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Little is known about the mechanism of hepatitis C
virion assembly. So the capacity of the entire Hepatitis
C virus core protein (HCcAQ) produced in Pichia pas-
toris to form particles either in its native soluble state
or after detergent treatment of HCcAg associated to
cell debris were studied. Size exclusion chromatogra-
phy suggested that HCcAg assembled into high molec-
ular weight structures. HCcAg was also specifically
recognized by a serum from a chronic HCV carrier
patient. This antigen migrated with buoyant density
values similar to those obtained for native nucleocap-
sid particles from infected patients when analyzed us-
ing sucrose density gradient centrifugation. The anal-
ysis by electron microscopy of purified HCcAg showed
aggregates resembling virus-like particles (VLPs) with
an average diameter of 30 nm. These results indicated
that the HCcAg obtained from P. pastoris assembled
into VLPs resembling HCV nucleocapsid particles in a
mature stage. Such HCcAg aggregates characterized
here could be a valuable tool to elucidate the mecha-
nisms of HCV nucleocapsid assembly. © 2001 Academic Press
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Hepatitis C virus (HCV) is a major cause of paren-
terally acquired viral non-A, non-B hepatitis (1). At
least 60% of infected individuals develop a chronic
viremia that is usually associated with significant
long-term morbidity (2). This virus contains a positive-
stranded RNA encoding a single polyprotein precursor
of about 3000 amino acids (aa) that is cleaved by both
host and viral proteases to generate three putative
structural proteins (Core, E1 and E2) and at least six
nonstructural proteins (NS2, NS3, NS4A, NS4B,
NS5A, NS5B) (3). The core protein (HCcAQ) is cleaved
out from the amino terminus of HCV polyprotein by
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host signal peptidase. This HCcAg undergoes post-
translational modifications before it could be incorpo-
rated into mature virions (4). The HCcAg possesses
numerous intriguing properties: these include in vitro
RNA and ribosome binding activities (4), nucleocyto-
plasmic localization (5), a regulatory role on cellular
and unrelated viral promoters (6, 7), an inhibitory role
in programmed cell death (apoptosis) under certain
conditions and interaction with cellular proteins (8). In
this study, the HCV core-like particles (VLPs) obtained
from Pichia pastoris cells were characterized, in order
to obtain HCcAg suitable for structural as well as func-
tional studies.

MATERIALS AND METHODS

Strains. The P. pastoris strain MP-36/C-E1.339, transformed
with pNAO.COEL1.339 plasmid (Fig. 1) coding for the entire HCcAg
and the first 148 aa of the HCV E1 protein have been previously
described (9). The MP-36 (9) strain was used as a negative control.

Antibodies. A mouse monoclonal antibody against the residues
5-35 of the HCV core protein (mAb SS-HepC.1) (9) was used to
detected HCcAg from sucrose density gradient centrifugation in im-
munoblotting experiments. A human serum from a chronically HCV
infected person (positive for HCcAg and negative for E1 antigen) (10)
was used to detected HCcAg from CL-4B Gel filtration chromatog-
raphy in immunoblotting experiments.

Growth conditions for P. pastoris strains. MP-36/C-E1.339 and
MP-36 strains were grown using conditions already established (9).
In brief, the MP36/CE1.339.5 was grown in minimal glycerol me-
dium (MYG) (1.3% yeast nitrogen base, 1% glycerol and 0.4 pg/ml
biotin) at 30°C for 48 h. The HCcAg expression from the methanol
oxidase promoter was induced by replacing MYG with minimal
methanol medium (MM) (1.3% yeast nitrogen base; 0.5% methanol,
0.4 pg/ml biotin) and further incubation at 30°C for 96 h. The strain
MP-36 was used as a negative control under the same growth con-
ditions. At the end of the yeast cell culture, the cells were harvested
and washed twice in TEN buffer (50 mM Tris—HCI pH 8.0, 1 mM
EDTA, 150 mM de NacCl).

Cell disruption and HCcAg extraction from cell debris. Cells dis-
ruption was performed using glass beads in TEN buffer. The lysate
was clarified by centrifugation at 12,0009 for 20 min and superna-
tant and pellet fractions were obtained. After cell disruption, the
yeast cellular debris was treated with 0.5% Sarkosyl in TEN buffer
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FIG. 1. Schematic representation of the expression vector
pPNAO.COE1.339 used for transforming the P. pastoris strain MP-36.
5’A0X1 for the expression of HCcAg. 5’A0OX1, methanol oxidase
promoter. tt, transcription terminator. AA, amino acid. 5’UTR and
3'UTR, 5’ and 3’ untranslated regions, respectively. C, E1, E2 and
P7, HCV structural Core, Envelope 1, Envelope 2 and P7 proteins,
respectively. NS2, NS3, 4A, 4B, 5A, 5B, HCV nonstructural proteins.

(a ratio of 10 ml for each g of cellular debris was used). The suspen-
sion was incubated for 120 min at room temperature with gentle
agitation and then centrifuged at 12,000g for 20 min. The denatu-
ralized protein sample (0.5 mg/ml) was renaturalized overnight at
4°C by dialysis against TEN buffer.

Protein analysis. The protein samples were separated in a 12.5%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) (11) and stained with Coomassie brilliant blue R250 (CBB,
Sigma, St. Louis, MO). The purity was determined using the soft-
ware 1-D Manager for Windows 95 (Ver. 2.0, TDI, sa, Madrid, Spain).
HBsAg and HCcAg were quantitied using Dc Protein assay (Bio-Rad).

Immunoblotting assay. For immunoblotting the samples were
applied to a nitrocellulose membrane and binding of antibodies was
detected as previously described (12). In brief, the membrane was
blocked for 1 h at room temperature with phosphate-buffered saline
solution (PBS) (0.1 M NaCl, 2 mM KCI, 10 mM Na,HPO,, 1 mM
KH,PO, pH 7.4) containing 5% skim milk, then incubated either
with mAb SS-HepC.1 or human serum for 1 h at 37°C. After wash-
ing, the membrane was reacted with 1:1000 dilution of horseradish
peroxidase-conjugated protein-A (Amersham, UK) for 1 h at 37°C.
Immunoreactivity was detected using 200 pg/mL 9-amino-4-ethyl
carbazole (Sigma) and 0.1% H,O, in 50 mM NaAc, pH 5.3. The
intensity of the resultant bands was quantitied by measuring the
optical density with the Eagle Eye 11 still video system (Stratagene).

Sucrose density gradient centrifugation. Five hundred microli-
ters of either the supernatant fraction (1 mg/ml) or the renaturalized
HCcAg (0.1 mg/ml) were applied to a 5-50% (w/v) sucrose density
gradient in TEN buffer. Centrifuged at 100,000g for 16 h and frac-
tionated. A 500 ul aliquot of each fraction was collected from the
bottom of the tube. The refractive index of each fraction was mea-
sured using an Abbe-3L refractometer (Milton Roy).

Analysis in CL-4B Gel filtration chromatography. One milliliter
of either the supernatant fraction (1 mg/ml) or the renaturalized
HCcAg (0.1 mg/ml), or the particulate hepatitis B surface antigen
(HBsAg) (0.1 mg/ml) (13) were applied to a column (90 X 1.5 cm
diameter) of Sepharose CL-4B (Pharmacia) equilibrated with TEN
buffer. They were run at a flow rate of 0.5 mL/min.

Purification. The HCcAg extracted from the cell debris with 0.5%
Sarkosyl was applied to a column (90 X 1.5 cm diameter) of Sepha-
rose CL-4B (Pharmacia) as described above. Fractions containing
HCcAg with more than 80% of purity were pooled.

Electron microscopy. A purified HCcAg was fixed in glutaralde-
hyde and negatively stained with uranyl acetate prior to analysis by
transmission electron microscopy as previously described (9).
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RESULTS AND DISCUSSION

Characterization of the HCV Core Protein
from the Supernatant Fraction

It had been demonstrated that the P. pastoris MP-
36/C-E1.339 clone, transformed with pNAO.COE1.339
plasmid, coding for the first 339 aa of the HCV polypro-
tein (Fig. 1), formed intracellular VLPs (9). After cell
disruption HCcAg was mainly found in the pellet frac-
tion although a little portion was also located in the
supernatant (9). In order to characterize the HCcAg in
the soluble fraction after cell disruption, the superna-
tant was analyzed by gel filtration chromatography in
Sepharose CL-4B matrix. As a control, the HBsAg was
also analyzed at the same conditions. Figure 2 revealed
that HCcAg was distributed close to the exclusion vol-
ume that corresponds to a molecular mass over 2 X 10°
Da. This value is a slightly higher than that of partic-
ulate HBsAg (Fig. 2). This indicates that HCcAg is
forming high molecular weight structures in the super-
natant after cell disruption, which is in agreement
with the VLPs previously found inside cells (9).

The soluble protein fraction was also analyzed using
a 5-50% (w/v) sucrose density gradient centrifugation.
The sucrose gradient was fractionated and the individ-
ual fractions assayed for the presence of HCcAg (Fig.
3). The immunoblot evidenced major peak fractions
containing the HCcAg (B2 and B3) that migrated to a
position in the gradient corresponding to a buoyant
density of 1.19-1.20 g/cm?®. This accounted for more
than 70% of the total HCcAg applied. In addition,
higher density HCcAg fractions (A8 and A9) with 1.28—
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FIG. 2. Size exclusion chromatography on Sepharose CL-4B. (A)
Chromatography lot of the soluble protein sample containing HCcAg.
The HBsAg was analyzed at the same conditions. HCcAg in the
chromatography fractions were analyzed by densitometry of dot blot.
Values for HCcAg and HBsAg are in micrograms. (B) Dot blot of the
HCcAg using a serum from a chronically infected patient. The left-
most lane (MI) contains the unfractionated material loaded onto the
CL-4B column. Chromatography fractions from 5 to 15 were applied
from 1 to 11. Spot 12 contains the supernatant obtained after cell
disruption of P. pastoris MP-36 strain used as a negative control.
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FIG. 3. Dot blot of the sucrose density gradient centrifugation of
the soluble protein sample containing HCcAg using mAb SS-HepC.1.
The leftmost lane (MI-A) contains 20 ul of the unfractionated mate-
rial loaded directly onto the sucrose gradient and (MI-B) 1/20 dilu-
tion of the same sample. Forty microliters of the gradient fractions
from bottom to top fractions were applied from Al to B9. Detection of
HCcAg was analyzed by densitometry.

1.29 g/cm?® were also observed. This result is similar to
values obtained for native nucleocapsid particles (14),
indicating that the high molecular weight structures
containing HCcAg analyzed here are similar in buoy-
ant density to those found in sera from HCV infected
patients.

Characterization of the HCV Core Protein
from the Pellet Fraction

Afterwards, the capacity of the membrane associated
HCcAg to assemble into high molecular weight struc-
tures was studied. After cell disruption, the HCcAg
was extracted from the pellet fraction with the ionic
detergent Sarkosyl and then purified by gel filtration
in Sepharose CL-4B matrix (Fig. 4A). Fractions 6, 7
and 8 (lanes 2, 3 and 4) containing HCcAg, with purity
higher than 80%, were pooled and renaturalized. When
renaturalized HCcAg was analyzed by electron micros-
copy aggregates resembling VLPs were observed (Fig.
4B) with an average diameter of 30 nm. These results
are consistent with those found in infected patients
where 33 nm particles associated with nucleocapsid of
HCV were observed in an aggregated form (15).

In addition the renaturalized sample was analyzed
by gel filtration chromatography in Sepharose CL-4B
matrix. As for the HCcAg present in the soluble frac-
tion, this renaturalized HCcAg elutes predominantly
close to the size corresponding to the particulate form
of HBsAg (Fig. 5). The VLPs containing HCcAg are
recognized as well by specific antibodies from a chron-
ically HCV infected patient (Figs. 2B and 5B) suggest-
ing that HCcAg studied here shares epitopes with the
native HCcAg.

The renaturalized HCcAg was also analyzed by us-
ing a 5-50% (w/v) sucrose density gradient centrifuga-
tion. The study of gradient fractions by immunoblot-
ting evidenced a buoyant density value of 1.28-1.29
g/cm?® for HCcAg (A8 and A9) (Fig. 6) which is similar
to that of minor population of the HCcAg observed in
the soluble disruption fraction. However the major
HCcAg fraction found in the soluble disruption fraction
was not observed this time. This may reflect the lack
(in the sample treated with detergent) of either DNA or
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FIG. 4. Purification of HCcAg from the denaturalized protein
sample by gel filtration in Sepharose CL-4B matrix. (A) Equal
amounts from various fractions of the HCcAg purification procedure
were separated by SDS-PAGE. The lanes contains size markers
(MW), the unfractionated material loaded onto the CL-4B column
(1), and chromatography fractions 6 to 15 (2-11). The arrow on the
right indicate the position of HCcAg. (B) Electron micrograph of
negatively stained VLPs separated by gel filtration. Particles from
pooled fractions 6 to 8 are shown. Bar, 100 nm.

membrane components interacting with the HCcAg
particles which were shown before to confer heteroge-
neity to the particles seen inside cells (9). These high
buoyant density values are characteristic for non-
enveloped HCV nucleocapsid particles. Nucleocapsid
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FIG. 5. Size exclusion chromatography on Sepharose CL-4B. (A)
Chromatography lot of the purified HCcAg after renaturalization
and HBsAg. HCcAg in the chromatography fractions were analyzed
by densitometry of dot blot. Values for HCcAg and HBsAg are in
micrograms. (B). Dot blot of the HCcAg using a human serum from
a chronic patient. The leftmost lane (M) contains the renaturalized
HCcAg loaded onto the CL-4B column. Chromatography fractions
from 6 to 16 were applied from 1 to 11. Spot 12 contains the HBsAg
used as a negative control.
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FIG. 6. Dot blot of the sucrose density gradient centrifugation of
the purified HCcAg after renaturalization using mAb SS-HepC.1.
The leftmost lane (MI-A) contains 20 ul of the renaturalized HCcAg
loaded directly onto the sucrose gradient and (MI-B) 1/20 dilution of
the same sample. Forty microliters of the gradient fractions from
bottom to top fractions were applied from Al to B9. Detection of
HCcAg was analyzed by densitometry.

particles obtained after detergent treatment from sera
of chimpanzees and humans with chronic non-A, non-B
hepatitis, have shown similar buoyant density values
(14). In that work the buoyant density of the intact
HCV virions shifted from 1.08 g/cm? to 1.25 g/cm? after
detergent treatment (14). Also we had been shown
previously that a truncated HCV core protein ex-
pressed in Escherichia coli forms VLPs with a buoyant
density of 1.28 g/cm® (16). The fact that structures
resembling HCV nucleocapsid particles in a mature
stage assembled in P. pastoris cells, could facilitate
studies concerning structural composition and assem-
bly mechanisms.

In conclusion, the results presented in this work
showed that HCcAg, obtained from P. pastoris cells,
forms VLPs with similar characteristics to those found
in sera from HCV infected patients. Therefore, these
VLPs would be important to elucidate the mechanisms
behind the ability of HCcAg to assemble into a nucleo-
capsid structure.
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