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A subpopulation of hepatitis C virus (HCV) core protein in cells harboring full-length HCV replicons is
biochemically associated with detergent-resistant membranes (DRMs) in a manner similar to that of markers
of classical lipid rafts. Core protein does not, however, colocalize in immunofluorescence studies with classical
plasma membrane raft markers, such as caveolin-1 and the B subunit of cholera toxin, suggesting that core
protein is bound to cytoplasmic raft microdomains distinct from caveolin-based rafts. Furthermore, while both
the structural core protein and the nonstructural protein NS5A associate with membranes, they do not
colocalize in the DRMs. Finally, the ability of core protein to localize to the DRMs did not require other
elements of the HCV polyprotein. These results may have broad implications for the HCV life cycle and suggest
that the HCV core may be a valuable probe for host cell biology.

Hepatitis C virus (HCV) is a major cause of chronic hepa-
titis, liver cirrhosis, and hepatocellular carcinoma. HCV has a
positive-sense single-stranded RNA genome that encodes a
polyprotein of �3,000 amino acids. The polyprotein can be
separated into two functional regions: the structural compo-
nents of the virion (which include core protein and two enve-
lope proteins, E1 and E2) and the nonstructural proteins (NS2
to NS5B), which participate in viral replication but are not
believed to be contained in virus particles (4).

HCV core protein is synthesized as a 191-amino-acid pre-
cursor (p23). Subsequent proteolytic processing by signal pep-
tidase and signal peptide peptidase generates a truncated ma-
ture form of core protein (p21) consisting of 179 amino acids
(13, 20). This maturation process is important to release core
protein from anchorage to endoplasmic reticulum (ER) mem-
branes and for trafficking to lipid droplets (20). The mature
protein predominates both in transfected tissue culture cells
and in virus particles isolated from infected sera (40).

In addition to its presumed role in virus particle assembly
and budding, HCV core protein interacts with a variety of host
cell signaling pathways (14, 19, 26, 30, 41). Most of the core
protein expressed in transfected cells is localized in the cyto-
plasm, associated either with what appears to be intracellular
membrane organelles or with the surfaces of lipid bodies (11,
20).

Detergent-resistant membranes (DRMs), or rafts, are spe-
cialized and heterogeneous cellular membrane subdomains de-

fined by their resistance to solubilization with cold nonionic
detergents, e.g., Triton X-100 (2, 25, 32, 39). Classical lipid
rafts are located predominantly on the plasma membrane, and
the proteins associated with these rafts are key mediators of
many biological events, such as trafficking (37) and signal
transduction pathways (36). DRMs also play important roles in
the replication cycles of several viruses. Previous reports have
shown that viruses like simian virus 40, human immunodefi-
ciency virus, influenza virus, rotavirus, and Ebola virus use lipid
rafts as a portal for viral entry, as a platform for the assembly
of viral components, or for the budding of viruses from their
host cells (8–10, 17, 34). Although recent data suggest that
NS5A interacts with DRMs (33), the interactions of other
HCV components (e.g., the structural proteins) with DRMs
have not yet been investigated. Based on core protein’s ability
to participate in host cell signaling pathways and the fact that
other viruses exploit DRMs for critical aspects of their prop-
agation, we hypothesized that the HCV core protein might also
associate with lipid rafts. Here we report for the first time the
appearance of a significant proportion of core protein in
DRMs. Interestingly, core protein DRMs have properties that
distinguish them from classical plasmalemal lipid rafts. These
results have important implications with respect to the function
of core protein in the HCV life cycle.

HCV replicon-expressed core protein associates with deter-
gent-resistant membranes. To test the hypothesis that HCV
core protein can associate with DRMs, FLRP1 cells (a Huh7
clonal cell line harboring a full-length genotype 1b replicon
[5]) were washed in cold TNE buffer (25 mM Tris-HCl [pH
7.4], 150 mM NaCl, 5 mM EDTA) and lysed with a ball-
bearing homogenizer, and aliquots were incubated for 30 min
on ice with or without 1% Triton X-100. The lysates were
overlaid with a 5 to 40% OptiPrep (Sigma) gradient and cen-
trifuged at 40,000 rpm for 4 h at 4°C in a SW60 ultracentrifuge
rotor, as described previously (12). Fractions were collected
from the top of the tube, and proteins were precipitated with
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chloroform-methanol. Precipitated proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotted for the presence of HCV core protein (using
monoclonal antibodies [MAbs] to HCV core protein kindly
provided by Harry Greenberg). Without detergent treatment,
all core protein is found essentially in the membrane-contain-
ing fraction (fraction 2 from the top) (Fig. 1A, upper panel).
When treated with Triton X-100, a considerable amount of
core protein remained associated with DRMs and the rest was
found in the bottom fractions of the gradient, which contain
detergent-soluble proteins (Fig. 1A, bottom panel). To further
characterize the detergent-resistant core protein fraction, we
studied its distribution relative to that of raft and nonraft
markers on Nycodenz (Sigma) gradients, which have a wider
range of steps and better separation of fractions containing

detergent-resistant membranes from the detergent-soluble
fractions than those of the previous format. For this, FLRP1
and Huh7 cells were lysed in TNE buffer containing 1% Triton
X-100. Following incubation for 30 min on ice, cell lysates were
overlaid with a 8 to 35% Nycodenz gradient and subjected to
ultracentrifugation at 40,000 rpm for 14 h at 4°C with a SW60
rotor (for a detailed description of the protocol, see reference
21). Eleven equal fractions were collected from the top of the
centrifuge tube, and proteins were precipitated and analyzed
by Western blotting as described above. In addition to anti-
core protein, the blots were probed with antibodies to the
caveolar raft marker caveolin-1 (1) (pAb; Transduction Labo-
ratories) and the ER membrane-associated protein calnexin
(pAb; StressGen Biotechnologies Corporation). To detect gly-
cosylphosphatidylinositol (GPI)-linked proteins, which are also

FIG. 1. HCV core protein associates with a detergent-resistant membrane biochemically similar to classical lipid rafts. (A) FLRP1 cells (Huh7
cells harboring HCV replicons) were lysed, and aliquots were incubated at 4°C in the absence or presence of 1% Triton X-100 (Tx-100). The lysates
were overlaid with a 5 to 40% OptiPrep gradient. Following ultracentrifugation, fractions were collected from the top of the tube and the proteins
were precipitated and analyzed by Western blotting using an antibody against HCV core protein. The locations of fractions containing membranes,
DRMs, and soluble proteins are indicated. (B) FLRP1 and Huh7 cells were lysed in cold 1% Triton X-100 and loaded in an 8 to 35% Nycodenz
gradient. Following ultracentrifugation, fractions were collected from the top of the tube and the proteins were precipitated and analyzed by
Western blotting using antibodies against core protein, caveolin-1, aerolysin (to detect GPI-linked proteins), and calnexin. (C) FLRP1 cells were
treated with 10 mM m�CD or �CD for 30 min prior to lysis and analyzed as described above for HCV core protein. Memb., membrane.
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markers for classical lipid rafts (7), membranes were incubated
for 1 h with a 1-�g/ml concentration of proaerolysin—a toxin
displaying high affinity for GPI-linked proteins (38), and sub-
sequently incubated with antiaerolysin MAbs coupled to horse-
radish peroxidase according to the manufacturer’s instructions
(Protox Biotech).

As shown in Fig. 1B, a significant fraction (about 20%) of
core protein floated to the top of the gradient, concentrating
predominantly in fraction 2, where it cofractionated along with
the raft markers, caveolin-1 and GPI-linked proteins. The re-
mainder of the core protein was found in the bottom fractions,
which contain detergent-soluble proteins. Calnexin, an ER-
associated protein that is not resistant to Triton X-100, distrib-
uted to the bottom of the gradient and was not detected in the
DRM fractions. From this data we conclude that a subpopu-
lation of HCV core protein associates with DRMs.

m�CD disrupts the association of HCV core protein with
DRMs. Lipid rafts are enriched in cholesterol, and the bio-
physical properties of cholesterol help to determine a key
structural feature of rafts (6). Cholesterol, along with other
lipids and proteins that preferentially partition into liquid-
ordered phases in the exoplasmic and cytoplasmic leaflets of
the membrane, generates constrained raft microdomains with
decreased lateral mobility (23, 35). Indeed, sensitivity of the
raft domains to cholesterol depletion by agents such as methyl-
�-cyclodextrin (m�CD) has been widely used as a functional
biochemical criterion of classical lipid rafts. We therefore next
sought to test the hypothesis that the core protein DRMs were
sensitive to cholesterol chelation by m�CD. FLRP1 cells were
incubated in the presence of m�CD or control �-cyclodextrin
(an inactive analogue of m�CD) for 30 min at 37°C before
Triton X-100 solubilization and gradient formation. As shown
in Fig. 1C, the subpopulation of core protein that was associ-
ated with the DRM fraction in the gradient disappeared upon
m�CD, but not �CD, treatment. Thus, in this respect, the core
protein-containing DRM behaves in a manner biochemically
similar to that of classical lipid rafts.

It is interesting that in spite being associated with ER-like
intracellular organelles, the core protein-bearing raft domains
are sensitive to cholesterol depletion by m�CD from the
plasma membrane. This finding suggests the existence of a
possible cross talk between elements derived from the plasma
membrane and core protein in specialized rafts. Another sce-
nario is that cholesterol depletion by m�CD has more-global
effects on the cell as was recently suggested by Kwik et al. (15).

HCV core protein has two subcellular localization patterns:
rings and patches. HCV core protein has been shown to in-
teract with lipid droplets (3). The above data also suggest that
there is a subpopulation of core protein in HCV replicon cells
that biochemically associates with DRMs. We next asked
whether there were two morphologically distinct subpopula-
tions of core protein in replicon cells. We also wished to de-
termine the respective sensitivities of these subpopulations to
treatment with Triton X-100 and m�CD. FLRP1 cells, which
harbor full-length replicons, were cultured on coverslips and
fixed with 4% paraformaldehyde. Following permeabilization
with saponin, HCV core protein was detected with a primary
anti-core protein MAb and secondary goat anti-mouse anti-
bodies conjugated to either Alexa 488 or Alexa 594. Lipid
droplets were stained with Oil Red O. Fluorescence micros-

copy was performed on a Nikon Eclipse E600 microscope
supplemented with a SPOT digital camera (Diagnostic Instru-
ments) and analyzed with the OpenLab (Improvision) software
package. We also performed experiments on cells treated with
either 10 mM m�CD for 30 min at 37°C or dipped in 1%
Triton X-100 (four times for 5 s each time) prior to fixation as
described previously (31).

We found two types of core protein staining patterns in
Huh7 cells harboring the full-length HCV replicons: dots or
patches and ring-like structures (Fig. 2). When the replicon
cells were costained for core protein and lipid droplets, the
ring-like structures completely colocalized with the surfaces of
lipid bodies, whereas the dot-like signals did not (Fig. 3A to C).
When treated with 1% Triton X-100 before fixation, the ring-
like structures disappeared while the dots or patches remained
(Fig. 3D to F). In contrast, when treated with 10 mM m�CD to
deplete cholesterol, the rings remained but the patches disap-
peared (Fig. 3G to I). Taken together, these results suggest
that there are indeed two morphologically distinct populations
of core protein in replicon cells and that the dot-like core
protein signal, but not the lipid droplets, represents the sub-
population that is associated with the DRMs.

The intracellular localization of the HCV core protein is
different from markers of classical rafts. We next wished to
determine whether a subpopulation of core protein colocalizes
with classical markers of lipid rafts in intact cells. For this we
performed immunofluorescence and confocal analyses of
FLRP1 cells stained for core protein and two markers for rafts,
the B subunit of cholera toxin and caveolin-1. The B subunit of
cholera toxin, which binds as a pentamer to glycosphingolipid
GM1 in the plasma membrane, is one of the most widely used

FIG. 2. There are two morphologically distinct populations of core
protein in replicon cells. FLRP1 cells stained for HCV core protein.
Note the two patterns: rings (white arrowheads) and dots or patches
(blue arrowheads).
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markers for a subpopulation of lipid rafts that reside primarily
in the exoplasmic leaflet of biological membranes (22).

FLRP1 cells were fixed with 4% formaldehyde–5% sucrose
in phosphate-buffered saline (PBS) for 20 min at room tem-
perature and permeabilized with 0.2% Triton X-100 for 10 min
at room temperature. Cells were blocked for 1 h at 37°C with
PBS–2% bovine serum albumin, and then stained with anti-
core protein MAb and a 25-�g/ml concentration of either the
biotin-labeled B subunit of cholera toxin (Sigma) or anticaveo-
lin-1 pAb. Cells were then incubated with 1 �g of streptavidin-
fluorescein isothiocyanate (Pharmingen) per ml and goat anti-
mouse or goat anti-rabbit antibody coupled to either Alexa-488
or Alexa 594 for 30 min at 37°C in PBS–0.2% bovine serum

albumin. Cells were visualized with Nikon upright and Bio-Rad
confocal microscopes.

HCV core protein did not colocalize with either of these raft
markers (Fig. 4). These analyses suggest that the core protein
associates with a subtype of raft domains that is morphologi-
cally distinct from caveolin-1- and sphingolipid-containing lipid
rafts. This conclusion is consistent with the facts that both
caveolin-1 and GM1 are typically concentrated at steady state
in the plasma membrane and that core protein is likely to be
linked to ER or ER-derived endo-membranes.

The association of HCV core protein with the DRMs is
independent of other members of the HCV polyprotein. To test
the hypothesis that the association of HCV core protein with

FIG. 3. The dots but not the rings are resistant to Triton X-100 extraction. (A-C) FLRP1 cells stained for core protein (green) and for lipid
droplets with Oil Red O (red). The rings (white arrowheads) colocalize with lipid droplets, and the dots or patches (blue arrowheads) do not. (D-F)
FLRP1 cells were treated with 1% Triton X-100 (Tx-100) before immunofluorescence (31) and stained for core protein (green) and lipid bodies
(red). (G-I) FLRP1 cells treated with 10 mM m�CD for 30 min prior to fixation and stained for core protein (green) and lipid bodies (red). Note
that the dot pattern of core protein is resistant to Triton X-100 and sensitive to m�CD.
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detergent-resistant membranes does not require the aid of
other viral proteins, we inserted the HCV core protein coding
sequence into a mammalian expression vector, pEF6, and ex-
ogenously expressed core protein in Huh7 cells. The cells were
then subjected to membrane flotation analysis as described for
Fig. 1. As shown in Fig. 5, core protein expressed by itself in
Huh7 cells behaved very similarly to core protein expressed in
the context of the full-length replicon, with a significant frac-
tion being found in the detergent-resistant low-density mem-
brane fractions. HCV core protein is thus capable of associat-
ing with DRMs in the absence of the other members of the
HCV polyprotein. To date, we have not detected any differ-
ences (as assessed by size) between the DRM-associated and
Triton X-100-soluble forms of core protein.

The ability of core protein to target to the DRMs in the
absence of the nonstructural (NS) proteins is consistent with
the presumed different functions and ultimate fate associated
with the latter. In particular, while the NS proteins are believed
to play a critical role in the replication of the viral genome,
they are not thought to be part of the secreted virus particle.
We therefore asked whether these differences might also be

FIG. 4. Core protein does not colocalize with markers of classical lipid rafts. (A-C) FLRP1 cells stained for HCV core protein (red) and with
the B subunit of cholera toxin (CTX) (green); (D-F) FLRP1 cells stained for HCV core protein (green) and caveolin-1 (Cav-1) (red).

FIG. 5. HCV core protein association with the DRMs does not
require other viral proteins. The HCV core protein sequence was
inserted into the pEF6 mammalian expression vector and transfected
into Huh7 cells. Twenty-four hours posttransfection, cells were lysed,
in parallel with replicon-harboring FLRP1 cells, in 1% Triton X-100
and subjected to flotation on an 8 to 35% Nycodenz gradient, followed
by analysis of the fractions for HCV core protein, as described for Fig.
1.
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reflected at the level of the DRM. For this purpose, we per-
formed immunofluorescence colocalization studies on FLRP1
cells using a polyclonal antibody against HCV core protein
(kindly provided by Amy Weiner and Michael Houghton) and
a MAb against NS5A (Virostat, Portland, Maine). For the
Triton X-100 extraction treatment, the coverslips were treated
as detailed for Fig. 3 and visualized by confocal microscopy.
We also performed biochemical assays by subjecting FLRP1
cells to DRM gradient flotation and Western blot analyses as
described for Fig. 1. As shown in Fig. 6, while core protein and
NS5A can be seen to colocalize in the absence of detergent
(Fig. 6C), they behave quite differently upon Triton X-100

treatment, with little of NS5A remaining associated with the
core protein DRMs (Fig. 6E and bottom panel of G). Thus,
while core protein and NS5A are in close proximity in replicon-
harboring cells, they appear to indeed be associated with func-
tionally different membrane domains.

Finally, because of the large body of data linking lipid rafts
to intracellular signaling events and virus morphogenesis, the
association of a subpopulation of HCV core protein with
DRMs provides an attractive mechanism of how core protein
may mediate its reported signaling activities (16, 18, 24, 27–29)
and presumed role in HCV assembly. In the absence of an
efficient cell culture system for HCV particle production, it

FIG. 6. HCV NS5A colocalization with core protein is lost in the presence of Triton X-100. (A-F) FLRP1 cells stained for core protein (red)
and NS5A (green). In panels D-F, FLRP1 cells were treated with 1% Triton X-100 (Tx-100) before immunofluorescence (31). (G) FLRP1 cells
were lysed in 1% Triton X-100 and subjected to flotation on a 8 to 35% Nycodenz gradient, followed by analysis of the fractions for HCV core
protein (upper panel) and NS5A (bottom panel) as described for Fig. 1B.
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may be difficult to directly test the latter hypothesis. It will be
interesting, however, to determine whether the core protein-
containing DRMs are induced by HCV or preexist in cells and,
in the latter case, what normal and/or pathological host func-
tions may be mediated by these DRMs. HCV core protein may
thus prove to be a particularly valuable probe of host cell
biology.
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