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Hepatitis C virus (HCV) nonstructural SB (NSSB) protein is
an RNA-dependent RNA polymerase (RdRp). To determine
whether it can contribute to viral replication by interaction
with cellular proteins, the yeast two-hybrid screening system
was employed to screen a human liver cDNA library. Using
the HCV NS5B as a bait, we have isolated positive clones
encoding a cellular protein. The NS5B interacting protein,
5BIP, is a novel cellular protein of 170 amino acids.
Interaction of the HCV NS5B protein with 5BIP was
confirmed by a protein-protein blotting assay. Recently, we
have demonstrated that NS5B possesses an RdRp activity
and thus it is possible that SBIP, in association with NS5B,
plays a role in HCV replication.
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Introduction

Hepatitis C virus is the major cause of post-transfusion- and
community-acquired non-A, non-B hepatitis (Choo et al.,
1989; Aach et al., 1991; Alter et al., 1992), which often
leading to liver cirrhosis and hepatocellular carcinoma (Saito
et al., 1990; Di-Bisceglie er al., 1994; Shimotohno, 1995).
HCYV belongs to the Flaviviridae family (Francki et al., 1991).
The virion is enveloped and contains a single-stranded,
positive-sense RNA genome of approximately 9.5 kilobases
(Kato et al., 1990; Inchauspe et al, 1991). The genome
encodes a long polyprotein of approximately 3,000 amino
acids, which is cleaved by both cellular and viral proteases
into multiple proteins (Hijikata et al., 1991; Grakoui et al.,
1993; Lin et al., 1994; Manabe et al., 1994). The N-terminal
one third of the protein is composed of structural proteins.
These include the nucleocapsid (core) protein and envelope
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proteins (El, E2, and p7) which are followed by six
nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B).

A workable vaccine strategy against HCV has been
hampered due to continuous emergence of escape mutant
viruses, even in the same inoculum (Farct et al., 1992;
Shimizu et al., 1994; Wyatt et al., 1998). For this reason, NS3
protease, RNA helicase, and NS5B RNA-dependent RNA
polymerase (RdRp) have become the major target proteins for
the development of anti-viral inhibitors. NS5B is believed to
be the most important target because it is the key enzyme in
HCV genome replication.

NS 5B encodes an RdRp. Indeed, several groups including
our laboratory have demonstrated that the NS5B protein
expressed in both eucaryotic and procaryotic cells possesses
an RdRp activity (Behrens et al., 1996; Lohmann et al., 1997,
Hwang et al., 1999; Oh et al., 1999). Since NS5B is the key
enzyme responsible for HCV replication, its biochemical
properties and the cellular factors which interact with NS5B
are of particular interest. Previously, we reported that NS5B is
membrane associated and localized in the perinuclear region
(Hwang et al., 1997). To explore the HCV replication
mechanism, the yeast two-hybrid system was used to screen a
human liver cDNA library for cellular factors that can interact
with NS5B protein. In this study, we have identified a novel
protein that may be involved in viral replication.

Materials and Methods

Plasmid Construction The HCV c¢DNA encoding NS5B (aa
2419 to aa 3011) of the Korean strain (Cho et al., 1993) was
generated by PCR and was cloned into the Sall site of the yeast
plasmid pGBT9. The human liver cDNA library fused with the
GAL4-activation domain in pGADI10 was purchased from
Clontech company. The plasmid used for in vitro translation of
the NS5B was constructed as described previously (Hwang et al.,
1997). To construct a plasmid expressing Glutathione S-
transferase (GST) fusion protein, cDNA encoding SBIP was
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inserted in frame into the BamHI1 site of pGEX2T expression
vector (Novagen, Madison, USA). GST or GST-5BIP expression
plasmids were grown in Escherichia coli BL21 (DE) (Novagen)
and protein expression was induced at 30°C for 3 hr by addition of
1 mM isopropyl-p-D-thiogalactopyranoside (IPTG).

Yeast two-hybrid library screening Saccharomyces cerevisiae
HF7C or SFY526 was grown in YPD (1% yeast extract, 2%
peptone, 2% dextrose) or synthetic minimal medium (0.67% yeast
nitrogen base, 2% dextrose, and appropriate auxotrophic
supplements). HF7C cells were cotransformed with both GAL4
DNA-binding domain plasmid and GAL4 activation domain
library plasmid by the lithium acetate method. Colonies grown on
tryptophan-, leucine-, and histidine- lacking plates were selected.
Four or 5 days after transformation, the B-galactosidase activity
was assayed by the colonies lifted on the nitrocellulose filter
replicas of yeast transformants. Briefly, filters were placed in
liquid nitrogen for 20 to 30s to permeabilize the cells. Following
brief drying, filters were incubated for 2 to 6 h with buffer
containing 2 mM 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-GAL, Clontech, PoloAlto, USA). Yeast
clones containing library DNA were isolated from the blue
positive colonies by tryptophan selection. These positive plasmids
were further confirmed by testing for B-gal acivity in yeast strain
SFY526.

Sequence analysis c¢DNAs isolated from the positive clones
were sequenced by the dideoxynucleotide chain termination
sequencing method (Sanger et al., 1977). DNA sequences were
compared against the database of the National Center for
Biotechnology Information by the BLAST program.

In vitro transcription and translation HCV NS5B encoding
region was cloned into the BamH]1 site of the plasmid pcDNA3
(Invetrogen) followed by digestion with EcoR1. The linearized
plasmid was used for synthesis of in vitro transcripts by using T7
RNA polymerase (Promega, Madison, USA) as described
previously (Hwang et al., 1997). RNA aliquots were translated in
rabbit reticulocyte lysate (Promega) for 1 hr at 30°C using
[**S]methionine (Amersham).

Immunoprecipitation Aliquots of *S-labeled NS5B were
incubated either with rabbit preimmune serum or with anti-NS5B
rabbit serum with gentle rocking at 4°C for 2 hr. The immune
complex was further incubated with protein-A Sepharose for 1 hr
and precipitated by centrifugation in a microfuge. Pellets were
washed four times with RIPA buffer [1% Nonidet P-40, 1%
sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HC1 (pH 8.0),
0.1% SDS, 0.1 mM PMSF] and resuspended in Laemmli sample
buffer (Laemmli, 1970). Proteins were analyzed by
electrophoresis on a 12% SDS-PAGE gel and detected by
autoradiography.

Protein-protein blotting assay Both GST and GST-5BIP
proteins expressed in E. coli were lysed by Laemmli sample
buffer and then separated by SDS-PAGE on 12.5%
polyacrylamide gels. One protein gel was stained with Coomassie
brilliant blue and the other gel was electrotransferred to a

nitrocellulose membrane. The membrane was briefly washed with
buffer A [10 mM HEPES-KOH (pH 7.5), 60 mM KCl, 1 mM
EDTA and 1 mM 2-mercaptoethanol] and incubated with 6 M
guanidine HCI for 30 min. Further incubation was followed with
sequentially diluted guanidine HCI to renature the proteins. The
membrane was blocked for 1 hr with 5% nonfat dry milk in buffer
A containing 0.05% Nonidet P-40. [**S]methionine-labeled NS5B
protein was then incubated with the membrane in buffer A
containing 3% nonfat dry milk and 0.05% Nonidet P-40 overnight
at 4°C. Unbound proteins were removed by vigorous washing in
buffer A containing 1% nonfat dry milk and 0.05% Nonidet P-40.
Protein binding was detected by autoradiography.

Results and Discussion

To identify possible cellular proteins interacting with HCV
RNA polymerase (NS5B), the yeast two-hybrid system was
employed to screen a human liver cDNA library using the
NS5B as a bait. The NS5B open reading frame was fused in
frame into the GAL4 DNA-binding domain of pGBT9 yeast
vector, as shown in Fig.1. A human adult liver cDNA library
fused to the GALA4 activation domain of pGADI10 yeast vector
was used. These two plasmids were cotransformed into the
HF7C yeast strain. We screened approximately 4 million yeast
transformants which had grown in the absence of tryptophan,
histidine, and leucine. Ten clones were obtained by B-Gal
assay. Eight library cDNA plasmids (pGADI10 hybrid) were
segregated from the pGBT9 hybrid plasmids. All contained
the inserts. Of these, 3 clones retained (-Gal activity (blue
colonies) when re-transformed into the yeast host only in the
presence of the pGBT9-NS5B plasmid, but not the empty
plasmid, indicating that SBIP clone specifically interacts with
NS5B protein. DNA sequence analysis showed that all 3
clones were identical. Sequence comparision using the
BLAST program revealed that SBIP encodes 170 aa and is an
unknown protein (Fig. 2). Computer research showed that this
protein shared no sequence homology with any other known
proteins in the database, indicating that this is a novel protein.
To demonstrate direct interaction between NS5B and novel
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Fig. 1. Schematic diagram of HCV NS5B (RNA polymerase)
construct in a yeast vector. HCV c¢DNA fragment representing
the NS5B protein-coding region was cloned into the unique
Sall site of the yeast plasmid pGBT9. The NS5B protein-
coding sequence was fused in frame with the GAL4 DNA-
binding domain of pGBT9 vector.
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atg ata agc ata cat aat gza gaa gaa aat gct it ata ctg gat act ttg aaa aag caa
1 M1 S I HN EEENAFI LDTLKKZ

tgg aaa ggc cca gat gat atc cta cta ggce atg ttt tat gac aca gat gat geg agt ttc
21 WKGPDDI LLGMFYDT DDASEF

aag tgg tit gat aat tca aat atg aca ttt gat aag tgg aca gac caa gat gat gat gag
4 KWFDNSNMTFDIKWTDQDDTDE

gat tta gtt gac acc tgt get tit ctg cac atc aag aca ggt gaa tgg aaa aaa gga aat
61 DLVD T TCAFLHI!I KT G EWKIK GN

tgt gaa gtt tct tct gtg gaa gga aca cta tge aaa aca get atc cca tac aaa agg aaa
8 CE VSSV EG TLCKTAIPYKRK

tat tta tca gat aac cac att tta ata tca gca ttg gtg att gct age acg gta att ttg
MYLS DNH ILIT SALVIAS TVIL

aca gtt ttg gga gca atc att tgg ttc ctg tac aaa aaa cat tct gat tct cgt ttc acc
21T VL G A | IWFLY K KHSDSRFT

aca gt ttt tca acc gea ccc caa tea cct tat aat gaa gac tgt git ttg gta gtt gga
14 T VFS T A P Q SPYNEUDCVLV VG

gaa gaa aat gaa tat cct git caa ttt gac taa
181 €E E N E YPVQFD
Fig. 2. Nucleotide and deduced amino acid sequence of 5BIP
cDNA. cDNA isolated from a human cDNA library was
sequenced and compared with the data base using the BLAST
program.

Fig. 3. Immunoprecipitation of HCV NS5B protein. The NS5B
protein was translated in vitro in rabbit reticulocyte lysate and
precipitated either with rabbit preimmune serum (-) or with an
rabbit antibody raised against the baculovirus-expressed NS5B
protein (+). Proteins were separated by SDS-PAGE and
detected by autoradiography.

SBIP, we performed a Far Western protein-protein blotting
assay as described previously (Hsieh ez al., 1998). Both GST
and GST-5BIP fusion protein were expressed in E. coli,
separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and incubated with in vitro-translated NS5B. The
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Fig. 4. Association of HCV RNA polymerase (NS5B) with
5BIP in a Far Western protein blotting assay. E. coli-expressed
GST and GST-5BIP proteins were separated by SDS-PAGE on
12% polyacrylamide gels and either stained with Coomassie
brilliant blue (A) or electrotransferred to a nitrocellulose
membrane (B). The proteins on the membrane were renatured
and incubated with in vitro translated, [*S]methionine-labeled
HCV RNA polymerase. Bound protein was detected by
autoradiography (lane 2 in B). GST is indicated by an open
arrow (lane 1 in A) and GST-5BIP fusion protein is indicated
by a solid arrow (lane 2 in B).

nature of the [**S]methionine-labeled NS5B was determined
by immunoprecipitation with rabbit antibody raised against
baculovirus-expressed NS5B protein (Fig. 3). The preimmune
serum did not precipitate any proteins, confirming the
specificity of the rabbit antibody against in vitro translation
product of the NS5B ORF in rabbit reticulocyte lysates. As
shown in Fig. 4A, GST-5BIP was expressed as a 41 kDa
protein. Although there are many proteins in cells, the blotting
results showed that NS5B was bound to the SBIP protein, but
not to GST or other cellular proteins, indicating that the
interaction between HCV RNA polymerase and SBIP is
specific (Fig. 4B).

NS5B is a membrane associated phosphoprotein and
localized in the perinuclear region (Hwang et al., 1997).
NS5B has been shown to be an RNA-dependent RNA
polymerase (Behrens, et al., 1996; Lohnann et al., 1997,
Yamashita et al., 1998; Oh et al., 1999). Thus NS5B is
believed to be responsible for genome replication of HCV.
The goal of this study was to elucidate the mechanism of
HCV replication. However, in vitro HCV culture system is not
yet available, and thus the biological significance of 5BIP in
HCYV replication needs further studies. HCV RNA polymerase
is the key enzyme responsible for HCV replication and may
exist as a protein complex. Thus HCV may use NS5B to
regulate cellular proteins. In this study, we have identified a
cellular protein which interacts with NSS5B. Although the
functional role of SBIP is not yet known, we postulate that it
may be involved in HCV replication. This possibility is under



62 Song Yub Shin et al.

investigation.
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