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The nucleocapsid core protein of hepatitis C virus (HCV) has been shown to trans-act on several viral or
cellular promoters. To get insight into the trans-action mechanism of HCV core protein, a yeast two-hybrid
cloning system was used for identification of core protein-interacting cellular protein. One such cDNA clone
encoding the DEAD box family of putative RNA helicase was obtained. This cellular putative RNA helicase,
designated CAP-Rf, exhibits more than 95% amino acid sequence identity to other known RNA helicases
including human DBX and DBY, mouse mDEAD3, and PL10, a family of proteins generally involved in
translation, splicing, development, or cell growth. In vitro binding or in vivo coimmunoprecipitation studies
demonstrated the direct interaction of the full-length/matured form and C-terminally truncated variants of
HCV core protein with this targeted protein. Additionally, the protein’s interaction domains were delineated
at the N-terminal 40-amino-acid segment of the HCV core protein and the C-terminal tail of CAP-Rf, which
encompassed its RNA-binding and ATP hydrolysis domains. Immunoblotting or indirect immunofluorescence
analysis revealed that the endogenous CAP-Rf was mainly localized in the nucleus and to a lesser extent in the
cytoplasm, and when fused with FLAG tag, it colocalized with the HCV core protein either in the cytoplasm or
in the nucleus. Similar to other RNA helicases, this cellular RNA helicase has nucleoside triphosphatase-
deoxynucleoside triphosphatase activity, but this activity is inhibited by various forms of homopolynucleotides
and enhanced by the HCV core protein. Moreover, transient expression of HCV core protein in human
hepatoma HuH-7 cells significantly potentiated the trans-activation effect of FLAG-tagged CAP-Rf or untagged
CAP-Rf on the luciferase reporter plasmid activity. All together, our results indicate that CAP-Rf is involved
in regulation of gene expression and that HCV core protein promotes the trans-activation ability of CAP-Rf,
likely via the complex formation and the modulation of the ATPase-dATPase activity of CAP-Rf. These findings
provide evidence that HCV may have evolved a distinct mechanism in alteration of host cellular gene expres-
sion regulation via the interaction of its nucleocapsid core protein and cellular putative RNA helicase known
to participate in all aspects of cellular processes involving RNA metabolism. This feature of core protein may
impart pleiotropic effects on host cells, which may partially account for its role in HCV pathogenesis.

Hepatitis C virus (HCV) is a major causative agent of
non-A, non-B hepatitis (11, 46), and its infections often
progress to chronic hepatitis, cirrhosis, and hepatocellular car-
cinoma (6, 79). The HCV viral genome is a positive-strand
RNA about 9.5 kb long that encodes a single large polyprotein
of about 3,010 to 3,033 amino acids (10, 12, 42, 66, 90). This
polyprotein undergoes proteolytic processing to yield 10 ma-
ture viral proteins (27, 28, 58). Among these, the core protein
of HCV located at the N terminus of the polyprotein is a
component of viral capsid, which is highly basic and is capable
of binding RNA (82).

Apart from its role in nucleocapsid assembly, emerging ev-
idence suggests that the core protein of HCV has additional
biological properties. For example, it is phosphorylated (86)
and has both cytoplasmic and nuclear localizations (61, 82, 87).
Additionally, the core protein has effects on cell growth and
proliferation (9, 71–73, 78, 102). Recently, studies from several
laboratories including ours have identified several cellular fac-
tors that can associate with the HCV core protein. Specifically,
it interacts with lymphotoxin-b receptor (9, 65), tumor necrosis
factor alpha type 1 receptor (102), apolipoprotein AII (2), and

heterogeneous nuclear ribonucleoprotein K (35) and influ-
ences their biological functions. Furthermore, the core protein
of HCV has been shown to trans-act on several viral or cellular
promoters (43, 70, 74, 87). More specifically, it activates the
promoter of c-myc, simian virus 40 early promoter, and Rous
sarcoma virus long terminal repeat but suppresses the promot-
ers for hepatitis B virus, c-fos, p53, the beta interferon gene,
b-actin, and the human immunodeficiency virus type 1 long
terminal repeat (43, 70, 74, 87). At present, the exact mecha-
nism for this plethoric effect of core protein on several pro-
moters is still elusive. To understand more about the trans-
action mechanism of the core protein, we have adopted the
yeast two-hybrid system to identify cellular proteins that inter-
act with the core protein. One such candidate as reported in
this study belongs to a DEAD box family protein-RNA heli-
case (for reviews, see references 21, 83, and 95).

The DEAD family proteins have been found in a wide range
of organisms, ranging from Escherichia coli to mammals (for
reviews, see references 21, 83, and 95). They are divided into
several subgroups based on the DEAD box motif (e.g., DEAD,
DEAH, and DEXH subfamilies), and many of them appear to
have a modulatory effect on RNA secondary structure and thus
participate in disparate cellular functions including RNA splic-
ing, translation, ribosome assembly, spermatogenesis, embry-
ogenesis, cell growth, and division (21, 83, 95). This family is
characterized by a core region of 300 to 360 amino acids that
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contains eight domains of strong peptide sequence conserva-
tion (21). Among them, the first domain, AXXGXGKT, has
been described as the A motif of ATPase (92) which is involved
in ATP binding (77). The fifth domain (DEAD) is the B motif
of ATPase (92) that is also involved in ATP binding and/or
ATP hydrolysis (26, 59). Its adjacent SAT motif (sixth motif) is
required for RNA unwinding and may also couple ATP hydro-
lysis to RNA unwinding (68). The eighth domain (HRIGRXXR)
is part of a basic region and is involved in RNA binding and
ATP hydrolysis (67). Notably, sequence comparison of these
DEAD family proteins reveals that the conserved core region
in most cases is flanked by N-terminal and C-terminal exten-
sions that have little in common but may determine the specific
function of the individual protein. Thus, an expanding number
of proteins in the DEAD family may reflect different functions,
RNA substrates, or tissue specificities of RNA helicases. In-
triguingly, while nucleoside triphosphatase (NTPase) activities
have been demonstrated in nearly all members of purified
RNA helicases, for most members of the family except eIF-
4A/4B, p68, An3, Vasa, or viral helicases (32, 34, 41, 44, 49, 56,
84, 89, 94), an RNA helicase activity has not yet been demon-
strated.

In this study, we show that the HCV core protein interacts
with a putative cellular RNA helicase closely related to a sub-
group of DEAD box proteins including human DBX and DBY
found in the X and Y chromosomes, respectively (48), murine
mDEAD3 (24), and PL10 expressed in the male germ line (54).
The biological functions of these RNA helicases except for
PL10 have not yet been established. We show here that this
particular RNA helicase targeting by the HCV core protein
has a role in the process of gene expression and that the
interaction with the core protein can influence its NTPase-
dNTPase activity or modulate its trans-activation ability.

MATERIALS AND METHODS

Yeast two-hybrid cloning system. All yeast strains and plasmids for two-hybrid
experiments (Matchmaker two-hybrid system) were obtained from Clontech
(Palo Alto, Calif.). Saccharomyces cerevisiae HF7c was used for library screening
and for assay of protein and protein interactions as described previously (9).
Plasmids pGBT/HCVc195, pGBT/HCVc122, and pGBT/HCVc101, which en-
code various lengths of HCV core protein, were used as baits in two-hybrid
screens of human liver cDNA libraries (Clontech) according to the Matchmaker
two-hybrid system protocol (Clontech) (9). Positive yeast clones were selected by
histidine prototrophy and b-galactosidase expression. A total of 2 3 106 trans-
formed colonies were plated. The library clones that were LacZ1 His1 were
isolated. The library clones that activated the lacZ reporter gene only in the
presence of the pGBT9 derivative of HCV core gene were chosen for sequenc-
ing. The cDNA insert of approximately 2.1 kb from one hybrid clone, pGAD/
CAP-Rd, was used as a probe to screen human HepG2 cDNA libraries in lgt11
(Stratagene) by standard methods (80). The cDNA insert (2.5-kb SalI-BglII
fragment) of the positive clone was subcloned into SalI/BamHI-digested pGEM-
3Zf(1) (Promega), the resulting construct was designated pGEM-3Zf(1)/CAP-
Rf, and its nucleotide sequence was determined by standard methods (80).

Plasmid construction. Plasmids pSRa/HCVc122 and pSRa/HCVc101, deriv-
atives of pSRa vector (91), were constructed by insertion of the 0.4-kb PstI-ClaI
(filled-in) or 0.3-kb PstI-SacII (filled-in) fragment of HCV core gene derived
from pGM1/HCVC construct (86) into the PstI/KpnI (T4 DNA polymerase-
digested)-treated pSRa. Plasmids pGAD/CAP-RdDNcoI and pGAD/CAP-
RdDPstI were constructed by deletion of the 0.97-kb NcoI-BglII (filled in with
Klenow enzyme) or 1.7-kb PstI-BglII (T4 DNA polymerase-digested) fragment of
the CAP-Rd gene from pGAD/CAP-Rd. The resulting plasmids can direct the
expression of fusion protein containing amino acid residues 106 to 472 or 106 to
230 of CAP-Rf protein fused in frame with the GAL4 DNA-binding domain.
Plasmid pFLAG/Rf, the mammalian expression construct for FLAG-tagged
CAP-Rf, was constructed by in-frame insertion of the full-length 2.4-kb KpnI-
BamHI fragment of the CAP-Rf gene (nucleotides 130 to 2516) into the KpnI/
BamHI-digested pFLAG-CMV-2 (Kodak). The resulting pFLAG/Rf can direct
the expression of FLAG z CAP-Rf with an additional 25 amino acid residues
(FLAG peptide plus 17 amino acid residues derived from the polylinker region
of the vector) at the N terminus of CAP-Rf. Plasmid pECE/Rf, the mammalian
expression construct for CAP-Rf driven by the simian virus 40 early promoter,
contains a full-length 2.4-kb EcoRI fragment of the CAP-Rf gene that was excised
from pGEM-3Zf(1)/CAP-Rf and inserted into the EcoRI site of pECE vector

(16). Plasmids pET/His z CAP-Rf and pET/His z CAP-Rd for bacterial expression
of His-tagged CAP-Rf or His-tagged CAP-Rd were constructed by in-frame
insertion of the CAP-Rf gene fragment harboring either its full-length coding
region (660-amino-acid fragment without the initiation codon encoded by
2.35-kb BamHI fragment of CAP-Rf gene) or the fragment containing amino
acids 106 to 661 (2.1-kb XhoI-BglII fragment excised from pGAD/CAP-Rd) into
the BamHI-digested or XhoI/BamHI-digested pET-15b plasmid (Novagen), re-
spectively. The resulting His z CAP-Rf or His z CAP-Rd recombinant protein has
an additional 21 amino acid residues (6 His residues plus 15 amino acid residues
from the polylinker region) at the N terminus of CAP-Rf or CAP-Rd. Plasmid
pCMV-LUC, a derivative of pGL2-Basic (Promega) consisting of a luc gene
driven by the cytomegalovirus immediate-early promoter (nucleotides 13 to
2760), was kindly provided by Y.-S. Chang (8).

Cell culture and subcellular fractionation. Human hepatocellular carcinoma
cell line HuH-7 or HepG2 and human cervical carcinoma cell line HeLa were
cultured as described elsewhere (9). For preparation of total cell lysates, cells
were lysed in the buffer containing 10 mM Tris-HCl (pH 7.1), 1 mM EDTA, and
1% Triton X-100 and protease inhibitor cocktail (Complete; Boehringer), and
the extracts were recovered by centrifugation (12,000 rpm; Kubota 1720 RA-50J
rotor). For preparation of the cytoplasmic or nuclear fractions, cell pellets were
suspended in a hypotonic buffer (20 mM HEPES [pH 7.4], 1 mM MgCl2, 10 mM
KCl, 0.5% Nonidet P-40, 0.5 mM dithiothreitol [DTT], and protease inhibitor
cocktail [Complete; Boehringer]) at 4°C for 30 min. After centrifugation at 6,500
rpm (Kubota 1720 RA-50J rotor) for 4 min (4°C), the supernatants recovered
were treated as the cytoplasmic fractions, while the resulting pellets containing
the nuclei were resuspended in a high-salt buffer (20 mM HEPES [pH 7.4], 20%
glycerol, 0.4 M NaCl, 1 mM MgCl2, 10 mM KCl, 0.5 mM DTT, and protease
inhibitor cocktail [Complete; Boehringer]) for 15 min, then vortexed 10 s, and
kept on ice for another 15 min. The resulting samples were centrifuged (12,000
rpm; Kubota 1720 RA-50J rotor) for 15 min (4°C), and the supernatants recov-
ered were treated as the nuclear extracts.

RNA preparation and Northern blotting. Total cellular RNA was isolated by
using TRI reagent RNA-DNA-protein isolation reagent (Molecular Research
Center) according to the instructions of the supplier. Total RNA was dissolved
in H2O, and poly(A)1 RNA was purified with an mRNA separation kit (Clon-
tech). Poly(A)1 RNA samples (5 mg/lane) were electrophoresed on a 6% form-
aldehyde–1% agarose RNA gel and then transferred into a nylon filter. The filter
was prehybridized and hybridized according to the standard method (80). DNA
probes were prepared by the Rediprime DNA labeling method (Amersham).

Purification of His z CAP-Rd or His z CAP-Rf fusion protein and preparation
of antiserum against CAP-Rf. E. coli host BL21(DE3) harboring the CAP-Rf
expression vector pET/His z CAP-Rf or pET/His z CAP-Rd was cultured in
Luria-Bertani medium with 50 mg of ampicillin per ml and induced by 1 mM
IPTG (isopropyl-b-D-thiogalactopyranoside) for 3 h. Cells were harvested and
lysed with the binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, 6
M urea, pH 7.9), and the lysates were loaded onto Ni21 prebound His-Bind resin
(Novagen). The column was washed with 25 ml of binding buffer and 15 ml of 20
mM imidazole buffer (combination of 11 ml of binding buffer with 4.1 ml of wash
buffer [60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, 6 M urea, pH 7.9]). The
bound proteins were eluted with the elution buffer (0.5 M imidazole, 0.5 M NaCl,
20 mM Tris-HCl, 6 M urea, pH 7.9). The eluants were dialyzed first in 10 mM
Tris-HCl buffer (pH 7.9) containing 6 M urea, and then the dialysis buffer was
successively changed to contain 4 M, 2 M, and then no urea every 12 h. After
dialysis, the proteins were concentrated by lyophilization. The His z CAP-Rd
hybrid proteins after purification through the His-Bind resin column (Fig. 2C)
were used for immunization of rabbits. The immunospecificities of antisera
against His z CAP-Rd for detection of CAP-Rf were examined by immunoblot-
ting, as shown in Fig. 2B, 2C, 3B, and 3E.

In vitro binding analysis of GST-HCV core fusion protein and endogenous
CAP-Rf. HCV core proteins expressed as glutathione S-transferase (GST) fusion
proteins from the expression vector pGST/HCVc122 or pGST/HCVcD(41-107)
were purified as described elsewhere (9, 87). For the in vitro binding assay, 20 ml
of glutathione-Sepharose 4B beads (Pharmacia) containing various GST fusion
proteins (10 mg) were incubated with HepG2 cell extracts (500 mg) (9) at 4°C
overnight under gentle rotation. The beads were washed four times with 1 ml of
NETNT (150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl [pH 7.5], 0.5% Nonidet
P-40, 0.5% Tween 20). Proteins bound on the beads were eluted by the sample
buffer (47), fractionated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (12% polyacrylamide gel), and processed for Western
blot analysis. Detection of CAP-Rf was performed with rabbit anti-His z CAP-Rd
antiserum as the primary antibody and horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (IgG) (DAKO) as the secondary antibody by the
enhanced chemiluminescence detection method (ECL; Amersham).

In vitro binding assay of HCV core protein and His z CAP-Rd. In vitro
translation products (C195, C122, and C101 variants) of HCV core protein
prepared from pGM1/HCVc DNA templates (86) were precipitated by His-Bind
resin that was prebound with His z CAP-Rd fusion protein (4 mg) in the binding
buffer without urea at 4°C for 3 h. The resins were washed four times with
NETNT buffer, and the bound proteins were eluted with the sample buffer (47),
fractionated by SDS-PAGE (13.5% polyacrylamide gel), and detected by auto-
radiography.
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NTPase-dNTPase activity analysis of His z CAP-Rf. For detection of nucleo-
tide hydrolyzing activity, the purified His z CAP-Rf proteins were incubated in
NTPase buffer (50 mM MOPS [morpholinepropanesulfonic acid]-KCl [pH 6.5],
2 mM EDTA, 10 mM NaCl) containing 3 mM a-32P-labeled NTP-dNTP sub-
strate for 1 h at 37°C. The reaction was stopped by adding EDTA to a final
concentration of 20 mM, and a 1/10 volume of the reaction mixture was applied
onto a polyethyleneimine thin-layer chromatography (TLC) plate (J. T. Baker
Co.). The buffer systems used for TLC were 0.5 M potassium phosphate buffer
(pH 3.5) for ATP, dATP, and dGTP; 0.1 M potassium phosphate buffer (pH 3.5)
for CTP, UTP, dCTP, and dTTP; and 0.75 M potassium phosphate buffer (pH
3.5) for CTP. The polyethyleneimine plate was air dried and scanned with a
PhosphorImager. The percentage of nucleoside diphosphate-deoxynucleoside
diphosphate conversion was quantitated in each sample.

In vivo coimmunoprecipitation. HuH-7 cells (density of 2 3 106 cells/10-cm-
diameter plate) were seeded and grown in 5% CO2 at 37°C for 24 h before
transfection by the calcium phosphate precipitation method (87). Cells were
cotransfected with the CAP-Rf expression construct pFLAG/Rf together with
the HCV core construct (pSRa/HCVc195, pSRa/HCVc122, or pSRa/HCVc101)
or its control vector pSRa (10 mg each). After 48 h, cells were washed twice with
ice-cold phosphate-buffered saline, trypsinized, and collected by centrifugation.
After three cycles of freezing on dry ice and thawing at 37°C, cells were lysed in
400 ml of lysis buffer (25 mM Tris-HCl [pH 7.8], 70 mM potassium phosphate
buffer [pH 7.8], 2.1 mM MgCl2, 0.7 mM DTT, 0.1% Nonidet P-40, and protease
inhibitor cocktail [Complete; Boehringer]). Cell extracts (200 ml) recovered from
the centrifugation were incubated overnight at 4°C with the protein A-Sepha-
rose-bound anti-FLAG antibody (Kodak) (20-ml packed volume). The immuno-
precipitate was recovered by centrifugation and washed four times with NETN
buffer. Bound proteins were separated by SDS-PAGE and processed for immu-
noblot analysis with rabbit anti-HCV core antiserum (87) with the ECL detection
system.

Assay of reporter plasmid activity. HuH-7 cells at a density of 8 3 104

cells/well were seeded on 24-well plates and grown in 5% CO2 at 37°C for 24 h
before transfection with the SuperFect transfection reagent (Qiagen, Hilden,
Germany). Cells were transfected with appropriate amounts of luciferase re-
porter plasmid pCMV-LUC (8), CAP-Rf expression construct pFLAG/Rf (or
pECE/Rf), or its control vector pFLAG-CMV-2 (or pECE), if applicable, to-
gether with the HCV core construct (pSRa/HCVc122 or pSRa/HCVc101) or its
control vector pSRa. After 48 h, cells were collected by centrifugation and lysed
by freezing-thawing in 150 ml of lysis buffer. Cell extracts (80 ml) recovered from
the centrifugation (Microfuge, 15 min at 4°C) were then mixed with 250 ml of
luciferase assay buffer (43.2 mM glycylglycine [pH 7.8], 22 mM MgSO4, 2.4 mM
EDTA, 7.4 mM ATP, 1 mM DTT, and 0.4 mg of bovine serum albumin), and the
resulting mixtures were assayed for luciferase activity with 100 ml of 0.5 mM
luciferin (Sigma) as substrate, activity being measured with an AutoLumat
LB953 luminometer (Berthold, Bad Wildbad, Germany).

Confocal immunofluorescence microscopy. The localizations of HCV core
proteins and FLAG-tagged CAP-Rf (FLAG z CAP-Rf) in transfected cells were
examined by confocal laser scanning microscopy (Leica TCS-NT). For immuno-
fluorescence staining, cells were fixed with acetone-methanol (1:1) (220°C) and
probed with rabbit anti-HCV core protein antiserum (86) or mouse monoclonal
anti-FLAG M2 antibody (Kodak), followed by fluorescein isothiocyanate-conju-
gated goat anti-rabbit IgG or rhodamine-conjugated goat anti-mouse IgG
(Transduction Laboratories).

RESULTS

Identification of cellular putative RNA helicase CAP-Rf in-
teracting with HCV core protein by use of the yeast two-hybrid
system. When using the yeast two-hybrid system to identify
cellular factors that directly interact with HCV core protein,
the GAL4 DNA-binding domain fused with the full-length
(pGBT/HCVc195) or truncated (pGBT/HCVc122 and pGBT/
HCVc101) versions of core protein was used as bait for yeast
two-hybrid screening in a human liver cDNA library (Match-
maker; Clontech) (see Materials and Methods). Ten positive
clones (as pGAD fusion constructs) were obtained by using
truncated versions, but not the full-length version, of core
protein as baits (Table 1). The cDNA sequences of positive
clones were determined and aligned with sequences in the
EMBL data bank. Three of 10 cDNA clones, designated
pGAD/CAP-Rd, were found to encode the C-terminal portion
of cellular putative RNA helicase encompassing amino acid
residues 106 to 661 (CAP-Rf numbering; see below), since its
deduced amino acid sequence has more than 95% homology to
that of human putative RNA helicase (DBX or DBY) or
mouse putative RNA helicase (mDEAD3 [also named mouse

DDX3 by SWISSPROT data bank] or PL10) as reported pre-
viously (24, 48, 54) (Fig. 1A). This cDNA fragment (2.1 kb) was
used to rescreen for its full-length cDNA clone in a human
HepG2 cDNA library (see Materials and Methods). One such
cDNA clone, containing a 2.5-kb insert, was obtained, and its
encoded full-length putative RNA helicase was thus desig-
nated CAP-Rf (core-associated protein-RNA helicase full-
length). The entire nucleotide sequence of the CAP-Rf gene
including its 59 and 39 noncoding regions was determined.
Alignment of its deduced amino acid sequence (661 amino
acid residues) with those of several RNA helicases (DBX,
DBY, PL10, and mDEAD3) revealed the presence of eight
highly conserved functional motifs characteristic of the DEAD
box family (residues 224 to 534, CAP-Rf numbering [Fig. 1A]).
Moreover, these amino acid sequence comparisons also sug-
gested that the CAP-Rf protein is most similar to DBX and
mDEAD3 (98% identity) and less closely related to PL10
(95% identity). Judging from this high level of homology, it
appears that CAP-Rf is a homologue of DBX, DBY, or
mDEAD3. Interestingly, the 59 and 39 noncoding regions of
CAP-Rf are similar but not identical to the corresponding re-
gions of human DBX, DBY, or another CAP-Rf-related gene,
DDX14 (also named human DDX3 by the SWISSPROT data
bank) (14) (Fig. 1B), suggesting that more than one transcript
for CAP-Rf or a CAP-Rf-related gene was expressed. Northern
blot analysis of CAP-Rf expression supports this notion, be-
cause apart from one major CAP-Rf transcript with a size
larger than that of 28S rRNA, a minor species of smaller
transcript of about 3 to 4 kb was also present in HepG2, HeLa,
or HuH-7 cells investigated (Fig. 2A). These RNAs may result
from different promoters, alternative splicing, or different poly-
adenylation states.

To facilitate the purification of CAP-Rd and CAP-Rf pro-
teins for biochemical characterization, their N termini were
fused in frame with His tag (designated His z CAP-Rd or His z
CAP-Rf, respectively), and the purified His z CAP-Rd protein
was used as antigen for immunization of rabbits (see Materials
and Methods) (Fig. 3C). Immunoblotting analysis suggested
that the antibody generated could detect the bacterially ex-
pressed His z CAP-Rd or His z CAP-Rf (Fig. 3A, B, D, and E).
A strong 73-kDa immunospecific protein band, as expected for

TABLE 1. Yeast two-hybrid system for analysis of the interaction
between HCV core protein and CAP-Rd and its deletion mutants

pGBT fusion pGAD fusion
His2 Leu2

Trp2 plating
assaya

X-Gal filter
assay resulta

pGBT/HCVc195 2 White
pGBT/HCVc122 2 White
pGBT/HCVc101 2 White
pGBT/HCVc195 pGAD/CAP-Rd 2 White
pGBT/HCVc195 pGAD/CAP-RdDNcoI 2 White
pGBT/HCVc195 pGAD/CAP-RdDPstI 2 White
pGBT/HCVc122 pGAD/CAP-Rd 1 Blue
pGBT/HCVc122 pGAD/CAP-RdDNcoI 2 White
pGBT/HCVc122 pGAD/CAP-RdDPstI 2 White
pGBT/HCVc101 pGAD/CAP-Rd 1 Blue
pGBT/HCVc101 pGAD/CAP-RdDNcoI 2 White
pGBT/HCVc101 pGAD/CAP-RdDPstI 2 White

pGAD/CAP-Rd 2 White
pGAD/CAP-RdDNcoI 2 White
pGAD/CAP-RdDPstI 2 White

a See Materials and Methods. 1, transformant growth on His2 Leu2 Trp2

triple-dropout plate; 2, no growth. X-Gal, 5-bromo-4-chloro-3-indolyl-b-D-ga-
lactopyranoside.
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the size of a full-length CAP-Rf, was readily detected in the
total cell extracts of HuH-7 and HeLa cells but at a low level
in HepG2 cells (Fig. 2B), suggesting differential expression of
CAP-Rf in various cell lines. Moreover, it was noted that the
protein and mRNA levels of CAP-Rf in HepG2 cells were not
correlated with those of HuH-7 and HeLa cells (Fig. 2A and
B). This discrepancy may be caused by the differences in trans-
lation efficiency or protein stability in particular cell lines.
Subcellular fractionation in combination with immunoblotting
analysis with the cytoplasmic a-tubulin and nuclear B23 as
controls revealed that, similar to B23, the full length of
CAP-Rf was predominantly found in the nuclear fraction of
HeLa cells (Fig. 2C).

In vitro binding analysis confirms that the truncated ver-
sions of HCV core protein can associate with CAP-Rf. To
confirm the yeast two-hybrid results, the in vitro binding prop-
erties of the HCV core protein and CAP-Rf were examined.
When the in vitro-translated HCV core proteins were tested
for binding to a His-Bind resin prebound with His z CAP-Rd,

FIG. 1. Alignment of amino acid sequence or 59 and 39 noncoding region
sequences of CAP-Rf with those of the DEAD family of RNA helicases. (A)
Alignment of amino acid sequence of CAP-Rf with those of other known RNA
helicases. The amino acid sequence of CAP-Rf is aligned with those of human
DBX and DBY (48) (GenBank accession no. AF000982 and AF000985, respec-
tively), mouse PL10 (54) (GenBank accession no. J04847), and mDEAD3 (24)
(GenBank accession no. L25126). A consensus sequence is shown at the bottom
of the alignment. Positions of identical amino acids in the six proteins are boxed.
The roman numerals indicate the positions of conserved motifs found in RNA
helicases. (B and C) Alignment of 59 (B) and 39 (C) noncoding regions of
CAP-Rf cDNA with those of other known RNA helicases. The 59 or 39 noncod-
ing sequence of CAP-Rf is compared with the corresponding region of human
RNA helicases from DBX and DBY (48) (GenBank accession no. AF000982 and
AF000985, respectively) or DDX14 (14) (accession no. U50553). The initiation
or stop codon for these four RNA helicases is boldface and underlined. Only the
different positions are indicated. The dotted lines represent identical nucleotides,
while the dashed lines indicate deletions.

2844



results indicated that, consistent with the yeast two-hybrid
data, His z CAP-Rd could associate with the truncated versions
(C122 and C101) of in vitro-translated HCV core protein but
not with the full-length one (C195) (Fig. 4A and B). Addition-
ally, when the GST-HCV core fusion proteins were used for
pull-down analysis of the interaction between HCV core pro-
tein and CAP-Rf, results showed that the endogenous CAP-Rf
from HepG2 cells could associate with the HCV core protein
harboring the N-terminal 122 amino acid residues or the same
fragment but with an internal deletion of amino acid residues
41 to 107 (Fig. 4C). This result suggested that the N-terminal
40-amino-acid fragment of HCV core protein is sufficient for
interaction with CAP-Rf.

The C-terminal integrity of CAP-Rf is essential for interac-
tion with the HCV core protein. Based on the yeast two-hybrid
data, the integrity of the N-terminal portion of CAP-Rf was
found to be dispensable for binding with the HCV core protein
(Table 1). To further delineate the functional domain of
CAP-Rf responsible for interaction with the HCV core pro-
tein, the GAL4 trans-activation domain fused in frame with
amino acid residues 106 to 472 (pGAD/CAP-RdDNcoI) and
106 to 230 (pGAD/CAP-RdDPstI) of CAP-Rf was examined
for its interaction with the GAL4 DNA-binding domain and
HCV core fusion proteins (pGBT/HCVc195, pGBT/HCVc122,
and pGBT/HCVc101) in the yeast two-hybrid assay. As shown
in Table 1, in contrast to that of wild-type CAP-Rd (pGAD/
CAP-Rd), these two C-terminally truncated forms of CAP-Rd
lost the interaction with the truncated forms of HCV core
protein. Therefore, the integrity of the C-terminal portion of
CAP-Rf, but not that of the N terminus, is essential for inter-
action with the HCV core protein. Notably, this C-terminal
region (residues 473 to 611) of CAP-Rf identified as essential
for interaction with the HCV core protein comprises domains
VII and VIII of the helicase core region and a C-terminal end
(last 80 residues), which is rich in glycine, serine, arginine, or
aromatic residues (phenylalanine and tyrosine) (Fig. 1A).

HCV core protein colocalizes with FLAG-tagged CAP-Rf in
the nucleus and cytoplasm. We next examined whether the
transiently expressed HCV core protein and FLAG-tagged
CAP-Rf (FLAG z CAP-Rf) colocalize in HuH-7 cells (see
Materials and Methods). A typical example of immunofluores-

cence staining observed under a confocal microscope is shown
in Fig. 5. The cells were typically stained to reveal the HCV
core protein (anti-HCV core), FLAG-tagged transfected pro-
teins (anti-FLAG), and DNA (Hoechst 33258). Note that in
the cells transfected with FLAG z CAP-Rf only, the FLAG z
CAP-Rf protein was mainly found in the cytoplasm (Fig. 5A),
which is inconsistent with the nuclear localization of endoge-
nous CAP-Rf as described above (Fig. 2C). The discrepancy
between these analyses may be due to the overexpressed
FLAG z CAP-Rf protein resulting in the bright cytoplasmic
staining and thus obscuring the nuclear protein staining. Al-
ternatively, this may result from the N-terminal fusion with
FLAG tag on CAP-Rf. Nevertheless, in cells cotransfected
with either the full-length construct (pSRa/HCVc195 [Fig.
5B]) or the truncated HCV core expression construct (pSRa/
HCVc122 or pSRa/HCVc101 [Fig. 5C and D, respectively])
and FLAG z CAP-Rf, both proteins could be identified either
in the cytoplasm (top panel in Fig. 5B, C, and D) or in the
nucleus (bottom panel in Fig. 5B, C, and D). Interestingly,
although the localization of proteins varied, the various forms
of HCV core protein always colocalized with FLAG z CAP-Rf.
Since FLAG z CAP-Rf alone was predominantly detected in
the cytoplasm (Fig. 5A), the appearance of nuclear FLAG z
CAP-Rf in these cotransfected cells was presumably due to the
cotransport of FLAG z CAP-Rf with the HCV core protein
into the nucleus. Notably, although both the yeast two-hybrid

FIG. 2. Northern blot and immunoblot analysis of CAP-Rf expression in
various cell lines. (A) The poly(A)1 mRNAs (5 mg) extracted from cell lines
HuH-7 (lane 1), HepG2 (lane 2), and HeLa (lane 3) were used for Northern blot
analysis with the 32P-labeled CAP-Rd DNA fragment (2.1-kb EcoRI fragment of
pGAD/CAP-Rd) as a probe. The same blot was rehybridized with glyceralde-
hyde-3-phosphate dehydrogenase DNA probe and served as the control. (B)
Immunoblot analysis of CAP-Rf expression. Total cell pellets from various cell
lines were solubilized by the sample buffer (47) and analyzed by immunoblotting
with rabbit anti-His z CAP-Rd antiserum for detection. The protein amount
loaded in the gel is 20 mg in each lane. (C) Analysis of the subcellular localization
of CAP-Rf by immunoblotting. The total cell extracts, cytoplasmic fractions, or
nuclear extracts (50 mg each) prepared from various cell lines (see Materials and
Methods) were analyzed by immunoblotting with mouse monoclonal anti-
chicken a-tubulin (Amersham; 1:6,700 dilution), goat anti-human B23 (Santa
Cruz; 1:2,000 dilution), or rabbit anti-His z CAP-Rd (1:2,000 dilution) antibodies
for detection.

FIG. 3. Expression and purification of His z CAP-Rd and His z CAP-Rf
proteins. (A, B, D, and E) Analysis of the His z CAP-Rd or His z CAP-Rf
expression in E. coli. E. coli BL21(DE3) harboring the vector pET15b or CAP-Rf
expression vector pET/His z CAP-Rd or pET/His z CAP-Rf was induced with
(lanes 2 and 4) or without (lanes 1 and 3) 1 mM IPTG for 3 h. Cells were
harvested, solubilized in the sample buffer (47), subsequently analyzed by SDS-
PAGE, and stained with Coomassie brilliant blue (A and D) or processed for
immunoblotting with anti-His z CAP-Rd antisera (lanes 1 to 4) with the ECL
detection system. The CAP-Rd (C) and CAP-Rf (F) proteins affinity purified by
Ni21 prebound His-Bind resin (see Materials and Methods) were analyzed by
SDS-PAGE and detected by Coomassie brilliant blue staining. The position for
His z CAP-Rd or His z CAP-Rf is indicated.
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experiment (Table 1) and the in vitro binding analysis (Fig. 4)
did not show significant interaction between the full-length
HCV core protein and CAP-Rf, the localization study ap-
peared to have an inconsistent result. The failure to detect the

interaction between the full-length core protein and CAP-Rf is
probably due to the strong hydrophobicity of the C-terminal
fragment of the core protein, which may hinder its function in
the yeast two-hybrid screen or the in vitro binding analysis as
noted previously (9, 35, 65). Alternatively but not exclusively,
since the full-length 22-kDa (191 amino acid residues, desig-
nated p22 species) species of HCV core protein is readily
matured into the 20-kDa species (173 to 174 amino acid resi-
dues, designated p20) (Fig. 6A) (also see references 60 and 98)
or degraded into smaller forms (18 kDa or smaller) intracel-
lularly (61, 86, 88) and since these matured and degraded
forms, but not the full-length form, of core protein are mainly
located in the nucleus (60, 61, 88, 98), the molecular species
colocalizing with FLAG z CAP-Rf in the nuclear compartment
of the full-length core construct-transfected cells (bottom
panel in Fig. 5B) is likely the matured or degraded form of core
protein.

HCV core protein interacts with CAP-Rf in vivo. To further
determine whether the HCV core protein is capable of binding
to CAP-Rf in cells, coimmunoprecipitation was performed on
HuH-7 cells transiently transfected with the expression con-
structs for various forms of HCV core protein (pSRa/
HCVc195, pSRa/HCVc122, or pSRa/HCVc101) and FLAG z
CAP-Rf (pFLAG/Rf) (see Materials and Methods). When cell
lysates from transfected cells were immunoprecipitated by an-
ti-FLAG monoclonal antibody (M2) and immunoprecipitates
were analyzed by Western blotting assay with antibody against
HCV core protein, results indicated that the full-length/ma-
tured form (p22/20) and the N-terminal 122- or 101-amino-
acid fragment of core protein (p18 and p12 species, respec-
tively) were differentially coprecipitated by the anti-FLAG
antibody (Fig. 6B and C), suggesting that FLAG z CAP-Rf,
presumably CAP-Rf, could interact with both full-length/ma-
tured and truncated forms of HCV core protein in cells, a
result consistent with colocalization study (Fig. 5). Surprisingly,
this in vivo experiment suggested that the two truncated forms
of core protein exhibited only weak interaction with CAP-Rf
compared to that of the full-length/matured form of core pro-
tein (Fig. 6B and C), which is different from the results ob-
tained by the yeast two-hybrid experiment (Table 1) and in
vitro binding analysis (Fig. 4). Apart from the possible expla-
nation given above, the exact reason for this inconsistency is
not clear. Nevertheless, based on several independent ap-
proaches, our results indicated that HCV core protein and
CAP-Rf can interact with each other both in vivo and in vitro.

The purified His z CAP-Rf has NTPase-dNTPase activity.
Since, similar to other RNA helicases CAP-Rf has the func-
tional motif of ATPase (Fig. 1A and Introduction), it is perti-
nent to know whether the purified His z CAP-Rf has this
enzymatic activity. We performed in vitro NTPase-dNTPase
assays on four different a-32P-NTPs or -dNTPs, and the nucle-
oside diphosphate or deoxynucleoside diphosphate release was
measured with increasing amounts of purified CAP-Rf (see
Materials and Methods). As shown in Fig. 7, the purified
CAP-Rf displayed comparably strong NTPase activities on
four different NTP substrates, but with a higher enzymatic
activity on the substrate dNTPs, especially dATP and dGTP.

FIG. 4. Analysis of the interaction between CAP-Rf and HCV core variants.
(A) Analysis of in vitro translation products of HCV core protein. The 35S-
labeled HCV core proteins of various lengths (C195, C122, and C101) prepared
by in vitro transcription and translation (lanes 2 to 4) (86) (also see Materials and
Methods) (5 to 10 ml) were individually precipitated by HCV-positive patients’
sera and analyzed by SDS-PAGE (13.5% polyacrylamide gel) and autoradiog-
raphy. (B) Analysis of the interaction between His z CAP-Rf and in vitro-
translated HCV core protein. The in vitro-translated HCV core proteins (10 to
20 ml) were loaded onto His-Bind resin prebound with His z CAP-Rd (4 mg in
20-ml resins) (see Materials and Methods). The bound proteins were boiled in
the sample buffer, analyzed by SDS-PAGE (13.5% polyacrylamide gel), and
detected by autoradiography. Lane 1, in vitro-translated products without HCV
core mRNA; lane 2, C195; lane 3, C122; lane 4, C101. (C) In vitro binding
analysis of endogenous CAP-Rf and the various truncated forms of HCV core
protein. HepG2 cell lysates were incubated with glutathione-Sepharose 4B beads
which were prebound with GST, GST/HCVc122, or GST/HCVc122D(41-107)
(see Materials and Methods). The bound proteins retained on the resins were
immunoblotted with antiserum against His z CAP-Rf (see Materials and Meth-
ods).

FIG. 5. Both FLAG z CAP-Rf and HCV core protein colocalize inside a cell. HuH-7 cells were transfected with FLAG-tagged CAP-Rf construct pFLAG/Rf (A)
or together with various forms of HCV core construct (pSRa/HCVc195, pSRa/HCVc122, and pSRa/HCVc101) (B to D, respectively). The distributions of CAP-Rf
and HCV core protein were assessed by indirect immunofluorescence staining (see Materials and Methods). For double immunofluorescence staining, cells were stained
with rabbit anti-HCV core protein antiserum (1:1,000 dilution) and mouse anti-FLAG-tagged M2 monoclonal antibody (1:250 dilution), followed by fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG or rhodamine-conjugated goat anti-mouse IgG. Cell nuclei were also visualized by Hoechst 33258 staining (blue). These
immunofluorescence patterns were recorded by confocal laser scanning microscopy. As noted, the top and bottom sections of panels B to D show the colocalization
of core protein with FLAG z CAP-Rf in the cytoplasmic or nuclear compartment, respectively.
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Most intriguingly, this NTPase-dNTPase activity of His z CAP-Rf
was RNA independent. Moreover, it was inhibited to various
levels (87 to ,0.1% of the control value measured without
polynucleotide) practically by all kinds of synthetic polynucleoti-
des examined including poly(A), poly(U), poly(G), poly(C), and
poly(dI-dC) (Table 2). Of these, poly(G) or poly(dI-dC) had a
more profound effect on the extent of inhibition (Table 2). The
ability of polynucleotides to inhibit the NTPase-dNTPase activity
of CAP-Rf is similar to that of the DEAD box protein An3 (32)
but is rather distinct from most of the known RNA helicases,
while their ATPase activity is found to be polynucleotide depen-
dent or stimulated (21, 53, 83).

HCV core protein enhances the ATPase-dATPase activity of
His z CAP-Rf. To determine whether the complex association
between the HCV core protein and CAP-Rf can modulate the
enzymatic activity of CAP-Rf, the purified GST or GST-HCV
core fusion protein (GST/HCVc122 and GST/HCVc101) (0.25
mg) was incubated with His z CAP-Rf (0.5 mg) and the ATPase-
dATPase activity in this protein mixture was examined. Re-
markably, both GST-HCV core proteins, but not GST, could
stimulate both ATPase and dATPase activities of His z CAP-Rf
four- to fivefold (Fig. 8). As the GST/HCVc122 or GST/
HCVc101 protein did not possess ATPase-dATPase activity by
itself (Fig. 8), the increased ATPase-dATPase activity in the
protein mixtures of GST-HCV core fusion proteins and His z
CAP-Rf should be a consequence of HCV core protein binding
to CAP-Rf, presumably through influencing the interaction
domains resident within the ATP hydrolysis and RNA-binding
regions of CAP-Rf (domains VII and VIII of helicase core
region [Fig. 1A]) as defined in the yeast two-hybrid assay (Ta-
ble 1).

CAP-Rf plays a role in gene expression regulation, and HCV
core protein can modulate its trans-activation ability. Since the
biochemical property of CAP-Rf is rather distinct from the
typically known RNA helicase and the biological function of its
homologue DBX or mDEAD3 has not yet been characterized,
the exact biological function of CAP-Rf is not clear. However,
since most RNA helicases are involved in all aspects of cellular
RNA metabolism including splicing, translation, RNA stability
and degradation, and ribosomal assembly (see Introduction
and Discussion), CAP-Rf may be involved in regulation of
gene expression as well. To test this possibility, the trans-action

ability of CAP-Rf on luciferase reporter plasmid (pCMV-Luc)
was examined (see Materials and Methods). As shown in Fig.
9A, introducing various amounts (0.1 to 0.7 mg) of CAP-Rf
(pECE/Rf) or FLAG z CAP-Rf (pFLAG/Rf) expression con-
struct into HuH-7 cells could lead to about 1.5- to 3.0-fold
enhancement of reporter plasmid activity, indicating clearly
that CAP-Rf is involved in gene expression regulation. Addi-
tionally, in transient transfection of HuH-7 cells the HCV
truncated core construct (pSRa/HCVc122 or pSRa/HCVc101)
(0.3 or 0.6 mg) or FLAG z CAP-Rf expression construct
pFLAG/Rf (0.3 mg) activated the luciferase reporter plasmid
activity about 0.9- to 2.6-fold, whereas cotransfecting similar
amounts of core and FLAG z CAP-Rf expression constructs
together could provoke a significant enhancement (5.5- to 34-
fold) of reporter plasmid activity (Fig. 9B). Of these, pSRa/
HCVc101 (C101)-cotransfected cells had a moderate effect,
whereas pSRa/HCVc122 (C122)-cotransfected cells had a
strong effect (Fig. 9B). Moreover, at least in the case of pSRa/
HCVc122 (C122)-transfected cells, the level of enhancement
(9.6- to 34-fold) increased in a core construct dose-responsive
manner (Fig. 9B). In examining the effect of the full-length
core construct (pSRa/HCVc195) on the trans-activation ability
of FLAG z CAP-Rf, essentially the same conclusion was ob-
tained (data not shown). Therefore, the core protein of HCV
can potentiate the trans-activation ability of FLAG z CAP-Rf.
A similar conclusion is applicable to pECE/Rf and HCV core
construct-cotransfected cells, albeit the modulatory effect elic-
ited by the HCV core construct (0.3 mg) on the pECE/Rf-
transfected cells was not so profound (2.4- to 2.6-fold) (Fig.
9C) as those of pFLAG/Rf-transfected cells (Fig. 9B). This
variation on the extent of modulatory effect by the HCV core
protein may reflect the difference in expression level or nature
(recombinant or native) of CAP-Rf protein expressed in these
two different cotransfection experiments. Despite this and
whatever the mechanism is, CAP-Rf is clearly involved in the
process of gene expression, and the core protein of HCV can
modulate its trans-activation ability.

DISCUSSION

DEAD box family proteins, with ATPase and RNA helicase
activity, participate in a wide range of cellular processes where

FIG. 6. In vivo coimmunoprecipitation of FLAG z CAP-Rf and HCV core protein. (A) Immunoblot analysis of the HCV core protein expression in HCV
core-producing HuH-7 cells (HuH-7/C190). The total cell extracts (20 mg) prepared from HuH-7 and HuH-7/C190 cells (9) were examined for the expression of HCV
core protein by immunoblotting with rabbit antisera against HCV core protein. (B and C) HuH-7 cells were transfected with FLAG z CAP-Rf construct pFLAG/Rf
(lanes 1 to 4) together with various forms of HCV core construct (pSRa/HCVc195 [C195], pSRa/HCVc122 [C122], and pSRa/HCVc101 [C101]) (lanes 2 to 4,
respectively) or its vector pSRa (lanes 1) (see Materials and Methods). Two days after transfection, cells were lysed and subjected to immunoprecipitation (IP) with
anti-FLAG monoclonal antibody (M2) (see Materials and Methods). Immunoprecipitates were analyzed by SDS-PAGE followed by Western blotting (WB) assay with
rabbit antibody against HCV core protein. Panels B and C show identical sets of experiments but with different exposure times. Numbers at left of each panel indicate
molecular mass in kilodaltons.

2848 YOU ET AL. J. VIROL.



manipulation of RNA structure is involved (for reviews, see
references 21, 59, 83, and 95). In all living organisms, a diverse
array of DEAD box proteins has evolved, implying that control
of RNA secondary structure is a major preoccupation for the
cell. This family of proteins characterized so far participates in
translation, spliceosome assembly, splicing reaction, rRNA
maturation, ribosome assembly, mRNA transport, mRNA sta-
bility, germ line development, and embryogenesis (21, 37, 57,
59, 64, 69, 83, 95). This wide spectrum of functions can be

explained by the fact that these proteins differ in size and that
their additional N- and C-terminal sequences confer the spec-
ificity of each polypeptide, including subcellular localization,
RNA binding specificity, and regions required for the interac-
tion with accessory proteins (for reviews, see references 21 and
83).

In this study, we have identified one member of the DEAD
box family of proteins as the HCV core protein-interacting
target by the yeast two-hybrid system, the in vitro and in vivo
binding assay, and the immunocolocalization analysis (Table 1;
Fig. 4 to 6). This DEAD box protein, CAP-Rf, is a homologue
of human DEAD box proteins DBX and DBY (48) or mouse
DEAD3 (24). Compared to other members of the DEAD box
protein family, CAP-Rf is most similar to mouse PL10 (95%
identity and 98% similarity) (54) or Xenopus An3 (81% iden-
tity and 90% similarity) (30) and, to a lesser extent, to yeast
Ded1 and Dbp1 (49 to 50% identity and 74 to 75% similarity)
(38, 39) or Drosophila Vasa (39% identity and 63% similarity)
(33, 52). Strikingly, among these, DBX, DBY, PL10, An3, and
Vasa are all germ cell-specific or developmentally regulated
genes (30, 31, 33, 48, 52, 54), suggesting that they may impart
a developmental or tissue-specific level of regulation to RNA
translation, RNA splicing, or yet uncharacterized RNA heli-
case function. Additionally, the similarity of CAP-Rf to these
aforementioned DEAD box proteins offers a framework for
considering the function of CAP-Rf. Along this line, testis-
specific PL10 protein from mice is implicated in spermatogen-
esis (54) and is a functional homologue of Ded1 (13). An3
from Xenopus has a dynamic pattern of subcellular localization

FIG. 7. NTP and dNTP hydrolysis activities of His z CAP-Rf. For detection of the nucleotide hydrolysis activity of the purified His z CAP-Rf, four a-32P-labeled
ribonucleotides (3 mM) (A) and four a-32P-labeled deoxyribonucleotides (3 mM) (B) were used as substrates. All the enzymatic activities were assayed at indicated
concentrations of purified His z CAP-Rf as described in Materials and Methods. The top of each panel indicates the representative TLC plate used for analyzing the
ADP or dATP conversion from [a-32P]ATP or [a-32P]dATP, respectively. CIP, the reaction mixtures of [a-32P]ATP or [a-32P]dATP treated with calf intestinal
phosphatase as a control. Graphs of the data from panels A and B are shown in panels C and D, respectively.

TABLE 2. Effects of different polynucleotides on the NTPase-
dNTPase activity of His z CAP-Rf

Substrate
Relative NTPase-dNTPase activitya

None poly(A) poly(U) poly(G) poly(C) poly(dI-dC)

ATP 1.000 0.401 0.795 0.154 0.593 0.195
UTP 1.000 ,0.001 0.255 0.004 0.384 ,0.001
GTP 1.000 0.489 0.865 0.395 0.601 0.454
CTP 1.000 0.220 0.318 0.129 0.248 0.042
dATP 1.000 0.265 0.363 0.059 0.216 0.076
dTTP 1.000 0.281 0.344 0.077 0.238 0.088
dGTP 1.000 0.417 0.365 0.076 0.327 0.116
dCTP 1.000 0.118 0.280 0.085 0.064 0.083

a For the nucleotide hydrolysis assay, four different a-32P-labeled ribonucle-
otides or a-32P-labeled deoxyribonucleotides were used as substrates for purified
His z CAP-Rf (0.5 mg) enzymatic assay (see Materials and Methods). All of the
enzymatic activities for specific substrates were determined in the absence or
presence of the indicated polynucleotides (25 mM), and the data are represented
as relative activities compared to those in the absence of polynucleotides.
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during oogenesis and is in close association with the amplified
copies of ribosomal DNA that make up the multiple extrachro-
mosomal nucleoli in oocytes (30, 31). Based on its unusual
RNA unwindase property, this protein has been proposed to
play a role in rRNA or pre-mRNA processing (32). Vasa is a
component of Drosophila polar granules which governs the
posterior group maternal effect gene and thus is required for
oocyte maturation (33, 52, 56). Yeast Ded1 and Dbp1 or very
likely mouse PL10 is directly involved in the process of trans-
lation (13, 15), albeit genetic studies have shown that Ded1 can
act as a suppressor for the splicing defect in PRP8 mutation
(39). In the present work, we demonstrated that overexpres-
sion of CAP-Rf led to activation of the luciferase reporter
plasmid activity (Fig. 9A), supporting the notion that CAP-Rf
is involved in gene expression regulation. Moreover, since
CAP-Rf is present predominantly as a nuclear protein (Fig.
2C), it probably has a role in nuclear events such as transcrip-
tional control and RNA processing. Alternatively, but not ex-
clusively, since within the DEAD box superfamily CAP-Rf (or
DBX/DBY) is most similar to PL10, the role of CAP-Rf in the
mRNA translational process should not yet be discounted.

All DEAD box proteins possess ATPase activity, and most
of their ATPase activities have been shown to be RNA depen-

dent (21, 53, 83). In general, a large variety of RNAs that
include homopolynucleotides like poly(U), poly(A), poly(C),
and poly(G) stimulate ATPase activity and different RNA spe-
cies are not equivalent activators for specific DEAD box pro-
teins (53, 85). In some cases, such as E. coli DbpA and yeast
Slt22, their ATPase activities are stimulated only by a very
specific RNA ligand (23S rRNA and U2/U6 small nuclear
RNA, respectively) (22, 97). In contrast to most DEAD box
proteins, CAP-Rf hydrolyzed NTP-dNTP even without RNA
(Fig. 7 and Table 2). RNA-independent ATPase activity is not
unique to CAP-Rf. The ATPase activity of recombinant Dro-
sophila Vasa protein or plant PRH75 protein is RNA indepen-
dent (56, 62). Also, the ATPase activity of An3 is inhibited at
least 10-fold by the duplex RNA known to be a substrate for its
helicase activity (32). While studying CAP-Rf, we noted almost
a complete reduction in NTP-dNTP hydrolysis in certain syn-
thetic RNA ligands (Table 2). However, until the natural RNA
substrate for CAP-Rf is defined, it remains possible that stim-
ulation of ATPase activity in this particular DEAD box pro-
tein, as with the DbpA or Slt22 protein, may require a specific
RNA.

Apart from viral RNA helicases (41, 49, 84), only a few

FIG. 8. HCV core protein enhances the NTPase-dNTPase activities of His z
CAP-Rf. The purified His z CAP-Rf (0.5 mg) was preincubated in NTPase buffer
(50 mM MOPS-KCl [pH 6.5], 2 mM EDTA, 10 mM NaCl) alone or with 0.25 mg
of GST, GST/HCVc122, or GST/HCVc101, respectively, for 30 min at 37°C and
subsequently assayed for nucleotide hydrolyzing activity with [a-32P]ATP (A) or
[a-32P]dATP (B) (3 mM) as the substrate.

FIG. 9. HCV core protein affects the luciferase reporter activity trans acti-
vated by CAP-Rf. (A) HuH-7 cells were transfected with a reporter plasmid,
pCMV-Luc (0.15 mg), and various amounts of pFLAG/Rf or pECE/Rf or their
control vector. After day 2 posttransfection, cells were assayed for luciferase
activity as described in Materials and Methods. The luciferase activity is repre-
sented as fold induction relative to that for cells transfected with reporter plas-
mid and control vector. (B) All experimental conditions were similar to those
described for panel A except that HuH-7 cells were transfected with pCMV-Luc
(0.15 mg) and 0.3 mg of pFLAG/Rf (or pFLAG-CMV-2) together with 0.3 or 0.6
mg of HCV core construct (pSRa/HCVc122 or pSRa/HCVc101) or their control
vector pSRa. (C) All experimental conditions were similar to those described for
panel A except that HuH-7 cells were transfected with pCMV-Luc (0.15 mg) and
pECE/Rf (or pECE) together with the HCV core construct (pSRa/HCVc122 or
pSRa/HCVc101) or their control vector pSRa (0.3 mg each). Values shown in all
panels are averages (means 6 standard deviations) of one representative exper-
iment in which each transfection was performed in triplicate.
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members (eIF-4A/4B, An3, p68, and Vasa) of the DEAD box
proteins have now been shown to have RNA helicase activity
(31, 34, 56, 67, 68, 76). Although CAP-Rf has all functional
motifs of RNA helicase (Fig. 1A), we were unable to detect any
DNA- or RNA-unwinding activity associated with this recom-
binant CAP-Rf when we used the artificial RNA or DNA
substrate (53) known to be a standard substrate for other RNA
helicases (data not shown). This lack of RNA-DNA-unwinding
activity in recombinant CAP-Rf could be caused simply by an
artificial fusion of the His tag at the N terminus of CAP-Rf.
Alternatively, CAP-Rf may require an additional protein to
exhibit the RNA-unwinding activity as shown for eIF-4A (67,
68, 76) or E. coli RhlB (69), where it exhibits ATPase or/and
RNA-unwinding activity only in the presence of the second
protein, eIF-4B, or with another accessory protein in the RNA
degradosome. Moreover, it is also likely that CAP-Rf exhibits
its RNA-unwinding activity only for a specific RNA ligand as
found in the case of An3 (32). Therefore, to resolve this issue
one probably needs to identify the CAP-Rf-associated cellular
factor or its natural RNA ligand, if possible.

In this study, we demonstrate that CAP-Rf with a C-terminal
deletion, but not with the N-terminal deletion, failed to inter-
act with the HCV core protein (Table 1). The C-terminal
regions of CAP-Rf deleted (residues 473 to 661) comprise the
helicase domains VII and VIII of central core region and the
C terminus, with the characteristic 80 amino acids at the very
end, referred to as the RS/GYR domain, which is enriched in
serine, arginine, glycine, and phenylalanine (or tyrosine) resi-
dues (Fig. 1A). The helicase domain VIII (HRIGRXXR) is
important for RNA-binding and ATPase activities and thus is
essential for RNA unwinding in some viral RNA helicases (17,
75) and in the DEAD box protein eIF-4A (67, 68) and may be
in CAP-Rf as well. The C-terminal RS/GYR domain of
CAP-Rf is reminiscent of the basic RS domains found in Dro-
sophila splicing factors Sx1 (3, 36) and Tra (55) and mamma-
lian splicing factors ASF/SF2 (23, 45), SC35 (19, 20), and SR
protein (99, 100). This domain also has some similarity to the
glycine-rich regions present in nucleolus proteins such as
nucleolin (50), fibrillarin (51), and SSB1 protein (40). In light
of the facts that the glycine-rich domain has been postulated to
form unusual secondary structures with RNA binding and
RNA duplex destabilizing properties (7, 25) and that most
RS-rich proteins are involved in constitutive pre-mRNA splic-
ing reactions and also can regulate alternative splicing (1, 4, 18,
29, 63, 93, 96, 99–101), CAP-Rf may have a role in RNA
processing, particularly in the assembly or disassembly of the
RNA duplexes in splicing complexes or ribosomal particles. In
keeping with this, since the HCV core protein also targets the
C-terminal region of CAP-Rf, the core protein may either alter
the conformation of CAP-Rf through the complex formation
or compete for the RNA ligand bound in CAP-Rf, which in
turn affects these above-mentioned biological activities of
CAP-Rf. Consistent with this notion is our result which indi-
cates that GST-core protein, but not GST protein, can enhance
the ATPase-dATPase activity of CAP-Rf (Fig. 8). Given the
importance of ATPase activity in the functions of most RNA
helicases, if not all, the core protein conceivably may affect the
cellular events in which CAP-Rf participates. Our data in this
work corroborates this hypothesis, since the core protein can
modulate the trans-activation effect of CAP-Rf in a transient-
transfection experiment (Fig. 9). However, our understanding
of the exact role of core protein in CAP-Rf activity probably
requires further study to distinguish whether the CAP-Rf pro-
tein is associated with translation machinery or with transcrip-
tion-posttranscriptional complexes.

Another important issue that deserves attention is the bio-

logical significance of interaction between CAP-Rf and the
HCV core protein in HCV-infected cells. One possibility is
that the HCV core protein interacts with CAP-Rf in ribonu-
cleoprotein particles (spliceosome or ribosome) to recruit the
particles for the benefit of the virus, such as translation of
HCV polyprotein or replication of the HCV RNA genome.
Consistent with this view is the finding that, at least in the cases
of herpes simplex virus or adenovirus, redistribution of small
nuclear ribonucleoprotein particle or SR proteins occurs in
virus-infected cells, which may constitute one of the ways in
which viruses alter the host to favor viral replication (5, 81).
Alternatively, by virtue of high-level conservation of the
DEAD box superfamily proteins, it is also very likely that the
core protein may interact with other members of the DEAD
box superfamily and thereby impose a pleiotropic effect on the
host cellular gene regulation events, including translation,
splicing, mRNA stability, and nucleocytoplasmic transport,
which have been shown to be DEAD box protein dependent.
Likewise, since HCV also possesses ATP-dependent RNA he-
licase activity in its nonstructural protein NS3, which belongs
to the DEAH subfamily of DEAD box proteins (44, 89), it is
thus attractive to propose that the core protein may also target
the NS3 protein, modulate its RNA-unwinding activity, and
consequently affect the HCV viral genome replication or trans-
lation by its own structural protein. We are currently examin-
ing this possibility. All together, our study thus provides a clue
to explain the diverse effects of core protein in cellular or viral
promoter activity and moreover the role of core protein in
HCV pathogenesis.
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