuspended in sample buffer prior to electrophoresis on
polyacrylamide gels.

Antibodies
Antibodies used to detect HCV (monoclonal antibody JM122 and rabbit
antisera R308), E1 (rabbit antisera R528) and E2 proteins (monoclonal
antibody ALP98) have been described previously (Hope and
McLauchlan, 2000; Patel et al., 2001).
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SDS±PAGE and western blotting
Proteins and peptides were analysed by SDS±PAGE using either
Tris±glycine acrylamide gels (14% T, 2.7% C for Figure 1D; 13% T,
2.7% C for Figures 2D, 3A, 4A and B) (Laemmli, 1970) or Tris±bicine
acrylamide gels (15% T, 5% C, 8 M urea for Figures 1C and 2B; 9% T,
5% C, for Figure 2D) (Wiltfang et al., 1997; Weihofen et al., 2000).
Labelled proteins were visualized by a STORM phosphorImager
(Molecular Dynamics; IQMac v1.2). For western blot analysis, proteins
transferred onto PVDF membranes were blocked with 5% BSA in 20 mM
Tris±HCl pH 7.6, 140 mM NaCl and 0.1% Tween-20 for 1 h at room
temperature. Thereafter, membranes were incubated with the primary
antibodies (1/500 for JM122 and ALP98; 1/1000 for R528 and R308).
The appropriate secondary antibodies conjugated with horseradish
peroxidase were used at a dilution of 1/10±50 000, and bound antibody
was detected by enhanced chemiluminescence (Amersham-Pharmacia).
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