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Abstract

Different variants of hepatitis C virus core protein (HCcAg) have proved to self-assemble in vitro into virus-like particles (VLPs).
However, difficulties in obtaining purified mature HCcAg have limited these studies. In this study, a high degree of monomeric
HCcAg purification was accomplished using chromatographic procedures under denaturing conditions. Size exclusion chromatog-
raphy and sucrose density gradient centrifugation of renatured HCcAg (in the absence of structured RNA) under reducing condi-
tions suggested that it assembled into empty capsids. The electron microscopy analysis of renatured HCcAg showed the presence of
spherical VLPs with irregular shapes and an average diameter of 35 nm. Data indicated that HCcAg monomers assembled in vitro
into VLPs in the absence of structured RNA, suggesting that recombinant HCcAg used in this work contains all the information
necessary for the assembly process. However, they also suggest that some cellular factors might be required for the proper in vitro

assembly of capsids.
© 2004 Elsevier Inc. All rights reserved.
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The hepatitis C virus (HCV) is an RNA virus that
replicates via a virally encoded RNA polymerase [1]. It
is thought that the viral particle consists of a nucleocap-
sid containing a positive-sense, single-stranded RNA
genome of approximately 9500 nucleotides (nt) [2].
The HCV nucleocapsid is surrounded by an envelope
derived from host membranes into which are inserted
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the virally encoded glycoproteins (E1 and E2) [3]. The
viral products (core, E1, E2, NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) are processed from a 3000-amino
acid (aa) polyprotein expressed from a single open read-
ing frame [4,5].

The biogenesis of HCV core protein (HCcAg) is
dependent on the interaction of the signal sequence of
nascent polypeptide with the endoplasmic reticulum
(ER) membrane [5,6]. In the ER lumen, the cleavage be-
tween aa 191 and 192 by cellular signalase generates the
immature form of HCcAg (P23). Additional processing
of P23 by the intramembrane protease signal peptide
peptidase (SPP) between aa 173 and 182 produces the
mature HCcAg (termed P21) (Note that some authors
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referred P23 and P21 as P21 and P19, respectively) [7-9].
In addition, it has been shown that HCcAg processing in
yeast cells is similar to that observed in mammalian
cells, suggesting that processing of HCcAg by a signal
peptidase occurs in yeast [10,11].

It has been suggested that P21 represents the native
HCcAg found in viral particles present in the sera of
HCV-infected patients [12,13]. Non-enveloped HCV
nucleocapsids present in the plasma and hepatocytes
of HCV-infected individuals showed diameters between
33 and 62 nm [14-16]. Besides, optical rotational EM
techniques have revealed that the structure of the
HCV capsid exhibits sixfold symmetry with a regular
hexagon side of 20 nm [15]. These particles showed a
buoyant density of 1.22-1.25 g/ml in sucrose gradients
and of 1.32-1.34 g/ml in CsCl gradients [15-17]. In addi-
tion, nucleocapsid-like particles (NLPs) produced in
yeast, Escherichia coli, and insect cells showed similar
size and buoyant density to naturally occurring nucleo-
capsids [16,18-22]. Moreover, different variants
of HCcAg have proved to self-assemble in vitro into
NLPs [22-24]. However, difficulties in obtaining purified
mature HCcAg have limited these studies [23].

The fact that structures resembling HCV nucleocap-
sid particles in a mature stage assembled in Pichia pasto-
ris cells and also in vitro could facilitate studies
concerning structural composition and assembly mecha-
nisms [19,20,22,23]. In this study, the intrinsic ability of
the mature form of processed HCcAg produced in
P. pastoris cells to assemble in vitro into virus-like par-
ticles (VLPs) was investigated.

Materials and methods

Pichia pastoris strains and growth conditions. The P. pastoris strain
MP-36/C-E1.339, transformed with pNAO.COE1.339 plasmid coding
for the entire HCcAg and the first 148 aa of the HCV El protein has
been previously described [18]. The MP-36 strain was used as a neg-
ative control [18]. MP-36/C-E1.339 and MP-36 strains were grown
using conditions already established [18]. At the end of the yeast cell
culture (24 h after the induction of HCcAg expression), the cells were
harvested and washed twice in TEN buffer (50 mM Tris—-HCI, pH 8.0,
ImM EDTA, and 150 mM NacCl).

Proteins and antibodies. Trypsin inhibitor from soybean (TPS)
(molecular mass of 21,500 Da) was obtained from Sigma Chemical (St.
Louis, USA). Particulate hepatitis B surface antigen (HBsAg)
(molecular mass of 10° Da) was obtained from CIGB, Cuba [25]. A
mouse monoclonal antibody against the residues 5-35 of HCcAg
(mAb SS-HepC.1) was used to detect HCcAg in immunoblotting
experiments [18].

Purification of HCcAg. Cell disruption was performed using glass
beads in TEN buffer containing or not 5 mM dithiothreitol (DTT) and
PMSF 1| mM. The lysate was clarified by centrifugation at 12,000g for
20 min, and supernatant and pellet fractions were obtained. After cell
disruption, the pellet fraction was treated with 2 M urea in TEN buffer
containing or not 5mM DTT (a ratio of 10 ml for each gram of cel-
lular debris was used) and homogenized by sonication. The suspension
was incubated for 120 min at room temperature with gentle agitation

and centrifuged at 12,000g for 20 min. Then the pellet fraction was
treated with 8 M urea in TEN buffer containing or not 5 mM DTT (a
ratio of 10 ml for each gram of cellular debris was used) and homog-
enized by sonication. The suspension was incubated overnight at 4 °C
and then clarified by centrifugation at 12,000g for 20 min. The ex-
tracted HCcAg was applied to a cation-exchange column (Fractogel
EMD SO3 M Merck, Germany) previously equilibrated with 8 M urea
in TEN buffer containing 5 mM DTT. HCcAg was eluted with a linear
NacCl gradient. Fractions containing HCcAg with more than 50% of
purity were pooled and subsequently applied to a reverse-phase high-
pressure liquid CNpropyl chromatography column (J.T. Baker, USA)
and eluted with a linear gradient from 0.1% trifluoroacetic acid in
water to 0.1% TFA in acetonitrile. Afterwards, eluted HCcAg (0.5 mg/
ml) was dialyzed against TEN buffer and 1% Glycerol (TENG) con-
taining or not 1 mM DTT as previously described [23]. Nucleic acids
were analyzed by agarose gel electrophoresis [24].

Analysis in Sepharose CL-6B gel filtration chromatography. One
milliliter of either denatured or renatured HCcAg, or HBsAg [25] and
TPS was applied to a column (60 x 1.6 cm diameter) of Sepharose CL-
6B (Pharmacia, Sweden) equilibrated with TEN buffer containing
5SmM DTT. In the case of denatured HCcAg the column was equili-
brated with TEN buffer containing SmM DTT and 8 M urea. They
were run at a flow rate of 0.5 ml/min.

Equilibrium sucrose density gradient centrifugation. Five hundred
microliters of either denatured or renatured HCcAg was applied to a
5-50% (w/v) sucrose density gradient in TEN buffer containing 5 mM
DTT, centrifuged at 100,000g for 16 h in a Beckmann SW40Ti rotor,
and fractionated. Five hundred microliter aliquot of each fraction was
collected from the bottom of the tube. The refractive index of each
fraction was measured using an Abbe-3L refractometer (Milton Roy).
To detect HCcAg, fractions were assayed by Dot blot as previously
reported [18]. The intensity of the resultant bands was quantified by
measuring the optical density with the Eagle Eye II still video system
(Stratagene).

Protein analysis. Samples were directly mixed with an equal volume
of 2x Laemmli sample buffer in the presence or absence of reducing
agent (5 mM DTT) and heated for 10 min. Then protein samples were
separated in a 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and stained with Coomassie brilliant
blue R250 (CBB, Sigma, St. Louis, USA) [26]. The purity was deter-
mined using the software 1-D Manager for Windows 95 (Ver. 2.0, TDI,
sa, Madrid, Spain). HBsAg and HCcAg were quantitated using Dc
Protein assay (Bio-Rad).

Immunoblotting assay. For immunoblotting the samples were either
directly applied or electrotransferred to a nitrocellulose membrane and
binding of antibodies was detected as previously described [18].

Electron microscopy. Denatured HCcAg or renatured HCcAg
containing or not | mM DTT was fixed in glutaraldehyde and nega-
tively stained with uranyl acetate prior to analysis by transmission
electron microscopy as previously described [23].

Results and discussion
HCcAg purification

It is known that the presence of the C-terminal
hydrophobic domain in HCcAg leads to problems with
purification on chromatographic support, even with the
addition of chaotropic molecules and/or detergents en-
abling total or partial solubilization [23,24,27]. Previ-
ously, the low soluble HCcAg obtained in P. pastoris
cells was purified using electrophoresis under denaturing
conditions [23]. However, this procedure enables small
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quantities of protein to be obtained [23,27]. To purify
more significant amounts of HCcAg as low-molecular
weight species and avoid interaction with any nucleo-
tides, HCcAg was extracted from pellet fractions using
8 M urea as denaturing agent under reducing condi-
tions. Thus, HCcAg was kept under strong denaturing
conditions. Reducing conditions were analyzed since
the HCcAg sequence corresponding to matured pro-
cessed protein contains two Cys residues at aa 128 and
172 [28]. The effect of reducing agent in the multimeriza-
tion of HCcAg was analyzed by SDS-PAGE under
reducing and non-reducing conditions, followed by
immunoblotting (Fig. 1). When the sample was analyzed
under non-reducing conditions, most of the HCcAg was
observed in concentrating gel as disulfide-linked aggre-
gates (Fig. 1, lane 2). However, under reducing condi-
tions, HCcAg migrated as a monomer of expected
molecular mass (P21) (Fig. 1, lane 1).

Therefore, the solubilization procedure under reduc-
ing conditions led to a high yield of released soluble
monomeric HCcAg and enabled it to be injected onto
a cation exchange column under strong denaturing con-
ditions. Fractions from this purification step were col-
lected and analyzed using SDS-PAGE (Fig. 2).
Fractions containing eluted HCcAg with purity higher
than 50% (Fig. 2, lanes 5, 6, and 7) were pooled and ap-
plied to a RP-HPLC CNpropyl column as a second
chromatographic purification step. The data in Fig. 3
demonstrate the high degree of purification accom-
plished with CNpropyl chromatography. HCcAg was
purified into a homogeneous peak with purity higher
than 90% (Fig. 3). In addition, no contaminant nucleic
acids were detected in the highly purified HCcAg sample
(not shown).
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Fig. 1. SDS-PAGE and Western blot analysis of HCcAg under
reducing or non-reducing conditions. Proteins from HCcAg samples
extracted with 8M urea in the presence or not of 5mM DTT were
separated by SDS-PAGE (A) followed by Western blot analysis (B).
The lanes contain molecular weight markers (MW), proteins mixed
with an equal volume of 2x Laemmli sample buffer under reducing
conditions (5 mM DTT) (1), proteins mixed with an equal volume of
2x Laemmli sample buffer under non-reducing conditions (2). The
arrows on the right indicate the position of HCcAg.
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Fig. 2. Purification of HCcAg from the denatured protein sample on
cation-exchange column (Fractogel EMD SO3). Proteins from frac-
tions of the HCcAg purification procedures were separated by SDS—
PAGE. The lanes contain molecular weight markers (MW), the
unfractionated material loaded onto the cation-exchange column (1),
unbound proteins (2), and elution of proteins from the cation-
exchange column (3-7). The arrow on the right indicates the position
of HCcAg.
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Fig. 3. Purification of HCcAg on CNpropyl column. Eluted HCcAg
from the cation-exchange column (fractions 5, 6, and 7) was applied to
the CNpropyl column. Proteins from fractions of the HCcAg
purification procedure were separated by SDS-PAGE. The lanes
contain molecular weight markers (MW), unbound proteins (1),
elution of HCcAg from the CNpropyl column (2). The arrow on the
right indicates the position of HCcAg.

In vitro assembly of HCcAg into VLPs

It has been suggested that multimerization of HCcAg
may occur while the protein is associated with the ER
membrane [29,30]. Several studies have provided evi-
dences that the C-terminal domain of HCcAg mediates
interaction with cellular membranes and lipids [6,9,31].
In addition, the presence of the C-terminal hydrophobic
sequence may modulate the efficiency of HCcAg multi-
merization [30,32-34]. Previously, it has been demon-
strated that the mature form of processed HCcAg
(P21) produced in P. pastoris cells could assemble in vi-
tro into VLPs, presumably in the absence of nucleic
acids [23]. Due to HCcAg associated with P. pastoris cel-
lular membranes, this protein was solubilized with deter-
gents [18,23]. Therefore, it is possible that the use of
detergents both in the purification and the renaturaliza-
tion process has modulated the assembly properties of
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HCcAg [18,23]. So, no detergents were used in this
work.

Previously, it has been shown that structured RNA
(range 0.1-10 um) is required for in vitro assembly of
HCcAg into NLPs [24]. In this study, the capacity of
purified monomeric HCcAg to assemble into high-mo-
lecular weight structures in the absence of structured
RNA was studied. First, HCcAg was renatured under
reducing conditions, and both denatured and renatured
HCcAg were analyzed on a Sepharose CL-6B size exclu-
sion chromatography column. As controls, HBsAg and
TPS were analyzed at the same conditions. Fig. 4 reveals
that dialyzed HCcAg eluted as a uniform peak close to
particulate HBsAg that corresponds to a molecular
mass over 10° Da (Figs. 4B and C). On the other hand,
denatured HCcAg migrated like a monomer close to
TPS (Figs. 4A and C). This indicates that, after dialysis,
HCcAg monomers assembled into high-molecular
weight structures, which is consistent with HCcAg mul-
timerization or capsid formation. This result also dem-

[
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T

Fig. 4. Size exclusion chromatography on Sepharose CL-6B. (A)
Chromatography lot of the denatured HCcAg. (B) Chromatography
lot of the renatured HCcAg under reducing conditions. (C) Chroma-
tography lot of the HBsAg (a) and TPS (b) used as controls.

onstrated the homogeneity of these high-molecular
weight structures.

Later on, HCcAg was analyzed using a 5-50% (w/v)
sucrose density gradient centrifugation. The sucrose gra-
dient was fractionated and the individual fractions were
assayed for the presence of HCcAg (Fig. 5). A peak frac-
tion containing the denatured HCcAg (fraction 6) that
migrated to a position in the gradient corresponding
to a buoyant density of 1.11 g/ml was observed (Fig.
5A). This is in agreement with a recent work in which
purified HCcAg was detected in low-density fractions
collected from CsCl gradients [22]. HCcAg present in
these fractions corresponded with unassembled protein
or small oligomers complexes.

On the other hand, a higher density HCcAg fraction
(fraction 10) with 1.19 g/ml was observed for renatured
HCcAg (Fig. 5B). This value is lower than that obtained
for NLPs containing nucleic acids isolated from P. pas-
toris cells [19]. This is consistent with the fact that the
full and empty particles should be similar in size and
shape but should differ in buoyant density according
to their nucleic acid content. So, it is likely that in vitro
assembled VLPs containing HCcAg correspond to
empty capsids.
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Fig. 5. Five to fifty percentage (w/v) of sucrose density gradient
centrifugation analysis. The sucrose density of each fraction is shown
[open circles; density (left ordinate) expressed in grams per milliliter,
~O- density (g/ml)]. Detection of HCcAg was analyzed by densi-
tometry of dot blot [closed triangles; HCcAg (right ordinate)
expressed as signal (OD) at 620 nm —A— HCcAg]. (A) Analysis of
denatured HCcAg. (B) Analysis of renatured HCcAg.
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When dialyzed HCcAg was analyzed by electron
microscopy the presence of spherical particles with an
average diameter of ~35nm (34.88 nm, SD 6.45) was
observed (Fig. 6A). However, these VLPs were not ob-
served in the fully denatured HCcAg (Fig. 6B). Fig. 7
shows the frequency distribution of particle diameters.
The diameters of these particles ranged from 26 to
46 nm. Interestingly, most of these VLPs appeared as
irregular particles.

However, when HCcAg was renatured under non-re-
ducing conditions, irregular aggregates of particles were
observed (Fig. 6C). These irregular protein aggregates
were similar to those previously observed inside recom-
binant P. pastoris cells expressing HCcAg [20] and
those detected in the hepatocytes from HCV-infected
patients [14].

Fig. 6. Electron micrograph of negatively stained samples containing
HCcAg. (A) Renatured HCcAg under reducing conditions. The inset
contains a magnification of individual capsid. (B) Denatured HCcAg.
(C) Renatured HCcAg under non-reducing conditions. Bar = 200 nm.
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Fig. 7. Histogram representing the frequency distribution of particle
diameters observed by EM in the assembly experiments of HCcAg.
The diameter of particles was precisely measured in at least 10 fields
(from 350 to 500 VLPs) from electron micrographs. Diameters of
VLPs derived from HCcAg are shown.

Previously, some authors had demonstrated that
HCcAg can undergo specific homotypic interaction di-
rectly [30,33,34]. Using the yeast two-hybrid system they
tentatively suggested the homotypic interacting domains
at aa 36-91 and aa 82-102 [30,33]. In addition, Yan et al.
[34] reported that the HCcAg segment residues 123-191
interacted intermolecularly. By using a biochemical
approach, a region from aa 123-162 containing two pre-
dicted o helices and a leu-zipper-like structure was shown
to self-associate non-covalently [34].

On the other hand, HCcAg has been reported to bind
oligomeric DNAs and RNAs in vitro [6,35-37]. In addi-
tion, other studies showed that structured RNA played
a critical role for in vitro assembly of HCcAg into NLPs
[22,24]. They also suggested that HCcAg can undergo
extensive conformational changes upon binding to
structured RNA and assembly into NLPs [38]. However,
a recombinant mature HCcAg variant self-associated in
vitro in the absence of nucleic acids into a homogeneous
population of uniformly sized particles, with diameters
of 15 nm [32]. As these particles were not consistent with
the morphology and size of previously observed nucleo-
capsids [24] they were considered as intermediate species
in the assembly pathway [32].

Results presented in this work showed that HCcAg
assembled in vitro into VLPs in the absence of struc-
tured RNA, suggesting that recombinant HCcAg used
in this work contains all the information necessary for
the self-assembly process. In addition, the VLPs ob-
served in this study were more homogeneous and short-
er in size than those obtained by Kunkel and colleagues.
Differences in recombinant cellular host (E. coli vs.
P. pastoris), HCcAg sequences (different genotypes),
and experimental conditions may partly explain the
apparent discrepancy between this study and those pub-
lished by other groups [22,24]. On the other hand, pos-
traductional changes might also modulate the in vitro
assembly capacity of HCcAg. Indeed, HCcAg has
proved to be phosphorylated in yeast cells [39].
Although the role of phosphorylation in HCcAg multi-
merization remains to be elucidated, one of the pro-
posed homotypic interacting domains includes putative
phosphorylation sites at Ser-53 and Ser-99 [40].

The use of a reducing agent was critical for in vitro VLP
assembly, since non-reducing conditions led to unstruc-
tured aggregate formation. These aggregates were similar
to those previously described in P. pastoris cells composed
of both P21 and P23 [19], and those observed in the
hepatocytes from HCV-infected patients [14]. Possibly,
the use of reducing conditions contributed to the in vitro
HCcAg folding and assembly of VLPs in the absence of
structured RNA. The irregular aggregates seen under
non-reducing conditions may be unproductive assembly.

The VLPs observed in this work showed similar size
and lower density values than those described for native
particles found in sera and hepatocytes from HCV-in-
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fected patients [14-16] and to recombinant NLPs ob-
tained in E. coli, P. pastoris, and SF9 cells [16,18-22].
Thus, they resemble the size of HCV nucleocapsid parti-
cles in a mature stage. This result is also consistent with
that obtained using HCcAg solubilized with detergents
in in vitro assembly experiments [23]. However, most of
VLPs appeared as irregular particles. This is in agreement
with a previous work where a recombinant mature
HCcAg variant assembled in vitro into particles with
irregular shapes in the presence of structured RNA [24].
In that work, modification of the self-assembly pathway
by the carboxy-terminal domain of HCcAg was sug-
gested. Interestingly, those particles were heterogenecous
in size and larger than the expected native capsids [24].
In contrast to the in vitro capsid assembly of full-
length HCcAg, intracellular assembly of HCcAg leads
to regularly shaped NLPs that resemble HCV capsids
from infected individuals [19,22,29]. In addition, struc-
tured NLPs assemble in cell-free systems containing rab-
bit reticulocyte or wheat germ extracts [41]. One
explanation would be that in vitro assembly of
full-length HCcAg in solution may differ from in vivo
assembly in association with cellular membranes or
other elements of the assembly machinery (Fig. 8). Pre-
sumably, HCV nucleocapsid assembly in vivo is rigor-
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Fig. 8. Assembly of mature HCcAg into VLPs. (1) In vitro systems
would allow changes in HCcAg conformation without affecting its
contact sites but prevent it from conforming to the geometry of the
native capsid. Depending on recombinant HCcAg sources, HCcAg
sequences, and experimental conditions, HCcAg assembles either in the
presence of structured RNA into irregular particles heterogeneous in
size and larger than the expected native capsids (a) or in the absence of
structured RNA into irregular particles with similar size to the expected
native capsids (b). (2) In vivo assembly of HCcAg in association with
intracellular membranes or other elements of the assembly machinery is
rigorously controlled leading to the formation of capsids of uniform
size and regular morphology (c). =, full-length HCcAg folded in vivo;
&, full-length HCcAg folded in vitro; mm, structured RNA A lipids; ¥,
factors of assembly machmery, ‘ structured capsid; & €= J’ irregular
particle containing RNA; and £ < _,, irregular empty particle.

ously controlled, such that NLPs of uniform size and
regular morphology are formed. Besides, the absence
of cellular factors that are required for the proper NLPs
assembly may lead to irregular particle formation in vi-
tro. This would allow changes in HCcAg conformation
without affecting its contact sites but prevent it from
conforming to the geometry of the native capsid. So, it
is important to remain cautious in the interpretation
of the assembly mechanisms of HCV nucleocapsid based
solely on in vitro systems that do not contain putative
cellular factors required for proper HCV assembly.

Although the biological role of HCcAg-containing
aggregates and its relationship with the pathogenesis in-
duced by HCV infection are unknown we speculate that
under pathological conditions (e.g., unbalanced redox
potential of the cell) HCcAg may form unstructured
aggregates and/or irregular particles instead of struc-
tured capsids, thus affecting the HCV virion assembly
and viral replication. On the other hand, under normal
conditions P21 may assemble into either irregular or
structured capsids. Production of both unstructured
aggregates of HCcAg and irregular capsids could lead
to production of many fewer competent progeny
viruses. However, testing of this hypothesis requires
additional evidences.
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