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Hepatitis C virus (HCV) F protein is encoded by the +1 reading frame of the viral genome. It overlaps with
the core protein coding sequence, and multiple mechanisms for its expression have been proposed. The
full-length F protein that is synthesized by translational ribosomal frameshift at codons 9 to 11 of the core
protein sequence is a labile protein. By using a combination of genetic, biochemical, and cell biological
approaches, we demonstrate that this HCV F protein can bind to the proteasome subunit protein a3, which
reduces the F-protein level in cells in a dose-dependent manner. Deletion-mapping analysis identified amino
acids 40 to 60 of the F protein as the a3-binding domain. This a3-binding domain of the F protein together with
its upstream sequence could significantly destabilize the green fluorescent protein, an otherwise stable protein.
Further analyses using an F-protein mutant lacking lysine and a cell line that contained a temperature-
sensitive E1 ubiquitin-activating enzyme indicated that the degradation of the F protein was ubiquitin inde-
pendent. Based on these observations as well as the observation that the F protein could be degraded directly
by the 20S proteasome in vitro, we propose that the full-length HCV F protein as well as the F protein initiating
from codon 26 is degraded by an ubiquitin-independent pathway that is mediated by the proteasome subunit
a3. The ability of the F protein to bind to o3 raises the possibility that the HCV F protein may regulate protein

degradation in cells.

The proteasome is a large, multisubunit complex that is
important for protein degradation in eukaryotic cells. It exists
in cells in several forms (54). The 20S proteasome core consists
of four stacked heptameric rings (20). The two outer rings,
which each contain seven « subunits, serve as binding sites for
regulatory particles and control the entry of target proteins
into the proteasome. The two inner rings, which each contain
seven [3 subunits (33), have trypsin-like, chymotrypsin-like, and
caspase-like enzymatic activities (13). The catalytic activities of
the B rings are sequestered in the central cavity by the « rings
at each side to prevent nonspecific protein entry and degrada-
tion (18). Each of the two « rings of the 20S core may bind to
a 19S regulatory particle to form the 26S proteasome. The 19S
regulatory particle has several activities, including ATPase,
polyubiquitin binding, deubiquitination, and protein denatur-
ation (7, 51, 52). These activities are required for the translo-
cation of target proteins into the catalytic lumen of the 20S
core for degradation (16, 54). In addition to the 19S regulatory
particle, the 20S core may also bind to the REG complex,
which is also known as 11S or PA28. The REG complex does
not contain the ATPase activity and promotes the degradation
of primarily short peptides (22).

The majority of cellular proteins degraded by the protea-
some are tagged by polyubiquitin, which serves as a signal for
recognition by the 19S regulatory particle for entry into the 20S
core (16). The ubiquitination process consists of three steps. In
the first step, the single ubiquitin-activating enzyme, known as
El, adenylates ubiquitin monomers. In the second step, the E1
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enzyme transfers the adenylated ubiquitin to one of the many
E2 ubiquitin-conjugating enzymes. In the final step, one of a
diverse class of enzymes known as E3 ubiquitin ligases trans-
fers the ubiquitin monomer to the protein substrate (19, 45).
Ubiquitin is attached to the amino group of either the N-
terminal residue (2, 8, 37) or an internal lysine residue of the
target protein (16). Additional ubiquitin molecules are added
to the lysine-48 residue of the previous ubiquitin on the target
protein, to result in polyubiquitination (9). A polyubiquitin
chain that contains at least four ubiquitin molecules is required
to target a protein to the proteasome (45). After binding to the
19S regulatory particle, the subsequent protein degradation
step requires that the polyubiquitinated protein be denatured
and deubiquitinated for entry into the channel of the 20S core
(7,27, 45). Only a limited number of proteins have been found
to be degraded by proteasomes in an ubiquitin-independent
manner (1, 5, 23, 32, 41).

Hepatitis C virus (HCV) is a positive-stranded RNA virus
with a genome size of 9.6 kb. Its genome codes for a large
polyprotein, which is cleaved into 10 protein products by cel-
lular and viral proteases, and a small protein named F protein
or alternative reading frame protein (48, 55, 59). The F protein
is encoded by the +1/—2 reading frame embedded in the 5’
end of the polyprotein coding sequence and was initially re-
ported to be expressed by translational ribosomal frameshift at
codons 9 to 11 of the polyprotein coding sequence (11, 59).
Recent studies suggest that other mechanisms, which include
translational ribosomal frameshift at codon 42, transcriptional
slippage at codons 9 to 11, and internal initiation of translation
at codon 26 or codons 85 and 87 (4, 6, 36, 50), may also be
involved in the expression of different forms of the F protein.
The biological function of the F protein is unclear. Antibodies
and T cells specifically recognizing the F protein have been
identified in HCV patients, indicating its expression during
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natural infection (3, 12, 25, 47, 55, 59). However, abolishing the
expression of several forms of the F protein does not abolish
the replication of HCV in a chimpanzee or cell cultures, indi-
cating that the F protein may not be essential for productive
HCV replication (31). The F protein may have regulatory
functions, as it has been shown to induce the expression of
proinflammatory cytokines (15) and c-myc (57), enhance the
activity of c-myc (30), and suppress the expression of p53 (57).
The full-length F protein has a short half-life and is degraded
by proteasomes (38, 58). To further understand the biological
functions of the F protein, we have conducted yeast two-hybrid
screening studies to identify cellular proteins that the F protein
may bind to. We identified the proteasome a3 subunit as one
such protein. To understand the biological significance of the
interaction between the F protein and a3, we coexpressed
these two proteins in cells. This unexpectedly led us to the
findings that the full-length F protein is degraded by the pro-
teasome via an ubiquitin-independent pathway and that differ-
ent truncated forms of the F protein have different stabilities.
These findings may have important implications in HCV rep-
lication and pathogenesis.

MATERIALS AND METHODS

DNA plasmids. Unless otherwise indicated for the mutation or truncation
experiments, the F-protein sequence used in our studies was full length and
included 10 amino acids from the polyprotein sequence followed by the sequence
encoded by the F reading frame. The F protein derived from the HCV-1 isolate
(genotype la) was used throughout our entire studies. The construction of
pCDEF-HAF, which contains the hemagglutinin (HA)-tagged, full-length F pro-
tein, had been described previously (58). For the construction of pCDNA3.1/
NTGFP-F(20-60), the F-protein cDNA fragment encoding amino acids 20 to 60
was isolated by PCR using primers 5 ACC CGA ATT CAG ACG TCA AGT
TCC CGG GT 3" and 5" CCC CTC TAG ACT CGA GGT TGC GAC CG 3’ and
inserted into EcoRI and Xbal sites of pPCDNA3.1/NTGFP (Invitrogen). For the
construction of pCDNA3.1/NTGFP-F(40-60), the two oligonucleotides 5" AAT
TCA GGC CCT AGA TTG GGT GTG CGC GCG ACG AGA AAG ACT TCC
GAG CGG TCG CAA CCT CGA GT 3’ and 5" CTA GAC TCG AGG TTG
CGA CCG CTC GGA AGT CTT TCT CGT CGC GCG CAC ACC CAA TCT
AGG GCC TG 3’ were annealed and ligated into EcoRI and Xbal sites of
pCDNAB3.1/NTGFP. These two oligonucleotides encode amino acids 40 to 60 of
the F-protein sequence. For the construction of pPCDEF-HAFAK, the first 11
codons of the F-protein coding sequence were deleted and the lysine codon at
position 159 was mutated into an arginine codon using the sense primer 5" CCC
CAA GCT TAC ATT TGC TTC TGA CAC AAC TGT GTT CAC TAG CAA
CCT CAA ACA GAC ACC ATG TAC CCA TAC GAC GTC CCA GACTAC
GCT ACA AAC GTA ACA CCA ACC 3’ and the antisense primer 5" ACC
ATC TAG AAA TCA CGC CGT CCT CCA GAA C 3'. The PCR product was
then inserted into HindIII and Xbal sites of the pCDEF vector. For the con-
struction of pGST-a3, the proteasome subunit a3 coding sequence was cloned
into the BamHI and EcoRI sites of pGEX-4P-1 (Amersham Biosciences) using
the forward primer 5' CAT GGA TCC TTT AGC ACG ATG AGC TCA ATC
GGC ACT G 3’ and the reverse primer 5" CAT GAA TTC CAT ATT ATC ATC
ATC TGA TT 3'. The o3 cDNA was PCR amplified from the plasmid pGADS57,
which was isolated by yeast two-hybrid screening. For the construction of pPCMV-
mtFlag-a3, the a3 coding sequence was PCR amplified and cloned into Ndel and
EcoRI sites of pPCMV-mtFlag (a gift of Lucio Comai).

Yeast two-hybrid screening. The Matchmaker yeast two-hybrid screening kit
and the human liver cDNA library were purchased from Clontech. The HCV-1
F-protein coding sequence, which was generated by deleting one adenosine at
codon 10 of the HCV core protein coding sequence to mimic a +1 ribosomal
frameshift, was used as the bait for the screening following the manufacturer’s
protocols. The inserts of the positive cDNA clones isolated in the screening
procedures were sequenced, and their sequences were searched against the
National Center for Biotechnology Information database for identification.

In vitro transcription and translation. For C-terminal truncations, the HCV-1
F-protein coding sequence was PCR amplified using the forward primer 5" AAT
ACG ACT CAC TAT AGG GAG AGC CAC CAT GGC CCT AGA TTG GGT
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GTG CG 3’, which contains the T7 promoter at the 5" end, and various reverse
primers. For N-terminal truncations, the reverse primer 5" AAC AGA ATT CTC
ACG CCG TCT TCC AGA AC 3’ and various forward primers that contain the
T7 promoter sequence were used for PCR. The PCR products or the plasmid
pCDNA3.1-HAF that had been linearized with Xbal was used as the template
for RNA synthesis using Mega Script (Ambion) following the manufacturer’s
instruction. The protein synthesis was carried out at 30°C for 1 h using the
following conditions: 0.5 to 1 pg RNA, 10 wl of rabbit reticulocyte lysates
(Promega), 0.5 pl of 1 mM amino acid mixture without methionine, and 50 n.Ci
[**S]methionine (>1,000 Ci/mmol; ICN). For the in vitro pulse-chase labeling
experiment, the F protein was pulse-labeled for 15 min using the same transla-
tion condition. The protein synthesis was then stopped by the addition of cyclo-
heximide to a final concentration of 1 pg/pl, and chase was performed for
different lengths of time.

GST pull-down assay. The fusion protein of glutathione S-transferase and o3
(GST-a3) was purified by using the GST purification kit (Amersham Bio-
sciences) following the manufacturer’s instructions. Briefly, the expression of the
GST-a3 fusion protein or the control GST protein in Escherichia coli BL21 was
induced with 1 mM isopropyl-1-thio-B-p-galactopyranoside. Cells were then ly-
sed by sonication, and GST-a3 or GST was purified by using glutathione-Sepha-
rose CL-4B beads (Pharmacia Biotech). For the pull-down assay, 5 wl of the
translational mixture containing the [**S]methionine-labeled F protein was
mixed with GST-a3 or GST and then diluted in 1 ml radioimmunoprecipitation
assay (RIPA) buffer (10 mM Tris-HCI [pH 7.0], 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate). After incubation at 4°C
for 1 h, glutathione beads were pelleted and washed with RIPA buffer four times.
Protein samples were then boiled in Laemmli buffer for gel electrophoresis.

Cell lines and DNA transfection. Huh7 and Huh7.5 human hepatoma cell lines
and the mouse ts85 mouse mammary carcinoma cell line were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS). The ts85 cell line expresses a temperature-sensitive E1 ubiquitin-
activating enzyme and thus was maintained at 33°C. Huh7 cells growing in a
10-cm dish were transfected with DNA plasmids using the Lipofectamine Plus
reagent (Invitrogen). For the transfection of ts85 cells, cells growing in a 10-cm
dish were trypsinized and washed with Opti-MEM (Invitrogen) three times. Five
million cells in 500 wl OPTI-MEM were mixed with 50 ng DNA plasmids and
electroporated at 300 V using a Bio-Rad Gene Pulser. Cells were then plated in
DMEM supplied with 10% FBS and harvested 48 hours after transfection in
Laemmli buffer for Western blot analysis. Alternatively, cells were used for the
pulse-chase labeling experiments.

Pulse-chase labeling and small interfering RNA (siRNA) knockdown experi-
ment. Cells were incubated in methionine-free DMEM supplied with 10% dia-
lyzed FBS for 30 min, pulse-labeled with [trans->*S]methionine (ICN) for 15 min,
washed with phosphate-buffered saline, and chased in complete DMEM con-
taining 10% FBS for different lengths of time. Cells were then lysed in RIPA
buffer containing a protease inhibitor cocktail (Roche Diagnostics), and the cell
lysates were incubated with the mouse anti-HA antibody (USC Norris Cancer
Center Cell Culture Core), mouse anti-green fluorescent protein (anti-GFP)
antibody (Santa Cruz Biotechnology) or anti-hypoxia-inducible factor la (anti-
HIF-1a) antibody (Santa Cruz Biotechnology). After incubation at 4°C over-
night, the immune complex was precipitated with 30 ul Gammabind Plus (Am-
ersham). The immunoprecipitates were washed four times with RIPA buffer,
followed by electrophoresis in an 8% or 15% gel. The protein bands were
visualized by autoradiography.

For the pulse-chase labeling experiment involving siRNA knockdown of a3,
Huh7.5 cells were electroporated with HCV JFH-1 genomic RNA, and 8 days
after electroporation cells were transfected with siRNA specific for a3 subunit
(Dharmacon) or a nonspecific negative control siRNA (Invitrogen) using Lipo-
fectamine 2000 following the manufacturer’s protocol. Twenty-four hours after
siRNA transfection, cells were transfected with pCDEF-9Acore, an expression
plasmid for the full-length F protein without the HA tag (11). Cells were har-
vested 48 hours after siRNA transfection for Western blot analysis or pulse-chase
labeling experiment. For the pulse-chase-labeling experiment, the F protein was
immunoprecipitated using the mouse monoclonal anti-F antibody.

Coimmunoprecipitation analysis. Huh7 cells in a 10-cm petri dish were trans-
fected with pCDEF-HAF and pCMV-mtFlag-a3 or their control expression
vectors in different combinations using Lipofectamine Plus. Forty-eight hours
after transfection, cells were rinsed twice with TBS (10 mM Tris-HCI [pH 7.0],
150 mM NaCl) and lysed in 1 ml TBS containing 0.5% Nonidet P-40 (NP-40).
The cell lysates were briefly centrifuged to remove cell debris. The supernatant
was incubated with 3 pg mouse anti-HA antibody or rabbit anti-Flag (Sigma)
antibody. After incubation at 4°C overnight, the immune complex was precipi-
tated with 30 ul Gammabind Plus (Amersham). The immunoprecipitates were
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FIG. 1. GST pull-down analysis of the interaction between the
HCV F protein and the proteasome subunit 3. GST-a3 and GST
proteins expressed in E. coli were purified and incubated with [*°S]
methionine-labeled F protein for the pull-down assay. The F protein
was synthesized from HCV-1 RNA with the deletion of an adenosine
residue at codon 10 of the polyprotein coding sequence to mimic a +1
ribosomal frameshift. (A) Autoradiography of the F protein pulled
down by the glutathione beads. (B) The same protein gel shown in
panel A was stained with Coomassie blue to reveal GST-a3 and GST
protein bands before autoradiography. The locations of the F protein
in panel A and of GST-a3 and GST in panel B are indicated. Lanes 1,
F protein translational mixture prior to the pull-down assay; lanes 2,
GST-a3 pull-down assay; lanes 3, control GST pull-down assay; lane
M, molecular weight markers.

washed four times with TBS containing 0.5% NP-40, followed by electrophoresis
in a 15% gel. The protein gel was Western blotted to a nitrocellulose membrane,
which was then hybridized with the rabbit anti-Flag or mouse anti-HA antibody
and then with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse
secondary antibody.

Confocal microscopy. Huh7 cells grown on coverslips in a six-well dish were
transfected with pCDEF-HAF, pCMV-mtFlag-a3, or their control expression
vectors in different combinations. Forty-eight hours after transfection, cells were
fixed with acetone and double stained with rabbit anti-Flag, for Flag-tagged a3,
and mouse anti-HA, for the HA-tagged F protein, primary antibodies and rho-
damine-conjugated goat anti-rabbit and fluorescein-conjugated goat anti-mouse
secondary antibodies. Cells were then analyzed by confocal microscopy.

Expression and purification of the F protein. The F-protein coding sequence
of the HCV-1 isolate was generated by deleting an adenosine residue from codon
10 of the core protein sequence to mimic a +1 ribosomal frameshift. This
sequence was inserted into the yeast expression vector to create the plasmid
pBS24UB.F9a.his-14912bp. A His tag coding sequence was fused to the 3’ end of
the F-protein sequence to facilitate purification. After fermentation, yeast cells
were broken by glass beads in Dynomill and centrifuged. The insoluble pellet,
which contained the F protein, was successively washed in 2 M, 4 M, and 8§ M
urea in 20 mM Tris-HCI (pH 7.5) and 150 mM NaCl. The F protein, which was
soluble in both 4 M and 8 M urea washes, was purified with a nickel affinity
column and then with an SP Fractogel ion-exchange column. The eluted F
protein was finally concentrated by using the nickel column again. The F protein
was loaded on the nickel column in 10 mM imidazole and eluted with 0.5 M
imidazole. The F protein was finally dialyzed against 20 mM Tris-HCI (pH 7.5)
containing 0.5% Tween 80. The F protein thus purified did not react with any
monoclonal antibodies that recognize epitopes in amino acids 10 to 160 of the
HCV core protein sequence (data not shown).

Proteasome degradation assay. The proteasome degradation assay was per-
formed as previously described with slight modifications (26). Briefly, 125 nM
purified F protein, HBV core protein (29), or mouse immunoglobulin was incu-
bated with 30 nM purified 20S proteasome (Boston Biochem) in the presence or
absence of the proteasome inhibitor MG132 (2 uM final concentration) in
reaction buffer (20 mM Tris-HCI [pH 7.0], 70 mM NaCl, 0.25 mM ATP, and 1
mM dithiothreitol) at 37°C. An aliquot was then removed at 0, 15, 30, and 60 min
after the initiation of the reaction for Western blot analysis for the determination
of the protein degradation rate.

RESULTS

Binding of HCV F protein to proteasome subunit a3. To
identify the cellular proteins that the HCV F protein may bind
to, we screened 2.5 X 10° human liver cDNA clones using the
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FIG. 2. Coimmunoprecipitation analysis of the F protein and the
a3 protein. Huh7 cells were cotransfected with expression plasmids for
HA-tagged F protein and Flag-tagged a3 protein or their control
vectors in different combinations as indicated below the gel. Cell ly-
sates were then immunoprecipitated (IP) with anti-HA (A) or anti-
Flag (B) antibody, followed by Western blot (WB) analysis using anti-
Flag (A) or anti-HA (B) antibody. The asterisk in panel B marks the
location of a nonspecific protein band. TCL, total cell lysates.

full-length F protein as the bait. Thirty-three positive cDNA
clones were identified, and 12 of them were found to encode
the proteasome subunit a3. To confirm the interaction be-
tween the F protein and a3, we performed GST pull-down
experiments. The GST-a3 fusion protein and the GST control
protein were expressed in E. coli, separately incubated with
[**S]methionine-labeled F protein that had been synthesized in
vitro using rabbit reticulocyte lysates, and then precipitated
using glutathione beads. As shown in Fig. 1A, a significantly
higher level of the F protein could be pulled down by GST-a3
than by the control GST protein, even though the amount of
the latter used for the pull-down assay was much higher
(Fig. 1B).

To confirm that the F protein and a3 could indeed bind to
each other, we also performed coimmunoprecipitation exper-
iments. Huh7 hepatoma cells were cotransfected with the HA-
tagged F-protein expression plasmid, the Flag-tagged o3 ex-
pression plasmid, and their control expression vectors in
different combinations. Cells were then lysed and immunopre-
cipitated with the mouse anti-HA antibody, followed by West-
ern blot analysis of the immunoprecipitates using the rabbit
anti-Flag antibody. As shown in Fig. 2A, the Flag-tagged o3
protein could be precipitated by the anti-HA antibody only in
the presence of the HA-tagged F protein and not in the ab-
sence of it. In a reciprocal experiment, cell lysates were immu-
noprecipitated with the anti-Flag antibody, followed by West-
ern blot analysis of the immunoprecipitates with the anti-HA
antibody. As shown in Fig. 2B, the HA-tagged F protein could
be precipitated by the anti-Flag antibody only in the presence
of Flag-tagged a3 and not in the absence of it. Thus, the results
shown in Fig. 2 confirmed that the F protein and a3 could
indeed bind to each other.

Colocalization of the F protein and o3 in Huh7 cells. To
further confirm the interaction between the F protein and a3
in cells, we performed confocal microscopy. As shown in Fig. 3,
the F protein expressed in Huh7 cells by itself was present in
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FIG. 3. Colocalization of the F protein and the a3 protein in cells.
Huh?7 cells were transfected with the HA-tagged F protein expression
plasmid (A to C), the Flag-tagged o3 expression plasmid (D to F), or
both (G to I); stained for calnexin (A and E), HA-tagged F (B and H),
or Flag-tagged a3 (D and G); and then analyzed by confocal micros-
copy. Panels C, F, and I are merged pictures of panels A and B, D and
E, and G and H, respectively.

the cytoplasm and colocalized with calnexin, a resident protein
of the endoplasmic reticulum (top panels). This result is con-
sistent with previous reports that the F protein is associated
with the endoplasmic reticulum membranes (49, 58). When o3
was expressed in Huh7 cells, it displayed both nuclear and
cytoplasmic staining patterns with little colocalization with cal-
nexin (middle panels). This result is also consistent with pre-
vious observations that proteasomes are diffusely distributed in
both the nucleus and the cytoplasm (34, 35). Importantly, when
the F protein and o3 were coexpressed in the cell, most of the
F protein and o3 colocalized to the cytoplasm (bottom panels).
Thus, the results shown in Fig. 3 together with the results
shown in Fig. 2 indicated that the F protein could bind to a3 in
Huh7 cells.

Reduction of the F-protein level by a3 in a dose-dependent
manner. In our studies, we noticed that the coexpression of a3
with the F protein frequently led to a reduced expression level
of the F protein. To determine whether a3 could indeed re-
duce the expression level of the F protein, we coexpressed the
F protein with an increasing amount of o3 in Huh7 cells. As
shown in Fig. 4, the increase of the a3 expression level led to
the decrease of the F-protein level. This dose-dependent re-
duction of the F protein by a3 reached a peak when the ratio
of the expression plasmids of these two proteins reached 1.
Further increase of the a3-to-F-protein plasmid ratio did not
further decrease, but rather slightly increased, the F-protein
expression level. The reason for this slight increase is unclear,
but it may be due to the inability of excessive amounts of a3 to
assemble into proteasomes, which led to the stabilization of the
F protein that bound to it (see below). The ability of a3 to
reduce the F-protein expression level in a dose-dependent
manner and the fact that &3 is an important component of the
proteasome raised the possibility that the F protein might be
degraded by the proteasome via its direct interaction with a3.

Identification of the a3-binding domain in the F protein. To
understand how a3 reduced the expression level of the F pro-
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FIG. 4. Dose-dependent reduction of the F-protein level by 3.
Huh?7 cells were transfected with 2 wg of the HAF expression plasmid
and different amounts of the Flag-tagged o3 expression plasmid as
indicated. Control vectors were also included in the transfection to
ensure that the total amount of DNA plasmids used for the transfec-
tion for each experiment was the same. Cells were lysed 48 hours after
transfection for Western blot analysis. A representative result is shown
in panel A. Lane 1 is Huh7 cells transfected with only the control
vectors. The relative F-protein levels were quantified by Sigma Scan,
and the averages and standard deviations from three independent
experiments are shown in panel B. The F-protein level in the absence
of a3 was arbitrarily defined as 100%.

Relative F protein level
(2]
o

tein, we performed deletion-mapping experiments to identify
the F-protein domain that the a3 protein may bind to. The F
protein with different N-terminal or C-terminal deletions was
synthesized and labeled with [*>S]methionine in vitro using
rabbit reticulocyte lysates. The ability of these truncated F
proteins to bind to a3 was then analyzed by the GST pull-down
assay. As shown in Fig. 5A, the F protein with the N-terminal
truncation at amino acid 40, but not the F protein with the
N-terminal truncation at amino acid 87, was able to bind to «3.
This result indicated the importance of amino acids 40 to 87
for the binding of F protein to a3. In the C-terminal truncation
studies, the F protein with the truncation at amino acid 60 was
able to bind to «3. However, further truncation at amino acid
40 abolished the binding of the F protein to o3. Thus, these
deletion-mapping results together indicated that amino acids
40 to 60 of the F protein were required for the F protein to
bind to «3.

To determine whether amino acids 40 to 60 of the F protein
serve as the domain for binding to o3, we fused amino acids 40
to 60 and 20 to 60 to the C terminus of GFP to create the
fusion proteins GFP-F(40-60) and GFP-F(20-60). These two
GFP-F fusion proteins were then separately coexpressed with
Flag-tagged 3 in Huh7 cells for coimmunoprecipitation ex-
periments. As shown in Fig. 5B, the anti-GFP antibody could
immunoprecipitate o3 in the presence of either GFP-F(40-60)
or GFP-F(20-60) but not the control GFP protein. These re-
sults confirmed that amino acids 40 to 60 of the F protein
indeed served as the binding domain for «3.

Destabilization of a GFP reporter by the F-protein se-
quence. If a3, as a subunit of the proteasome, reduced the
expression level of the F protein by facilitating its degradation
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FIG. 5. Identification of the a3-binding domain in the F protein.
(A) Deletion-mapping analysis. The F protein was truncated at differ-
ent locations as indicated and synthesized using rabbit reticulocyte
lysates. The deletion mutants were then incubated with purified GST-
a3, precipitated using glutathione beads, and analyzed by gel electro-
phoresis and autoradiography. Lanes 1 to 5, translational mixtures;
lanes 6 to 10, GST-a3 pull-down experiments. The deletion-mapping
results are summarized below the gel. (B) Coimmunoprecipitation
analysis of a3 with GFP, GFP-F(40-60), or GFP-F(20-60). Naive
Huh7 cells (lanes 1 and 8) or Huh7 cells cotransfected with the ex-
pression plasmids for Flag-tagged a3 and GFP (lanes 2 and 5), Flag-
tagged a3 and GFP-F(40-60) (lanes 3 and 6), or Flag-tagged a3 and
GFP-F(20-60) (lanes 4 and 7) were lysed 48 hours after transfection
and immunoprecipitated (IP) with the anti-GFP antibody, followed by
Western blot (WB) analysis using the anti-Flag antibody.

by the proteasome through their physical interaction, then
fusion of the a3-binding domain of the F protein to a stable
protein may also destabilize that protein. To test this possibil-
ity, we determined the half-life of the GFP-F(40-60) fusion
protein and that of the control GFP in Huh7 cells by perform-
ing pulse-chase labeling experiments. As shown in Fig. 6A,
neither the GFP nor the GFP-F(40-60) fusion protein level
was significantly reduced during the 1-hour chase period, in-
dicating that the «3-binding domain of the F protein was in-
sufficient to destabilize the GFP reporter. Interestingly, when
the same pulse-chase labeling experiment was repeated using
GFP-F(20-60), this protein was found to have a short half-life
of approximately 15 minutes, similar to that of the wild-type F
protein (Fig. 6B and C). These results indicated that the «3-
binding domain (i.e., amino acids 40 to 60) of the F protein and
its upstream sequence (i.e., amino acids 20 to 40) were re-
quired to destabilize GFP.

Ubiquitin-independent degradation of the F protein. With a
few exceptions, ubiquitination of proteins is required for their
degradation by the proteasome. The F-protein sequence be-
tween amino acids 20 and 60 does not contain any lysine
residue, which is the ubiquitination site. This observation
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FIG. 6. Stability analysis of GFP and F fusion proteins. (A) Pulse-
chase labeling of GFP and GFP-F(40-60). Huh7 cells transfected with
the GFP (lanes 2 to 5) or GFP-F(40-60) (lanes 7 to 10) expression
plasmid were pulse-labeled with [**S]methionine for 15 min and
chased for 0, 15, 30, and 60 min. Cell lysates were then immunopre-
cipitated with the anti-GFP antibody. Lanes 1 and 6, naive Huh7 cells
pulse-labeled for 15 min and chased for 0 and 60 min, respectively.
Lane 11, [**S]methionine-labeled GFP-F(40-60) marker, which was
synthesized in vitro using rabbit reticulocyte lysates. (B) Pulse-chase
labeling of GFP-F(20-60). Lane 1, control Huh7 cells. (C) Quantifi-
cation of the relative protein levels at different chase time points. The
protein levels of GFP and GFP-F fusion proteins shown in panels A
and B were quantified using Sigma Scan. The results represent the
averages and standard deviations from three independent experiments.

prompted us to investigate whether the F protein is degraded
by an ubiquitin-independent mechanism. The F protein that
we used in our studies for Fig. 1 to 4 was full length and
contained four lysine residues at amino acids 9 to 11 and 159
(Fig. 7A). To remove these putative ubiquitination sites, we
created an HA-tagged, F protein lacking lysine (HAFAK) by
deleting its first 11 amino acids and mutating lysine-159 to
arginine (56). This F protein without lysine was expressed in
Huh7 cells, and its half-life was determined by pulse-chase
labeling experiments. As shown in Fig. 7B and C, this F protein
without lysine has a half-life of approximately 15 minutes,
similar to that of the wild-type F protein (38, 58). This result
indicates that the degradation of the F protein is lysine inde-
pendent and supports the possibility that the F protein is de-
graded by an ubiquitin-independent pathway.

To further confirm that the F protein is indeed degraded by
an ubiquitin-independent pathway, we expressed the HA-
tagged F protein in ts85 cells and performed pulse-chase la-
beling experiments. The ts85 cell line is a mouse mammary
carcinoma cell line that expresses a temperature-sensitive E1
ubiquitin-activating enzyme. The E1 enzyme is inactivated and
the ubiquitin-dependent protein degradation is abolished
when ts85 cells are incubated at the nonpermissive tempera-
ture (14). As shown in Fig. 8A and B, the F protein at both the
permissive temperature of 33°C and the nonpermissive tem-
perature of 39.5°C was similarly unstable, with a half-life of
about 15 min. To ensure that the E1 activity was indeed inac-
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FIG. 7. Lysine-independent degradation of the F protein. (A) Il-
lustration of HAF and HAFAK. HAFAK is identical to HAF, except
that it does not have the N-terminal 11 amino acids and its lysine-159
has been mutated to arginine. (B) Pulse-chase labeling for the HAFAK
mutant lacking lysine and the wild-type HAF. The pulse-chase labeling
experiments for HAFAK (upper panel) and HAF (lower panel) were
conducted as described in the Fig. 6 legend. Lane 1, Huh7 cells trans-
fected with the control vector. (C) Quantification of the relative F-
protein levels during the chase. The protein levels were quantified
using Sigma Scan. The results represent the averages and standard
deviations from three independent experiments.

tivated at the nonpermissive temperature, we also analyzed
HIF-la at permissive and nonpermissive temperatures.
HIF-1a is a labile protein with a half-life of less than 5 minutes
under normoxia and is degraded by the ubiquitin-proteasome
pathway (39). As shown in Fig. 8C, HIF-la could not be
detected in the pulse-chase-labeling experiment at the permis-
sive temperature due to its instability. However, this 120-kDa
protein was easily detectable at the nonpermissive temperature
without a significant change of its level even after 30 min of
chase. Similar results were obtained by Western blot analysis.
HIF-1a was detectable at the nonpermissive temperature but
not at the permissive temperature (Fig. 8D). In contrast, the
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F-protein expression level was not affected by the incubation
temperature (Fig. 8E). Taken together, the results shown in
Fig. 7 and 8 indicate that the degradation of F protein is
ubiquitin independent.

Direct degradation of the F protein by the 20S proteasome.
Previous studies indicate that the F protein is degraded by the
proteasome (38, 58). To further investigate the molecular
mechanism of the F-protein degradation by the proteasome,
we expressed the F protein in yeast and subsequently purified
this protein to near homogeneity as evidenced by protein gel
and high-performance liquid chromatography analyses (data
not shown). As shown in Fig. 9A, this F protein was stable in
the absence of the 20S proteasome (panel 1). However, in the
presence of the 20S proteasome, it was rapidly degraded (Fig.
9A, panel 2, and B). This degradation of the F protein by the
20S proteasome was specific, as it was inhibited by the protea-
some inhibitor MG132 (Fig. 9A, panel 3), and the control
HBV core protein (panel 4) and mouse immunoglobulin
(panel 5) could not be degraded by the 20S proteasome. These
results indicated that the F protein could be directly degraded
by the 20S proteasome without the need for ubiquitination.

Stabilization of the F protein in HCV cells by suppression of
expression of the proteasome subunit «3. To further investi-
gate the role of a3 and the possible effect of a replicating HCV
genome on the stability of the F protein, we transfected
Huh7.5 cells with HCV JFH-1 genomic RNA. This transfec-
tion resulted in the replication of the HCV JFH-1 RNA and
the production of infectious viral particles (data not shown)
(42). As shown in Fig. 10A, the HCV core protein was easily
detectable in the HCV JFH-1 RNA-transfected cells at 8 days
after transfection. These HCV JFH-1 cells were then trans-
fected with either the o3 siRNA or a control siRNA, followed
by transfection with the F-protein expression plasmid. As
shown in Fig. 10B, the a3 siRNA reduced the a3 protein level
to an undetectable level, whereas the control siRNA had no
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FIG. 8. E1 ubiquitin-activating enzyme-independent degradation of the F protein. (A) Pulse-chase labeling of the F protein in ts85 cells. Cells
electroporated with the control vector (lanes 1 and 6) or the HAF expression plasmid were maintained at 33°C for 24 h, followed by further
incubation at 39.5°C (nonpermissive temperature, lanes 1 to 5) or 33°C (permissive temperature, lanes 6 to 10) for 24 h prior to the pulse-chase
labeling experiment using the procedures described in the Fig. 6 legend. Lane 11, [**S]methionine-labeled, in vitro-synthesized F protein, which
served as a marker. (B) Quantification of the F-protein levels over the chase time. The F-protein bands shown in panel A were quantified using
Sigma Scan. The results represent the averages and standard deviations from three independent experiments. (C) Pulse-chase labeling of HIF-1a.
ts85 cells were electroporated with the control vector (lanes 1 and 6) or the HIF-1a expression plasmid (lanes 2 to 5 and 7 to 10). (D) Western
blot analysis of HIF-1a expressed in ts85 cells. ts85 cells were electroporated with a control vector (—) or the HIF-1a expression plasmid (+). Cells
were maintained at the permissive temperature (P) for 48 hours or maintained at the permissive temperature for the first 24 hours and then shifted
to the nonpermissive temperature (NP) for another 24 h. Cells were then lysed for Western blot analysis. (E) Western blot analysis of HAF
expressed in ts85 cells. The experiment was conducted as described for panel D, except the HAF expression plasmid and its control vector were

used for the transfection.
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FIG. 9. Degradation of the F protein by the 20S proteasome. (A) Pro-
tein degradation assay. The F protein, which was expressed in yeast cells
and subsequently purified, was incubated without the 20S proteasome
(panel 1), with the 20S proteasome (panel 2), or with the 20S proteasome
and the proteasome inhibitor MG132 (panel 3). The control HBV core
protein (panel 4) and mouse immunoglobulin G (IgG) (panel 5) were also
incubated with the 20S proteasome. A protein aliquot was removed at 0,
15, 30, and 60 min after incubation and analyzed by Western blotting
using the mouse anti-F antibody (panels 1 to 3), the rabbit anti-HBV core
antibody (panel 4), and the goat anti-mouse antibody (panel 5). For the
IgG control, both the heavy chain and the light chain were not affected by
the proteasome, and hence only the result for the heavy chain is shown.
(B) Quantification of the F-protein levels at various time points. The
results represent the averages and standard deviations from three inde-
pendent experiments.
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effect on o3. When the stability of the F protein was analyzed
by pulse-chase labeling experiments, the F protein was labile,
with a half-life of less than 20 minutes in cells treated with the
control siRNA, indicating that the half-life of the F protein was
not affected by the presence of other HCV proteins and a
replicating HCV genome. In contrast, in cells treated with the
a3 siRNA, the F protein was stable, with no significant reduc-
tion of its level even after 60 minutes of chase (Fig. 10C).
These results indicated that the a3 protein played an important
role in the degradation of the F protein.

Stability analysis of different forms of the F protein. As
different mechanisms, which include translational ribosomal
frameshift at codon 42 and internal initiation of translation at
codon 26 or codons 85 and 87 (4, 6, 50), had been proposed to
explain the expression of the F protein, we also investigated
the stabilities of these different truncated forms of the F pro-
tein by conducting pulse-chase labeling experiments in vitro.
As shown in Fig. 11, the full-length F protein was unstable with
a short half-life, in agreement with our previous report (58)
and with observations in cell cultures (Fig. 7, 8, and 10). The F
protein truncated at codon 26 was also unstable, with a stability
similar to that of the full-length F protein. In contrast, the F
protein truncated at codon 42 or codon 87 was stable, with no
significant reduction of its protein level even after 60 min of
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FIG. 10. Effect of suppression of a3 expression on the stability of the
F protein in HCV JFH-1 cells. (A) Western blot analysis of the HCV core
protein in cells transfected with the replication-defective HCV JFH-1
GND mutant RNA (lane 1) or the wild-type HCV JFH-1 RNA (lane 2)
(42). Cells were lysed 8 days after transfection for Western blot analysis.
Actin was also analyzed to serve as a loading control. (B) Suppression of
a3 expression with sSiRNA. HCV JFH-1 cells without siRNA transfection
(lane 2), with a3 siRNA transfection (lane 3), or with control (ctrl) sSiRNA
transfection (lane 4) were lysed for Western blot analysis. Lane 1 con-
tained the purified 20S proteasomes, which provided the o3 protein to
serve as the marker. Upper panel, Western blot using the anti-a3 anti-
body; lower panel, Western blot using the antiactin antibody. (C) Pulse-
chase labeling of the F protein. HCV JFH-1 cells treated with the control
siRNA (upper panel) or a3 siRNA (lower panel) were transfected with
the empty expression vector (lane 1) or the F-protein expression plasmid
(lanes 2 to 4), pulse-labeled with [**S]methionine for 15 minutes, and
chased for 0 (lanes 1 and 2), 20 (lane 3), or 60 (lane 4) minutes. The F
protein was immunoprecipitated with the mouse monoclonal anti-F anti-
body. The arrow denotes a nonspecific protein band, which served as an
internal control. This nonspecific protein was relatively stable during the
chase period.

chase. These results, in combination with the observations
shown in Fig. 6, indicated that amino acids 26 to 60 are suffi-
cient to mediate the instability of the F protein.

DISCUSSION

The HCV F protein is encoded by the +1 reading frame that
overlaps with the core protein coding sequence. This protein
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FIG. 11. Pulse-chase labeling of different truncated forms of the F
protein in vitro. The pulse-chase labeling experiment was conducted as
previously described (58). Briefly, the full-length F protein and the F
protein with an N-terminal truncation at codon 26 (F26), codon 42
(F42), or codon 87 (F87) were synthesized using rabbit reticulocyte
lysates and pulse-labeled with [**S]methionine for 15 minutes before
the translation reaction was stopped with cycloheximide. The F protein
was then chased for 0 (lane 1), 15 (lane 2), 30 (lane 3), or 60 (lane 4)
minutes. For F26 and F42, a methionine codon was inserted at the 5’
end for translation initiation. For F87, codon 87, which is a methionine
codon, was used for translation initiation.
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was initially reported to be expressed by translational ribo-
somal frameshift at codons 9 to 11 of the core protein sequence
(11, 59). However, other mechanisms have subsequently also
been proposed to explain its expression (4, 6, 50). The full-
length HCV F protein synthesized by translational ribosomal
frameshift at codons 9 to 11 is a labile protein that is degraded
by proteasomes (38, 58). We have further analyzed the molec-
ular pathway that mediates the degradation of the F protein.
By using a combination of yeast two-hybrid assays, GST pull-
down experiments (Fig. 1), coimmunoprecipitation experi-
ments (Fig. 2), and confocal microscopy (Fig. 3), we demon-
strated that the HCV F protein could bind to the proteasome
subunit a3, which facilitates the degradation of the F protein in
a dose-dependent manner (Fig. 4). The role of o3 in the deg-
radation of the F protein was also supported by our siRNA
knockdown experiment, in which we found that the suppres-
sion of a3 expression resulted in the stabilization of the F
protein, even in the presence of a replicating HCV genome
(Fig. 10). Our deletion-mapping studies identified the a3-bind-
ing domain in the F-protein sequence between amino acids 40
and 60 (Fig. 5). Interestingly, this a3-binding domain was in-
sufficient to destabilize the GFP reporter (Fig. 5 and 6), but it,
together with its upstream sequence located between amino
acids 20 and 40, could reduce the half-life of GFP to that of the
F protein (Fig. 6). This observation is reminiscent of a recent
finding by Takeuchi et al., who reported that tethering GFP to
Rpn10, a 19S proteasome regulatory subunit protein, was in-
sufficient to destabilize GFP unless the fusion protein was also
linked to a loosely structured sequence to initiate insertion into
the proteasome (43). Thus, it is conceivable that the role of
amino acids 20 to 40, which lack apparent structures based on
the structural prediction using computer programs (data not
shown), is to serve as the signal to initiate translocation of the
protein into the catalytic cavity after the binding of the F
protein to a3.

A limited number of proteins, including ornithine decarbox-
ylase (ODC) and p21<P!, are degraded by proteasomes via the
ubiquitin-independent pathway. ODC contains a degron,
which is a 34-amino-acid sequence located at its C terminus.
This degron can bind to the 19S regulatory particle, and ap-
pending this degron to various proteins can target them to the
19S regulatory particle to enhance their degradation by the 26S
proteasome via the ubiquitin-independent pathway (44). In the
case of p21<"P!, which is a cyclin-dependent kinase inhibitor, its
degradation by the proteasome is mediated by its interaction
with REGy (10), although an earlier report also indicated that
that it could bind to the proteasome subunit 7 (46). For both
ODC and p21<'!, the ability of these two proteins to bind
directly to a proteasome subunit is essential for their degrada-
tion by the proteasome. If the F protein follows the same rule
and is targeted to the proteasome by «3, then its degradation
by the proteasome will also be ubiquitin independent. This
apparently is the case, based on three lines of evidence: first,
the F protein mutant without lysine, which lacks the ubiqui-
tination site, is as unstable as the wild-type F protein (Fig. 7);
second, the F protein expressed in ts85 cells, which have a
temperature-sensitive E1 ubiquitin-activating enzyme, is not
stabilized when the cell is incubated at the nonpermissive tem-
perature (Fig. 8); and third, the F protein can be degraded
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FIG. 12. Model for F-protein degradation by the 20S proteasome.
Binding of the F-protein to a3 results in the conformational change of
a3 and the opening of the proteasomal gate. The poorly structured
region of the F protein (i.e., amino acids 20 to 40) then initiates the
translocation of the F protein into the catalytic cavity of the 20S
proteasome for degradation.

directly by the 20S proteasome in vitro in the absence of ubig-
uitination machineries (Fig. 9).

The a3 protein is an essential component of the 20S pro-
teasome. Its N-terminal tail plays a critical role in the forma-
tion of a gate that blocks unregulated access of proteins to the
catalytic cavity of the proteasome. The deletion of this tail
results in the constitutive activation of the 20S proteasome
(18). Based on the biological functions of a3, we propose that
the binding of the F protein to a3 results in the conformational
change of a3 and the opening of the 20S proteasome gate. The
poorly structured region of the F protein (i.e., amino acids 20
to 40) then initiates the translocation of the F protein into the
catalytic cavity of the 20S proteasome for degradation. In this
regard, amino acids 20 to 60 of the F protein are functionally
similar to the degron of ODC, which consists of a proteasome
association element and a loosely structured region for initiat-
ing the translocation of the protein into the catalytic cavity of
the 20S core (28, 60). The model for F-protein degradation by
the 20S proteasome is shown in Fig. 12.

The biological functions of the F protein are unclear, al-
though recent studies indicated that it might have regulatory
functions (15, 30, 57). The instability of the F protein may be
critical for limiting its regulatory activities. Alternatively, our
finding that the F protein can bind to a3 also raises the pos-
sibility that the F protein may regulate cellular protein degra-
dation. The human immunodeficiency virus type 1 (HIV-1) Tat
protein has been shown to bind to the 20S proteasome and
inhibits its association with the 11S REG complex (53). Since
the binding of REG to the 20S proteasome is important for the
generation of antigenic peptides for presentation by major
histocompatibility complex class I, it has been suggested that
this activity of HIV-1 Tat could suppress antigen presentation
and prevent HIV-infected cells from being removed by cyto-
toxic T lymphocytes (17, 40). It is likely that the binding of the
F protein to a3 may also inhibit the association of the REG
activator to the 20S proteasome and contribute to HCV im-
mune evasion by decreasing viral antigen presentation by host
cells. Since it requires only two molecules of the F protein to
suppress the association of the REG activator with both ends
of the 20S proteasome, a low expression level of the F protein
may be sufficient to achieve its suppressive effect. This possi-
bility is supported by the observation that the HBV X protein,
which is also a labile protein with a low expression level during
viral replication (24), is capable of suppressing the degradation
of cellular proteins by binding to the proteasome subunit o7
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(21, 61). Further research will be required to confirm whether
the F protein can indeed regulate the proteasome activities.

Besides translational ribosomal frameshift (or transcrip-
tional slippage) at codons 9 to 11 of the polyprotein sequence,
other mechanisms, which include translational ribosomal
frameshift at codon 42 and internal initiation of translation at
codon 26 or codons 85 and 87, have also been proposed for the
expression of different forms of the F protein (4, 6, 50). As we
demonstrated in Fig. 11, the F protein synthesized by internal
initiation of translation from codon 26 is also unstable and has
a half-life similar to that of the full-length F protein. This result
indicates that the “degron” domain of the F protein can be
further narrowed down to a region encompassing amino acids
26 to 60. Our finding that the F protein synthesized from codon
87 is a stable protein is also consistent with this notion, as this
truncated F protein lacks this degron sequence (Fig. 11). Of
particular interest is the F protein synthesized by translational
ribosomal frameshift at codon 42. This protein contains an
almost-complete o3-binding sequence (i.e., amino acids 40 to
60). As we showed in Fig. 11, the F protein truncated at amino
acid 42 had increased stability. Thus, if this frameshifted pro-
tein is indeed expressed during natural HCV infection, it may
have an increased stability and a more profound effect on the
proteasome than the full-length F protein or the F protein
initiated from codon 26.

In conclusion, our results demonstrated that the HCV F
protein contains a binding domain for the proteasome subunit
a3. This binding as well as its upstream sequence mediates the
degradation of the F protein and may regulate the proteasome
activities to affect HCV replication and pathogenesis. Further
research in this area will generate interesting results for better
understanding the biological functions of the F protein.
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