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The maturation of the core protein (C) of Hepatitis C virus (HCV) is controlled by the signal

peptidase (sp) and signal peptide peptidase (spp) of the host. To date, it remains unknown

whether spp cleavage influences viral infectivity and/or the assembly process. Here, evidence is

provided that cleavage by spp is not required for assembly of nucleocapsid-like particles (NLPs) in

yeast (Pichia pastoris). The immature NLPs (not processed by spp) show a density of 1?11 g ml”1

on sucrose gradients and a diameter of 50 nm. Co-expression of human spp (hspp) with C

generates the 21 kDa mature form of the protein and promotes the accumulation of non-enveloped

particles. The amount of non-enveloped particles accumulating in the cell was correlated

directly with the expression level of hspp. Furthermore, immunocapture studies showed that

hspp was embedded in the membranes of enveloped particles. These results suggest that

maturation of the C protein can occur after formation of the enveloped particles and that the

abundance of hspp influences the types of particle accumulating in the cells.

INTRODUCTION

Hepatitis C virus (HCV), a member of the genus Hepacivirus
in the family Flaviviridae, is the major cause of chronic liver
diseases such as cirrhosis and hepatocellular carcinoma
(Lauer & Walker, 2001). The HCV genome is a single,
positive-stranded RNA of 9600 nt, encoding a large poly-
protein of 3010 aa (Choo et al., 1989). The polyprotein is
processed into 10 structural and non-structural components
by cellular signal peptidase (sp) and signal peptide peptidase
(spp) or by virally encoded proteases (Lin et al., 1994;
Moradpour et al., 2002). These structural proteins include
the core protein (C), located at the N terminus of
the polyprotein, and the envelope glycoproteins E1 and
E2. The primary function of C is the assembly and packaging
of the RNA genome (Kunkel et al., 2001; Majeau et al.,
2004). C is cleaved from the polyprotein by a host sp into a
protein of 191 aa (p23) (Santolini et al., 1994). The C-
terminal region of the protein is hydrophobic, allowing the
protein to anchor to the endoplasmic reticulum (ER). A
second cleavage by human spp (hspp) separates the C
terminus of C from the rest of the protein and generates the
mature form of C, p21 (Hüssy et al., 1996; Ogino et al.,
2004).

hspp is a presenilin-related aspartic protease that catalyses
intramembrane proteolysis of signal peptides. This protein
comprises seven to nine putative transmembrane regions
embedded in the ER (Golde & Younkin, 2001) and exists as a
functional homodimer of 95 kDa (Nyborg et al., 2004). The

cleavage of C by hspp is believed to be important, as only the
hspp-matured form of C is found in HCV virions isolated
from the blood of infected patients (Yasui et al., 1998). This
maturation is also linked to the migration of C to the
nucleus, lipid droplets (Barba et al., 1997; McLauchlan
et al., 2002) and mitochondrion-associated ER membrane
(MAM) (Schwer et al., 2004). The association of C with lipid
structures appears to be crucial for the prevention of
degradation of the protein by proteasomes (Suzuki et al.,
2001).

Circulating HCV particles in chronically infected patients
can be divided into different populations: (i) lipoprotein-
associated virions with densities of 1?00–1?06 g ml21 on a
sucrose gradient; (ii) free enveloped virions with a density of
1?08–1?11 g ml21; (iii) virus particles of 1?17–1?21 g ml21,
associated with immunoglobulins; and (iv) non-enveloped
particles with high densities of 1?22–1?25 g ml21 (Miyamoto
et al., 1992; Hijikata et al., 1993; Kanto et al., 1994; Choo
et al., 1995; Prince et al., 1996; Ishida et al., 2001; André
et al., 2002). In chronic infections, the dominant population
shifts from low-density to high-density particles with the
progression of liver disease or inflammation (Kanto et al.,
1995; Watson et al., 1996). A plausible explanation for
the presence of non-enveloped particles in the blood is
their release into the circulation by the lysis of infected
hepatocytes that accompanies liver inflammation. Non-
enveloped particles have also been detected as viral
inclusions in the cytoplasm of liver cells of infected
patients (Falcón et al., 2003). However, the production of
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non-enveloped particles and their secretion are not very well
understood.

Yeast has been shown to be useful in the study of virus
replication and assembly (Sakuragi et al., 2002; Schwartz
et al., 2004). Expression of C in the yeast Pichia pastoris leads
to the formation of nucleocapsid-like particles (NLPs) that
are very similar in size and shape to the virus found in the
blood of infected patients (Falcón et al., 1999; Acosta-Rivero
et al., 2001). In this study, we investigated the effect of hspp
cleavage on NLP assembly and formation in yeast. We
observed the formation of NLPs in cells expressing C in the
absence of maturation. Co-expression of hspp correlated
with an increase in the number of non-enveloped particles.
Interestingly, the hspp protein was present at the surface of
the enveloped NLPs. It appears that the protein is captured
together with the membranes during virion formation and is
exposed at the surface of the virus. A model for HCV particle
formation is discussed.

METHODS

Cloning of the HCV C, CE1E2 and hspp proteins and their
expression in P. pastoris. The clone of P. pastoris expressing
HCV C (1–191) has been described previously (Majeau et al., 2004).
Plasmid pCV-H77c, with a cDNA clone of strain H77 (genotype 1a)
of HCV (generously provided by J. Bukh, NIH, Bethesda, MA,
USA), was used to PCR-amplify the structural genes of HCV CE1E2,
which contains the nucleocapsid protein and the two envelope
proteins, E1 and E2. CE1E2 was amplified by PCR with primers
59-AAAACGCAGAGATCTATTAATTAATAATAATGTCTACGAAT-
CCTAAACCTCAAAGAAAAACC-39 and 59-AGCTGAATTCTTAC-
GCCTCCGCTTGGGA-39. DNA products were then digested with
BglII and EcoRI and ligated into the yeast vector pPIC3.5K
(Invitrogen) to generate the clone CE1E2 (aa 1–747). The vector
containing the structural genes was linearized by digestion with
PmeI. The DNA clone was introduced into P. pastoris GS115 by
spheroblasting and transformants were selected on geneticin plates
(G418) according to the protocol provided by Invitrogen.

C (1–179) was amplified by PCR using primers 59-CCTCCCA-
TGGTGAGCACGAATCCTAAACCTCAAGAAAAAACC-39 and 59-
GACGGGATCCTCACAGAAGGAAGATAGAGAAAGAGCAACC-39,
and cloned as an NcoI–BamHI fragment in vector pET-3d (Novagen).
Escherichia coli strain BL21 Star (Invitrogen) was then used to express
the protein as described previously (Majeau et al., 2004).

Plasmid pDAW200 (generously provided by Professor Dr Ari Helenius
and Dr Bruno Martoglio, ETH Zurich, Switzerland) was used to
generate the hspp gene. hspp was amplified by PCR with primers 59-
CTTGTTGAATTCCGAGCTCACTAGTTCACC-39 and 59-AGAACT-
CTAGAGCTTCCTGAGAGCTCGGC-39. DNA products were then
digested by EcoRI and XbaI and ligated into pPIC6 B (Invitrogen) to
create the clone hspp. The vector containing the hspp gene was
linearized by digestion with PmeI. The DNA clone was introduced by
electroporation into P. pastoris that already contained the C or CE1E2
gene and transformants were selected on blasticidin plates (Invi-
trogen). Recombinant proteins were induced with 1 % methanol and
extracted as described previously (Majeau et al., 2004).

SDS-PAGE and Western blotting. After lysis, protein extracts
were denatured by mixing with an equal amount of buffer-saturated
phenol and vortexing for 2 min. The hydrophobic phase was recovered
after centrifugation at 20 000 g for 5 min and mixed with 5 vols

methanol/0?1 M ammonium acetate solution. Proteins were recovered
after 1 h incubation at 220 uC and spun at 13 000 r.p.m. for 5 min.
Pellets were washed with methanol and, after drying, mixed with SDS
loading dye. Tris/glycine and Tris/Bicine SDS-PAGE were performed
as described by Lemberg & Martoglio (2003). After migration, proteins
were transferred to nitrocellulose membranes by using a Trans-Blot
apparatus (Bio-Rad) and revealed with an anti-C antibody (C1–170;
Majeau et al., 2004) or with anti-hspp antibodies (generously provided
by Dr Todd E. Golde, Mayo Clinic, Jacksonville, FL, USA).

Density-gradient centrifugation. After lysis, yeast extracts were
spun at 20 000 g and the supernatant was passed through a 0?2 mm
filter. Protein concentration was determined by BCA protein assays
(Pierce) and equal loads of protein were layered onto a continuous
(10–60 % w/w) sucrose gradient [50 mM sodium citrate, pH 6, and
300 mM NaCl (final concentration)] and centrifuged for 20 h at
4 uC at 120 000 g in an NVT65 rotor (Beckman). For some experi-
ments, similar amounts of C as determined by ELISA were separated
by ultracentrifugation. Fractions were collected, mixed with NP-40
(0?6 %) and analysed by ELISA using a polyclonal rabbit antibody
against HCV C protein (C1–170) (Majeau et al., 2004). When
stated, yeast extracts were incubated with 0?6 % NP-40 for 30 min at
4 uC before loading onto the sucrose gradient. ER membranes were
labelled by inducing yeast in medium supplemented with 0?1 mM
ER-Tracker Green (glibenclamide BODIPY FL; Invitrogen).
Fluorescence in the sucrose fraction was analysed on a Typhoon
9200 fluorescence imager (Amersham Biosciences). To measure
intact mitochondria in the gradient fractions, 2?5 mM MitoTracker
Red CM-H2XRos (Invitrogen) was mixed with 100 ml sample diluted
in 200 ml PBS and incubated at 25 uC for 1 h. Fluorescence was
detected on a Typhoon 9200 imager (Amersham Biosciences).

Electron microscopy (EM). Samples were absorbed onto 400-
mesh carbon–Formvar grids (Canemco) for 5 min. Grids were
washed with TBS and stained for 5 min with filtered 2 % (w/v)
uranyl acetate. Immunogold labelling was performed as described
previously (Majeau et al., 2004), using anti-hspp antibodies. Grids
were examined under an electronic microscope with an acceleration
voltage of 60 kV at a magnification of 6100 000.

Immunocapture. After sucrose-gradient centrifugation, protein
samples (100 ml) were diluted in PBS (pH 7?2) and mixed with mag-
netic beads (Dynabead m-280) conjugated to a sheep anti-rabbit
antibody that had previously been incubated for 30 min with rabbit
anti-hspp antibody, and then washed carefully. After 1 h incubation
at 4 uC, protein mixes were exposed to magnetic forces and washed
three times with PBS. SDS loading dye was added to the tube and
extracted proteins were analysed by Western blot using anti-C anti-
body as described above.

RESULTS

Expression of HCV C in P. pastoris and its
maturation by hspp

Expression and maturation of the HCV C protein were
analysed in the yeast P. pastoris. The HCV C protein (aa
1–191) and CE1E2 polyprotein (aa 1–747) were cloned
and expressed under the control of a methanol-inducible
promoter in P. pastoris. After 24 h induction, proteins were
extracted, separated by SDS-PAGE and analysed by Western
blot using an anti-C antibody (Fig. 1a). The 179 aa C
recombinant protein expressed and purified from E. coli
served as a control for the fully processed HCV C (Fig. 1a,
lane 1). The full-length C expressed from the C construct
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(1–191) appeared as a single band of 23 kDa (Fig. 1a, lane 2).
This protein migrated more slowly than the control protein of
179 aa from E. coli, suggesting that processing of C (1–191) by
spp to yield a protein of 177–179 aa (Hüssy et al., 1996;
McLauchlan et al., 2002; Ogino et al., 2004) is inefficient in
P. pastoris. Expression of the polyprotein CE1E2 produced
seven to ten times less C protein in the yeast than expression of
the C (1–191) construct. Interestingly, the maturation of C
from CE1E2 was complete after 24 h expression (Fig. 1a,
lane 4). Acosta-Rivero et al. (2001) also observed the
maturation of the C protein when the polyprotein CE1
(1–339) was used in P. pastoris. This result suggests that, in
the context of the polyprotein, C adopts a different
conformation in the C-terminal portion of the protein that
allows a more efficient cleavage by the yeast spp-like enzymes.

To induce maturation of C (1–191) in P. pastoris, the hspp
gene (Weihofen et al., 2002) was cloned in a yeast vector
and inserted into cells already transformed with C
constructs. hspp in yeast was detected as a high-molecular

-mass complex of approximately 100 kDa, as revealed by
Western blotting using polyclonal anti-hspp antibodies
(Fig. 1b). Consistent with our observation, hspp was shown
to migrate in SDS-PAGE as a homodimer of 95 kDa that was
resistant to SDS denaturation (Nyborg et al., 2004). The co-
expression of hspp with C (1–191) led to the production of a
smaller form of C co-migrating with the recombinant
control protein C (1–179) expressed in E. coli, suggesting a
complete maturation of the C protein (Fig. 1a, lane 3). We
also noticed that the C protein was more abundant when co-
expressed with hspp (two to four times more protein). As
the maturation of C in the context of the CE1E2 polyprotein
was complete, co-expression with hspp did not produce any
changes in the migration of the protein (Fig. 1a, lane 5);
however, as for the C construct (1–191), the C protein
content increased upon hspp expression.

hspp activity was revealed in a time-course experiment where
C and hspp were expressed together with a methanol-
inducible promoter (Fig. 2). A single band of 23 kDa was

(a) (b)

hspp hspp

21 kDa 66 kDa

C (1_191) C (1_191) CE1E2CE1E2

1 2 1 2 3 43 4 5 6

Anti-C Anti-hspp

_ _ _ _ _

_

+ + + +

Fig. 1. Expression of HCV C protein and of hspp in P. pastoris. P. pastoris expressing HCV C (aa 1–191) or CE1E2
(aa 1–746), alone or with the hspp gene, was grown under inducing conditions for 24 h. (a) Yeast cells were lysed and equal
loads of total protein were separated by SDS-PAGE and analysed by Western blotting using an anti-C antibody. As controls,
extracts of E. coli expressing C (1–179) were loaded in the first lane and extracts of P. pastoris expressing the empty vector were
loaded in the last lane. (b) Western blotting of C (1–191) and CE1E2; protein extracts were revealed by an anti-hspp antibody.

(a)

(c)

(b)

(d)

C (1_191) C (1_191)/hspp

CE1E2/hsppCE1E2

_ 0

0 3 6 24 24630

0 1 3 6 12 243 6 12 24

23 kDa

23 kDa

21 kDa

21 kDa

Fig. 2. Maturation of C protein in P. pastoris by hspp. P. pastoris expressing HCV C (1–191) or CE1E2, alone or with the
hspp gene, was grown under inducing conditions for the induction times indicated (in h) at the top of each gel. Yeast cells
were lysed and proteins [10 mg total protein for the C construct (1–191) and 25 mg for CE1E2] were separated by SDS-
PAGE and analysed by Western blotting using an anti-C antibody. Extracts from mock-transfected cells are presented in the
first lane of the gel (a). The mark on the left of each gel corresponds to a 20?5 kDa protein marker.
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observed when the C construct (1–191) was expressed alone
(Fig. 2a). The protein remained unprocessed even 72 h after
induction (data not shown). However, co-expression of C
(1–191) with hspp led to the appearance of a processed form
(21 kDa) 1 h after induction (Fig. 2b). The 23 kDa precursor
had been processed completely to 21 kDa, 12 h after induction
of both proteins. In the context of the CE1E2 polyprotein, we
observed that C was processed to the 21 kDa form by the
yeast-encoded spp enzyme. However, co-expression of hspp
accelerated the maturation of C; the maturation was
completed after 3 h co-expression (Fig. 2d), instead of after
24 h when CE1E2 was expressed alone (Fig. 2c).

Effect of hspp on the accumulation of
non-enveloped NLPs

Production in P. pastoris of NLPs similar in size and density
to HCV virions has been shown previously (Acosta-Rivero
et al., 2001, 2003). To evaluate the importance of maturation
on the formation of particles, C (1–191) clones, with or
without hspp, were selected for sedimentation analysis.
These clones showed similar levels of C mRNA on Northern
blot (data not shown). Eight or 24 h after induction,
proteins were extracted from yeast, clarified by centrifuga-
tion and applied to a sucrose-density gradient (10–60 % w/w)
with an equal load of total protein. Fractions containing
NLPs were analysed by ELISA. In the absence of hspp, the
C protein was detected in fractions with a density of
1?08–1?12 g ml21 (Fig. 3a). NLPs made of immature C
protein showed a density similar to that of virions from the
blood of infected patients (1?08–1?11 g ml21) (Miyamoto
et al., 1992; Kanto et al., 1994), suggesting that these particles
were enveloped with ER membranes. In this manuscript, we
will call ‘enveloped NLPs’ those found at densities ranging from
1?08 to 1?11 g ml21. As described before for HCV virions
(Miyamoto et al., 1992), treatment of the samples with NP-40
before sedimentation was efficient at removing membranes
associated with NLPs and shifted the C protein to densities of
1?22–1?25 g ml21 (Fig. 3c), which corresponds to the density
of non-enveloped particles. However, we observed fewer
particles in samples treated with the detergent. As described by
Thomssen & Bonk (2002), removing lipid membranes from the
particles greatly affects the stability of the nucleocapsid.

Interestingly, co-expression of C with hspp generated a
different pattern of sedimentation. Besides the peak at a
density of 1?08–1?12 g ml21, the C protein was present at
densities of 1?15–1?19 and 1?22–1?26 g ml21 after 24 h
induction (Fig. 3a). C was not detected in the dense fraction
when induced for only 8 h. When samples were collected
3 h after induction, the two forms of C (21 and 23 kDa)
(Fig. 2b, lane 3) were present in the fraction with a density of
1?11 g ml21 (data not shown), suggesting that enveloped
NLPs can be made of both the matured and the unprocessed
forms of C.

It has previously been described that, after cleavage by spp,
the C protein associates with the outer membranes of the
mitochondria (Schwer et al., 2004). In order to detect these
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Fig. 3. Sucrose density-gradient fractionation of HCV particles
produced in P. pastoris. (a) After 8 or 24 h induction, yeast cells
expressing the C construct (1–191), with or without the hspp pro-
tein, were lysed and filtered with 0?2 mm membranes. Total protein
(5 mg) was loaded onto a 10–60% (w/w) continuous sucrose gra-
dient and separated by ultracentrifugation. Collected fractions were
treated with NP-40 (0?6%) and C protein was analysed by ELISA
with an anti-C antibody. Mitochondria were detected in the sucrose
fractions with MitoTracker Red CM-H2XRos. The bar shows the
density where the MitoTracker was found. (b) Measurement of the
fluorescence of 0?1 mM ER-Tracker Green (glibenclamide BODIPY
FL) after separation on a sucrose gradient for yeast cells expressing
C (1–191), C (1–191)/hspp or hspp alone, which were induced
for 24 h in medium supplemented with 0?1 mM ER-Tracker Green
(glibenclamide BODIPY FL) before sucrose-gradient separation.
The fluorescence associated with ER membranes was detected by
using a Typhoon 9200 fluorescence imager. (c) Sucrose density-
gradient fractionation of protein extract of yeast expressing C
(1–191) incubated with NP-40 (0?6%) for 30 min at 4 6C before
sedimentation on the gradient.
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organelles, we mixed MitoTracker Red CM-H2XRos, a
reduced dye that becomes fluorescent when entering an
actively respiring mitochondrion, with the sucrose-
gradient fractions. We detected fluorescence in the fractions
with densities of 1?16–1?20 g ml21, fractions previously
described to contain mitochondria (Lee et al., 1969;
Walworth et al., 1989) and corresponding to the second
peak of mature C protein. As for ER membranes, they were

detected in the sucrose fraction by using glibenclamide
conjugated to a fluorochrome (ER-Tracker Green dye).
Glibenclamide binds to the sulphonylurea receptors of
ATP-sensitive K+ channels, which are prominent on the ER.
This dye is highly selective for the ER and rarely stains
mitochondria. Yeast expressing the C construct (1–191),
hspp or both was induced in medium containing 0?1 mM
ER-Tracker Green dye for 24 h. Extracts were separated on
a sucrose gradient and fluorescence in the samples was
evaluated on a phosphorimager. As shown in Fig. 3(b), in
the hspp extract, ER membranes were present at densities of
1?16–1?20 g ml21, as for the mitochondria. However, the
presence of C shifted some of the ER membranes to less-
dense fractions. ER membranes are expected to be associated
with the NLPs with a density of 1?11 g ml21.

Particles of different densities in the fractions were
visualized by EM (Fig. 4). In fractions with a density of
1?11 g ml21 from C (1–191)-expressing cells, particles of
35–60 nm in diameter were observed (Fig. 4a), suggesting
that the immature protein of 23 kDa can assemble into
NLPs. These particles were similar to C (1–191)/hspp NLPs
present at the same density (Fig. 4b) and resembled
enveloped virus particles isolated from infected patients
(Kaito et al., 1994). Non-enveloped NLPs from C (1–191)/
hspp-expressing cells, detected at a density of 1?25 g ml21,
showed a diameter of 28–45 nm (Fig. 4c), i.e. within the size
range of non-enveloped particles characterized previously
(Maillard et al., 2001). In the 1?17 g ml21 density fraction,
we observed membranes, aggregated material and mito-
chondria, but NLPs were not found.

To correlate the accumulation of non-enveloped NLPs with
the amount of hspp, we selected clones of yeast expressing
different concentrations of the hspp protein. For each
isolate, the same amount of C was separated by sucrose-
gradient centrifugation. We observed a correlation between
the variations of C protein in the 1?25 g ml21 fraction and
the expression level of hspp in the cells (r2=0?96) (Fig. 5).
We showed earlier that the rate of C maturation in the

C (1_191), 1.11 g ml
_1 C (1_191)/hspp, 1.11 g ml

_1 C (1_191)/hspp, 1.25 g ml
_1

(a) (b) (c)

Fig. 4. Electron micrographs of HCV particles separated by sucrose-gradient centrifugation. Following centrifugation, the
1?11 g ml”1 fraction (a) from extracts of yeast expressing the C construct (1–191) and 1?11 g ml”1 (b) and 1?25 g ml”1 (c)
fractions from yeast expressing it in combination with hspp were absorbed onto grids and washed before staining with 2%
uranyl acetate. Bars, 200 nm.
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Fig. 5. Effect of co-expression of C and hspp on the accumu-
lation of non-enveloped particles. P. pastoris cells expressing
the C construct (1–191) were co-transformed with the hspp
gene to generate several transformants expressing different
levels of hspp (numbered 1–6). C concentration was deter-
mined by ELISA and 60 mg C from the different extracts was
separated on a 10–60% (w/w) sucrose gradient. Fractions at
a density of 1?25 g ml”1 were analysed by ELISA with an anti-
C antibody and the results were compared with the hspp con-
tent in total extracts, determined by ELISA using an anti-hspp
antibody. Dark-shaded bars, hspp protein; light-shaded bars,
non-enveloped NLPs. The small graph shows the direct correla-
tion between the level of hspp and the accumulation of non-
enveloped particles; r2=0?9617.
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context of the CE1E2 polyprotein increased upon expression
of hspp. We also subjected these samples to the sedimenta-
tion experiment. As for C isolates, increasing hspp activity
resulted in a higher accumulation of non-enveloped
particles (Fig. 5). These results suggest that the amount of
hspp in the cell has a direct impact on the accumulation of
non-enveloped NLPs.

Association of hspp with enveloped NLPs

The hspp protein has been shown to be associated with
the ER membrane (Martoglio & Golde, 2003). As ER
membranes are a component of HCV virions (Dubuisson
et al., 2002; Roingeard et al., 2004), we hypothesized that
hspp could become sequestered during the budding process.
To explore its association with the different forms of NLPs,
we searched for its presence in the different fractions of the
sucrose-density gradient. As expected, hspp, in the absence
of C, was recovered with fractions of a density between 1?18
and 1?20 g ml21, with rough ER membranes (Walworth
et al., 1989) (Fig. 6). However, co-expression of the C
protein triggered a change in sedimentation of the protein.
We observed a shift of all the hspp toward the 1?11 g ml21

fraction, containing enveloped particles. In cells with high
expression of hspp, the protein could also be detected at a
density of 1?20 g ml21, probably due to saturation of the
NLPs (data not shown).

To confirm the presence of hspp at the surface of the NLPs,
we captured the particles by using an anti-hspp antibody. A
Western blot was performed to detect the presence of C
within the isolated complex (Fig. 7a). Antibodies against
hspp were able to pull down the C protein from the
enveloped NLP fraction of the C (1–191)/hspp extract
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Fig. 6. Analysis of hspp sedimentation on sucrose gradients.
Yeast extracts were filtered and 5 mg protein was separated
on a 10–60% (w/w) continuous sucrose gradient. Protein sam-
ples were analysed by ELISA with an anti-hspp antibody.
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Fig. 7. Immunocapture of HCV particles with antibodies against hspp. (a) Total proteins of yeast extracts were separated by
sucrose-gradient sedimentation. An hspp pull-down assay using the anti-hspp rabbit polyclonal antibody and magnetic beads
coated with anti-rabbit antibody was done on the sucrose density-gradient fractions. After washing, proteins were denatured
and analysed by Western blotting using an anti-C antibody. Yeast extracts with the empty vector are found in lane 1. The
pellets of the pull-down assay were loaded in lanes 3, 5, 7, 8, 10 and 12 and the other lanes represent protein samples before
the immunoprecipitation. (b) Particles from C (1–191)/hspp-expressing cells present in the 1?11 g ml”1 fraction were
absorbed onto grids and labelled with an anti-hspp antibody, followed by a gold-conjugated anti-rabbit antibody. Bar, 100 nm.
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(Fig. 7a, lane 7), but could not extract C from the sucrose
fractions generated with samples of the cells expressing
either the C construct (1–191) or hspp (Fig. 7a, lanes 3 and
5). Also, the anti-hspp antibody was unable to pull down
C from fractions of 1?17 and 1?25 g ml21 density in C
(1–191)/hspp extracts (Fig. 7a, lanes 10 and 12), suggesting
that hspp is not associated directly with C, but rather with
the ER membranes surrounding NLPs. Enveloped NLPs
from cells expressing C (1–191)/hspp were immunolabelled
with anti-hspp antibody and labelled with gold with a
secondary IgG to be visualized by EM (Fig. 7b). We did not
detect any labelling of the HCV NLPs when the secondary
IgG (gold anti-rabbit antibody) was used alone. The number
of gold particles (two to five) found on the surface of the
NLPs was low, suggesting that hspp is not abundant on the
surface of the envelope of the NLPs. This is consistent with
the data obtained with the immunoprecipitation (Fig. 7a),
where only a fraction of NLPs could be pulled down with
hspp IgG. However, both experiments show the association
of hspp with the envelope of the NLPs.

DISCUSSION

The P. pastoris yeast-expression system was shown to be a
good system for expressing the HCV C protein and to study
the formation of NLPs, as observed by Acosta-Rivero et al.
(2002). NLPs were present on membranes of the ER and in
vacuoles of P. pastoris. Anchoring of C into the ER via its C
terminus was showed to be essential for accumulation of
NLPs (Majeau et al., 2004). Processing and maturation of C
from the CE1 polyprotein were also observed in these cells
(Acosta-Rivero et al., 2003). In this study, we showed that
maturation of full-length C to its matured form (21 kDa)
was inefficient in P. pastoris cells expressing the C (1–191)
construct. Other mammalian proteins expressed in yeast
have been reported to be processed poorly by the host spp
(Weihofen et al., 2002; Wu & Chang, 2004). However, we
observed maturation of C by the yeast-encoded spp (or spp-
like protease) when it was expressed as the polyprotein
CE1E2. These results suggest that the C terminus of C is
presented in a more favourable context for cleavage by spp
when produced with the polyprotein.

The resistance of C (1–191) to cleavage by the yeast spp
allowed us to show that the maturation of C is not essential
for the budding process and that immature C protein is able
to recruit membrane around the NLPs. We observed that
immature full-length C can generate NLPs of 35–60 nm
diameter with a density of 1?11 g ml21. Treatment with NP-
40 removed the envelope and shifted the NLPs to a density of
1?25 g ml21, as shown for HCV particles isolated from the
serum of infected patients (Miyamoto et al., 1992; Kanto
et al., 1994; Ishida et al., 2001). However, the C protein
detected in the blood of infected patients was present only as
the mature 21 kDa form (Yasui et al., 1998). Interestingly,
we did not find free C protein associated with the rough ER
membrane fraction occurring at a density of 1?18 g ml21

(Walworth et al., 1989), suggesting that encapsidation and

NLP formation are processes that occur rapidly after
synthesis.

We observed that the yield of C in yeast was higher when
the protein was co-expressed with hspp. It is likely that
overexpression of C alone leads to clogging in the ER, which
affects the fitness of the yeast and thus the yield of protein.
The maturation of C with hspp promotes the release of C
from this compartment, probably releasing the physiologi-
cal stress on the cell.

Co-expression of hspp in yeast led to efficient processing of
C into its mature form. The processed C protein was found
at three different densities: 1?11 g ml21 (enveloped NLPs),
1?17 g ml21 (free C protein) and 1?25 g ml21 (non-
enveloped NLPs). It has previously been proposed that C,
after hspp cleavage, travels along the ER membrane and
reaches the surface of lipid droplets that are formed between
the two layers of the ER membrane (McLauchlan et al.,
2002) or diffuses to the surface of MAM (Schwer et al.,
2004). Yeast produces a small number of cytosolic lipid
bodies (Murphy & Vance, 1999). This shortage in lipid
droplets may favour accumulation of C on the surface of
mitochondrial membranes. The MAM fraction is described
as fractionating at a density of 1?17–1?20 g ml21 after
sucrose-gradient centrifugation (Rusiñol et al., 1994). The
presence of C protein in the 1?17 g ml21 fraction probably
reflects association with these structures.

Non-enveloped particles have been detected in blood and in
hepatocytes (Miyamoto et al., 1992). The degree of liver
inflammation also influences the number of non-enveloped
virions circulating in the blood (Kanto et al., 1994). Here, we
demonstrate that maturation of the C protein by hspp is
essential for the production of free nucleocapsid in the cells.
C protein was only present in the 1?25 g ml21 fraction when
hspp was co-expressed. The accumulation of NLPs also
correlated with the amount of hspp expressed in yeast. These
results suggest that, after maturation by hspp, C protein
is free to move from the ER membranes and becomes
organized in NLPs without any lipid envelope. This capacity
to self-assemble without ER membranes has been observed
in in vitro experiments where the purified protein mixed
with structured RNA was sufficient for producing particles
(Kunkel et al., 2001; Lorenzo et al., 2001; Majeau et al.,
2004).

Protein concentration is important in the initiation of NLP
formation. C needs to be expressed at a very high level to
trigger the formation of NLPs in cellular systems (Baumert
et al., 1998; Blanchard et al., 2002; Ezelle et al., 2002; Greive
et al., 2002). As the C protein is first trapped in enveloped
NLPs, only a small amount of mature protein is available for
the formation of non-enveloped NLPs. This can account for
the late production of non-enveloped NLPs after expression.

Several viruses carry the proteases necessary for maturation
of their nucleocapsid within the virus particle itself (Greber
et al., 1996; Andrés et al., 2001). Similarly, our experiments
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show that hspp is sequestered within the membrane
of enveloped NLPs. In sedimentation experiments, we
observed a shift of hspp toward the fraction of enveloped
particles. C was also pulled down when samples were
incubated with anti-spp antibody. It was shown previously
that hspp is not associated directly with the C protein
(Okamoto et al., 2004). We propose that immature C
protein triggers the formation of a virion-like structure,
incorporating ER membrane via its C-terminal anchoring
domain, thus capturing hspp associated with the ER
(Fig. 8). The capsid possibly comprises both mature and
immature protein. Completion of the maturation of the
virus particle can then occur after the budding process.

For several viruses, including Human immunodeficiency
virus 1, the maturation of the capsid protein by a protease
activity is important for infectivity of the virus (Kiernan
et al., 1998; Alejo et al., 2003). It is likely that this also applies
to HCV. Consistently, Kato et al. (2003) provided evidence
that a mutation in the HCV C protein that decreases the
efficiency of maturation of the 23 kDa precursor to the
21 kDa mature form by the hspp also affects the infectivity
of the virus. As previously proposed by Martoglio & Golde
(2003), this observation suggests that if we could inhibit the
activity of the hspp with a specific drug, we could maintain
the C protein in its 23 kDa precursor form and decrease the
infectivity of the virus. This approach could help chronically
infected patients to clear the infection.

The amount of hspp protein is probably an important factor
in the infection process. It is likely that a large proportion of
hspp is sequestered in budding virions, simultaneously
reducing the amount of the enzyme in the ER compartment
of the infected cells. The lack of hspp can be toxic for the cells
(Wu & Chang, 2004) and can impair the immune response
by affecting the maturation and migration to the surface of
major histocompatibility complex (MHC) class I antigens

(Bland et al., 2003). Consistent with this observation, it was
shown recently that MHC class I presentation by dendritic
cells was impaired in transgenic mice expressing HCV
structural proteins (Hiasa et al., 2004).

In summary, we have shown that the level of hspp protein
influences the number of non-enveloped particles. The
major HCV populations are described as changing from
virions to nucleocapsids with the progression of liver disease
or inflammation (Kanto et al., 1995; Watson et al., 1996). It
is possible that a change in hspp expression occurs during
HCV infection and that this contributes to an increase in
non-enveloped particles in infected cells. We are currently
investigating the effect of HCV infection on hspp in infected
patients.
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