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Translation initiation of hepatitis C virus (HCV) RNA occurs by internal entry of a ribosome into the 5’
nontranslated region in a cap-independent manner. The HCV RNA sequence from about nucleotide 40 up to
the N terminus of the coding sequence of the core protein is required for efficient internal initiation of
translation, though the precise border of the HCV internal ribosomal entry site (IRES) has yet to be deter-
mined. Several cellular proteins have been proposed to direct HCV IRES-dependent translation by binding to
the HCV IRES. Here we report on a novel cellular protein that specifically interacts with the 3’ border of the
HCYV IRES in the core-coding sequence. This protein with an apparent molecular mass of 68 kDa turned out
to be heterogeneous nuclear ribonucleoprotein L (hnRNP L). The binding of hnRNP L to the HCV IRES
correlates with the translational efficiencies of corresponding mRNAs. This finding suggests that hnRNP L may
play an important role in the translation of HCV mRNA through the IRES element.

Internal ribosome binding to mRNAs without 5'-end scan-
ning of the mRNA, which occurs in most cellular mRNAs (18),
was first discovered for picornavirus mRNAs (13, 25). Internal
ribosome binding requires a cis-acting element on the mRNA
termed the internal ribosomal entry site (IRES) (14) and
cellular factors that interact specifically with the IRES. Sev-
eral cellular proteins that direct IRES-dependent transla-
tion have been identified (10, 15, 17, 20). Besides picorna-
viruses, some members of the virus family Flaviviridae also
contain IRESs. Hepatitis C virus (HCV) (32, 34), bovine
viral diarrhea virus (27), and classical swine fever virus (29)
belong to this group.

HCV RNA contains a long 5’ nontranslated region (5'NTR)
(341 nucleotides [nt] long in most strains) harboring three to
five noninitiating AUG triplets (9, 16). The 5'NTR and part of
the core protein-coding region of HCV mRNA contain an
IRES element. In other words, HCV RNA stretching from
about nt 40 (7, 34) to the N-terminal coding sequence of the
core (11, 12, 19, 28) is required for efficient initiation of trans-
lation, but the precise borders of this HCV IRES have as yet to
be mapped. A complex secondary structure has been proposed
for the HCV IRES (4). cis-acting structural elements, such as
a helical structure and a pseudoknot-like structure, were sug-
gested to be essential for IRES function (33, 35).

Several cellular proteins were proposed to be involved in
HCV IRES-dependent translation. Polypyrimidine tract-bind-
ing protein (PTB) has been reported to bind to multiple sites
of the HCV IRES, but the role of PTB in translation is still not
clear (1, 17). Binding of La antigen to the initiation codon of
the HCV IRES was reported to enhance HCV IRES-depen-
dent translation (2). A 25-kDa cellular protein of unknown
identity was also shown to bind specifically to the HCV IRES,
and its binding affinity was correlated with efficiency of trans-
lation initiation (6).

* Corresponding author. Mailing address: Department of Life Sci-
ence, Pohang University of Science and Technology, San31 Hyoja-
Dong, Pohang, Kyungbuk 790-784, Korea. Phone: 82-562-279-2298.
Fax: 82-562-279-2199. E-mail: sungkey@postech.ac.kr

8782

Here we report on a cellular protein that specifically inter-
acts with the 3’ border of the HCV IRES spanning part of the
core-coding sequence. This protein, with an apparent molecu-
lar mass of 68 kDa, turned out to be heterogeneous nuclear
ribonucleoprotein L (hnRNP L). Interestingly, hnRNP L has
been shown to interact with PTB in a yeast two-hybrid system
and by coprecipitation (8). The binding of hnRNP L to the
HCV IRES correlated well with the translational efficiencies of
corresponding mRNAs. This result suggests that hnRNP L
may play a key role in the translation of HCV mRNA through
the IRES element.

MATERIALS AND METHODS

Constructions of plasmids. The HCV cDNA clones pCV, pKI5, pKIDell, and
pN10 have been previously described by Tsukiyama-Kohara et al. (32). To con-
struct pH(280-E2') and pH(331-E2’), the pSK(—) vector was treated with Kpnl
plus T4 polymerase plus PstI and the pCV vector was treated with Stul and Pst1
or Accl plus Klenow fragment plus Pstl, respectively. pH(280-E2") and pH(331-
E2") were treated with AarII plus PstI and T4 polymerase to construct plasmids
pH(280-402) and pH(331-402), respectively. For the construction of pH(18-
402)CAT, PCR was performed with the following primers: primer 1, CGGGG
TACCGGCGACACTCCACCATAG; primer 2, CGCGGATCCCTGTGGGCG
GCGGTTG; primer 3, CGCGGATCCACAACCATGAGCTTGGC; and primer
4, GCTCTAGATTATCACTTATTCAGGCGTAGC.

Primers 1 and 2 and pKI5 were used to amplify nt 18 to 402 of the HCV cDNA
(PCR product 1). Primers 3 and 4 and pSK/Bip/CAT, kindly provided by P.
Sarnow, were used to amplify the chloramphenicol acetyltransferase (CAT) gene
(PCR product 2). The Kpnl- and Xbal-digested pSK(—) vector, Kpnl- and
BamHI-digested PCR product 1, and BamHI- and Xbal-digested PCR product 2
were ligated to generate plasmid pH(18-402)CAT. To amplify corresponding
HCV ¢DNAs, the following primers were used in PCR: primer 5, CGCGGAT
CCCATGATGCACGGTCTACG; primer 6, CGCGGATCCAGGATTTGTG
CT; primer 7, CGCGGATCCGGTTTTTCTTTGAGGTTTAG; and primer 8§,
CGCGGTACCATGAGCACAAATCCTAAAC.

To construct plasmids pH(18-344)CAT, pH(18-356)CAT, and pH(18-374)
CAT, PCR was carried out with primers 1 and 5, primers 1 and 6, and primers
1 and 7, respectively. The PCR products were treated with Kpnl and BamHI, and
the vector pH(18-402)CAT was treated with Kpnl and BamHI to generate
plasmids pH(18-344)CAT, pH(18-356)CAT, and pH(18-374)CAT. To construct
pH(342-402), PCR was carried out with primers 4 and 8, the amplified PCR
product was treated with Kpnl and Xbal, and the vector pH(18-402)CAT was
treated with KpnlI and Xbal. For the construction of dicistronic clones containing
a CAT gene with a truncated C terminus followed by HCV IRES and a full-
length CAT gene, a fragment of a C-terminally truncated CAT gene was inserted
into the unique Kpnl site upstream of each monocistronic clone. pSK-hnRNP L
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and pRSET-hnRNP L were used for the in vitro transcription and purification of
hnRNP L, respectively (8).

Purification of hnRNP L. Escherichia coli BL21(DE3) pLysS was used to
produce hnRNP L from plasmid pRSET-hnRNP L. IPTG (isopropyl-B-p-thio-
galactopyranoside) was added to a final concentration of 1 mM to the cells at an
optical density at 600 nm of 0.25. After further incubating the cells expressing
hnRNP L for 5 h at 25°C, the cells were harvested, resuspended in lysis buffer (20
mM Na-phosphate [pH 7.6], 300 mM NaCl, 0.5 mM phenylmethylsulfonyl fluo-
ride, 1 mM B-mercaptoethanol, 10% glycerol) and sonicated. After lysis, the cell
extracts were loaded onto a Ni-nitrilotriacetic acid (NTA) agarose column (Qia-
gen) equilibrated with lysis buffer. The columns were then washed with 5 volumes
of lysis buffer containing 70 mM imidazole. The hnRNP L was eluted with 200
mM imidazole. Peak fractions were pooled and loaded onto a poly(U)-Sepharose
column. After the resin was washed with lysis buffer containing 0.4 M NaCl, the
hnRNP L was eluted with 1.5 M NaCl.

In vitro transcription and in vitro translation. Plasmid DNAs were purified by
the polyethylene glycol precipitation method (31) and then linearized with ap-
propriate restriction enzymes. Linearized DNAs were extracted with phenol-
chloroform and ethanol precipitated. The RNAs were transcribed from the
linearized DNAs with T7 RNA polymerase (Boehringer Mannheim) for 90 min
at 37°C as recommended by the manufacturer. Radioactive RNA probes and
biotinylated RNAs were synthesized under similar reaction conditions with
[**P]JUTP (NEN) or biotin-labeled UTP (Pharmacia Biotech Inc.).

In vitro translations were performed in 12.5-ul reaction mixtures containing 40
nM mRNA in the presence of [**S]methionine (NEN) as described by Rose et al.
(30). Cytoplasmic S-10 extract of HeLa S3 cells was prepared as described by Oh
et al. (23). Translation reactions were carried out at 30°C for 1 h and analyzed by
sodium dodecyl sulfate (SDS)-15% polyacrylamide gel electrophoresis (PAGE).
The intensities of the autoradiographic images produced by S were enhanced
by fluorography with salicylic acid. Gels were dried and exposed to Kodak
XAR-5 or Agfa Curix RP1 film for 12 to 18 h.

UV cross-linking. 3°P-labeled RNA probes were synthesized by in vitro tran-
scription and isolated by push column chromatography (Stratagene). RNAs (2 X
10° cpm) were incubated with 40 g of HeLa cell cytoplasmic extract or with 0.3
wg of purified hnRNP L which had been dialyzed into the translation buffer (16
mM HEPES [pH 7.5], 36 mM KCI, 169 mM potassium acetate, 1.2 mM magne-
sium acetate, 1.6 mM dithiothreitol [DTT], 2.8 mM B-mercaptoethanol). RNA-
protein binding was carried out in a 30-ul reaction mixture containing 0.5 mM
DTT, 5 mM HEPES (pH 7.6), 75 mM KCl, 2 mM MgCl,, 0.1 mM EDTA, 4%
glycerol, 20 U of RNasin, and 3 pg of tRNA. After 20 min of incubation at 30°C,
the samples were irradiated with UV light on ice for 30 min with a UV-Stratal-
inker (Stratagene). Unbound RNAs were digested with 5 ul of RNase cocktail (2
wl of RNase A [10 mg/ml], 2 pl of RNase T, [100 U/ml], 1 pl of RNase V, [700
U/ml]) at 37°C for 30 min and then analyzed by SDS-12% PAGE.

RNA affinity resin-binding assay: precipitation of proteins with biotinylated
RNAs. Biotinylated RNAs (1 pg) were incubated with 3°S-labeled protein trans-
lated in vitro or with HeLa cell cytoplasmic extract (40 pg) in KHN buffer (150
mM KCl, 20 mM HEPES [pH 7.5], 0.03% Nonidet P-40, 0.2 mM DTT) for 1 h
at 25°C. The mixture was then transferred into 1 ml of KHN buffer containing
streptavidin acrylamide beads (Pierce) and incubated at 4°C for 1 h. The beads
were collected by centrifugation, washed three times with 1 ml of KHN buffer,
resuspended in sample buffer, and boiled for 4 min. The supernatant containing
the RNA-bound protein was analyzed by SDS-PAGE.

RNA gel mobility shift assay. >*P-labeled RNAs corresponding to HCV RNAs
from nt 228 to 331 and 342 to 402 {[*>PJRNA(228-331) and [*>P]RNA(342-402),
respectively} were used as probes in a gel mobility shift assay. The RNAs (10*
cpm) were incubated with purified hnRNP L or bovine serum albumin (BSA).
RNA-protein interaction was allowed at 30°C for 20 min in RNA-binding buffer
(5 mM HEPES [pH 7.6], 70 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 0.5 mM
DTT, 0.7 pg of tRNA). Electrophoresis sample buffer was added, and the
samples were loaded onto 5% nondenaturing polyacrylamide gels (pH 8.6) (23).
Gels were dried and exposed to X-ray film for autoradiography. For the exper-
iment combining the gel mobility shift assay and immunoblot analysis, cold HCV
RNA (nt 18 to 331 or 18 to 402) was incubated with HeLa cell extract (20 pg) in
the same binding buffer containing tRNA (10 pg) and then resolved in a 5%
nondenaturing gel. Proteins were transferred to a nitrocellulose membrane (Am-
ersham), and immunoblot analysis was performed with monoclonal antibody
against human hnRNP L.

Immunoblot analysis. After RNA-bound proteins were resolved in an SDS-
12% polyacrylamide gel or a 5% native gel, the proteins were transferred to
nitrocellulose membranes (Amersham). The membranes were incubated over-
night at 4°C in blocking solution (20 mM Tris-HCI [pH 7.4]), 150 mM NaCl,
0.5% Tween 20, 5% skim milk) to block nonspecific binding of the antibody. The
primary antibody (a monoclonal antibody against hnRNP L, 4D11) was added to
the blocking solution, and incubation proceeded for 1 h. The antibody had been
generously provided by G. Dreyfuss, University of Pennsylvania School of Med-
icine, Philadelphia. A horseradish peroxidase-linked anti-mouse immunoglobu-
lin G was used as the secondary antibody. Membrane-bound antibodies were
detected by enhanced chemiluminescence (Amersham).

hnRNP L INTERACTS WITH 3" BORDER OF HCV IRES 8783

AUG

342
181 L— 402
18 ¢ 331

18-402
18-331

— 200

— 98

- .-
— 43

- 29

1 2

FIG. 1. Diagram of probes and detection of cellular proteins interacting with
HCV IRES. RNA probes [*?PJRNA(18-402) (lane 1) and [*?P]JRNA(18-331)
(lane 2) were cross-linked to HeLa cell cytoplasmic extracts, after which the
proteins were analyzed by SDS-12% PAGE. Molecular masses (in thousands)
are noted to the right of the gel.

RESULTS

Identification of cellular proteins interacting with the HCV
IRES. To identify cellular factor(s) interacting with the HCV
IRES, UV cross-linking was performed with HeLa cell cyto-
plasmic extracts as protein sources and the probes [**P]RNA
(18-331) and [**P]RNA(18-402). Three proteins with appar-
ent molecular masses of 52, 68, and 100 kDa were found to
bind to the HCV probe [*?P]RNA(18-402), which encom-
passes most of the HCV 5'NTR and N-terminal coding se-
quence of the core protein (Fig. 1, lane 1). On the other hand,
only two proteins of 52 and 100 kDa were observed as prom-
inent bands when [**PJRNA(18-331) was used (note that the
intensity of the 68-kDa protein band was weakened dramati-
cally upon deletion of nt 332 to 402 [Fig. 1, lane 2]). This indi-
cates that the region of nt 332 to 402 is essential for a strong
interaction of the 68-kDa protein with the HCV IRES. The
52-kDa protein may be the La protein, which has been report-
ed to interact specifically with the HCV IRES (2). The identity
of the 100-kDa protein remains unknown. We decided to fur-
ther characterize the 68-kDa protein, since it binds to the
region determined to be the 3’ border of the HCV IRES (12,
19, 28).

HnRNP L binds to the HCV IRES. Recently, we have shown
that hnRNP L interacts with PTB, a protein that binds to the
encephalomyocarditis virus and HCV IRESs (8). We therefore
investigated whether the 68-kDa protein, which interacts with
the HCV IRES, is identical to hnRNP L, since PTB, which
interacts with hnRNP L, was shown to bind to the HCV 5'NTR
(1) and since the apparent molecular mass of hnRNP L is also
68 kDa.

RNA affinity resin-binding assays were carried out with bi-
otinylated HCV RNAs and HeLa cell extract (Fig. 2A). After
incubation of HeLa cell extract with the biotinylated RNAs,
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FIG. 2. Assignment of the 68-kDa protein band to hnRNP L. (A) Coprecipi-
tation and Western blot analysis. HeLa cell extract was incubated without RNA
(lane 1) or with the biotinylated HCV RNA(18-402) (lane 2) and HCV RNA - 29
(18-331) (lane 3). The bound proteins were then precipitated with streptavidin
acrylamide beads. After being resolved in an SDS-12% polyacrylamide gel,
hnRNP L was visualized by Western blot analysis with anti-hnRNP L monoclonal
antibody. (B) Combination of RNA mobility shift and Western blot analyses. — 18
Aliquots of HeLa cell extract (20 ng) were incubated without RNA (lane 1) or

with 100 ng of RNA(18-331) (lane 2), 100 ng of RNA(18-402) (lane 3), 300 ng
of RNA(18-331) (lane 4), or 300 ng of RNA(18-402) (lane 5). The samples were
electrophoresed in a 5% nondenaturing gel, after which the proteins were blot-
ted onto a nitrocellulose membrane and probed by Western blotting with anti-
hnRNP L monoclonal antibody. Free hnRNP L and RNA-bound hnRNP L are
marked “Free” and “Bound,” respectively. (C) Coprecipitation of 3*S-labeled
proteins. The in vitro-translated proteins luciferase and hnRNP L are in lanes 1
and 2, respectively. These 3S-labeled proteins were incubated with biotinylated
RNA(18-402) (lanes 3 and 4) and RNA(18-331) (lane 5), after which the
RNA-bound proteins were precipitated with streptavidin acrylamide beads. Af-
ter the samples were washed with binding buffer, the RNA-bound proteins were
resolved in an SDS-12% polyacrylamide gel. The protein bands were detected by
autoradiography.

the RNA-protein complexes were precipitated with streptavi-
din acrylamide beads. The presence of hnRNP L in the RNA-
protein complexes was determined by Western blot analysis
with monoclonal anti-hnRNP L antibody (4D11) (Fig. 2A).
The RNA containing the complete HCV IRES (nt 18 to 402)
bound to hnRNP L much more strongly than HCV RNA
lacking the core-coding sequence (nt 18 to 331) (compare lane
2 with lane 3 in Fig. 2A). This result suggests not only that
hnRNP L binds to the HCV IRES but also that the RNA
segment of HCV spanning nt 332 to 402 is required for the
tight binding between the HCV IRES and hnRNP L. The bind-
ing pattern of cellular hnRNP L to HCV RNA was similar to
that of the 68-kDa protein evident in the UV-cross-linking
data (compare Fig. 2A with Fig. 1). Interestingly, at least two
hnRNP L-related proteins were recognized by the hnRNP L
antibody (Fig. 2A, lanes 2 and 3). This result is probably due to
posttranslational modification of hnRNP L, which was sug-
gested by Pinol-Roma et al. (26) based on two-dimensional gel
electrophoresis results.

To further confirm the interaction between hnRNP L and
HCV IRES, a combination experiment with the RNA gel mo-
bility shift assay and Western blot analysis was carried out (Fig.
2B). After incubation of HeLa cell extracts with RNAs cor-
responding to different parts of HCV IRES, the samples
were electrophoresed on a nondenaturing gel. The positions of
hnRNP L in the gel were visualized by Western blot analysis
with monoclonal anti-hnRNP L antibody (4D11). The free
hnRNP L was detected near the well of the gel, because the pl

1 2 3 4 5

of hnRNP L is 7.4 to 7.7 (5) and the pH of the running buffer
was 8.3. RNA-hnRNP L complexes migrated faster due to the
highly negatively charged RNA in spite of the larger size of the
RNA-protein complex (note that the band labeled “Bound”
migrated faster than the band labeled “Free” in lane 5 of Fig.
2B). HCV RNA(18-402), which contains the full length of
IRES, formed a much larger amount of RNA-protein complex
with hnRNP L than HCV RNA(18-331), which lacks the core-
coding sequence (compare lane 4 with lane 5 in Fig. 2B). This
indicates that hnRNP L in HeLa cells can bind to the HCV
IRES in the presence of other elements of the translational
machinery and that the core-coding sequence of HCV plays an
important role in the binding of hnRNP L.

The interaction between the HCV IRES and hnRNP L was
also confirmed by testing the binding between in vitro-trans-
lated hnRNP L and the HCV RNAs (Fig. 2C). **S-labeled
hnRNP L and luciferase were synthesized in a rabbit reticulo-
cyte lysate (RRL) system as shown in Fig. 2C. These proteins
were then incubated with the biotinylated HCV RNA(18-402)
or RNA(18-331). The RNA-protein complexes were then pre-
cipitated with streptavidin acrylamide beads and resolved by
SDS-PAGE. **S-labeled hnRNP L bound strongly to RNA
(18-402) (Fig. 2C, lane 4) and weakly to RNA(18-331) (Fig.
2C, lane 5). Under the same conditions, *°S-labeled luciferase
bound neither to RNA(18-402) (Fig. 2C, lane 3) nor to RNA
(18-331) (data not shown). This result also indicates that hnRNP
L interacts with the HCV IRES and that the core-coding se-
quence is important for that hnRNP L interaction.

Determination of the hnRNP L-binding site within the HCV
IRES. In order to investigate the interaction of hnRNP L with
the HCV IRES in more detail, we expressed hnRNP L in
E. coli and then purified it using Ni-NTA (Fig. 3, lane 4) and
poly(U)-Sepharose (Fig. 3, lane 5) column chromatographies.
The identity of the purified hnRNP L was confirmed by West-
ern blot analysis with monoclonal antibody against hnRNP L
(data not shown).
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FIG. 3. Purification of hnRNP L. Purified hnRNP L was resolved by SDS—
12% PAGE and stained with Coomassie brilliant blue G-250. Protein profiles in
uninduced E. coli cells, in induced E. coli cells, in E. coli lysate, in E. coli cells
after Ni-NTA column chromatography, and in E. coli cells after poly(U) column
chromatography are shown in lanes 1, 2, 3, 4, and 5, respectively.

Direct interaction between hnRNP L and the HCV IRES
was investigated by a UV cross-linking method with purified
hnRNP L and HCV RNAs spanning different regions of the
HCV IRES. Purified hnRNP L exhibited a much stronger
RNA-binding activity with [>**P]RNA(18-402) than with [**P]
RNA(18-331) (compare lane 1 with lane 2 in Fig. 4A). Purified
hnRNP L also bound to small RNA fragments containing the
3’ region of the HCV IRES {[**P]RNA(280-402) and [**P]
RNA(331-402)} (Fig. 4A, lanes 3 and 4), although the intensi-
ties of the bands were lower. This reduction in hnRNP L bind-
ing is likely due to the elimination of the cooperative binding
of hnRNP L to the strong binding site at the core-coding se-
quence and the weaker binding near the 5’ border of the HCV
IRES (data not shown). Protein-protein interaction between
hnRNP L molecules, which may support cooperative binding,
was detected in a yeast two-hybrid system and by a coprecipi-
tation method (data not shown).

To test whether the core-coding region is sufficient for the
interaction with hnRNP L, the HCV probe [*?P]RNA(342-
402) was generated and its hnRNP L-binding ability was in-
vestigated by the RNA gel mobility shift assay. HnRNP L
showed high RNA-binding activity towards [**P]RNA(342-
402), which spans the N terminus of the core-coding sequence
(Fig. 4B, lanes 8 to 10). However, hnRNP L did not bind to the
similarly sized HCV probe [**P]RNA(228-331) (Fig. 4B, lanes
3t05). Under the same conditions, BSA bound to neither [*P]
RNA(228-331) nor [**P]RNA(342-402) (Fig. 4B, lanes 2 and
6). This result shows that hnRNP L can by itself bind to the 3’
boundary of the HCV IRES corresponding to nt 342 to 402
and that this region is the major hnRNP L-binding site.

Strength of hnRNP L binding to HCV IRES correlates with
translation efficiency of an mRNA. The effect of the core-cod-
ing sequence on HCV mRNA translation was examined by
serial deletions of the core-coding sequence. The CAT-coding
sequence was fused in frame with the truncated core sequence
to serve as a reporter gene. Translational efficiencies of the
transcripts were examined in HeLa cell extract and in RRL in
which newly synthesized proteins were labeled with [*>S]me-
thionine. There are equal numbers of methionine residues in
each polypeptide. The translational efficiencies of the hybrid
genes gradually increased with the expansion of the core se-
quence both in HeLa extract with a monocistronic configura-
tion (compare lanes 1, 2, 3, and 4 in Fig. 5A) and in RRL with
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FIG. 4. Determination of the minimal hnRNP L-binding site in the HCV
IRES. (A) UV cross-linking of hnRNP to HCV RNA. [*?P]RNA(18-402) (lane
1), P2PJRNA(18-331) (lane 2), [*2PJRNA(280-402) (lane 3), and [*?P]JRNA
(331-402) (lane 4) were cross-linked to purified hnRNP L by UV irradiation. The
labeled proteins were then analyzed by SDS-12% PAGE. (B) Gel mobility shift
assay. RNA gel mobility shift assays were performed with [*?PJRNA(228-331)
(lanes 1 to 5) and [*?P]RNA(342-402) (lanes 6 to 10). Samples in lanes 2 and 7
were incubated with 1 pg of BSA. Samples in lanes 3 and 8, 4 and 9, and 5 and
10 were incubated with 0.15, 0.3, and 0.6 pg of purified hnRNP L, respectively.
Samples were analyzed in a 5% nondenaturing polyacrylamide gel. The positions
of free RNA probe and protein-bound probe are marked “Free” and “Bound,”
respectively.

a dicistronic configuration (compare lanes 1, 2, 3, and 4 in Fig.
5B). Binding affinity of hnRNP L to HCV RNA gradually in-
creased along with the length of the core-coding sequence (com-
pare the 68-kDa protein bands in lanes 1 to 5 in Fig. 5C). Trans-
lational efficiencies (Fig. SA and B) and the intensities of
the hnRNP L bands (Fig. 5C) of the corresponding mRNAs
matched well, as seen in Fig. 5D. These data therefore indicate
that hnRNP L, which binds around the 3’ border of the HCV
IRES, might enhance HCV mRNA translation.
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the panel. CoreAC, C-terminally truncated core. (B) Translation of dicistronic mRNAs in RRL. Capped dicistronic mRNAs were translated in RRL. Translation
products were resolved by SDS-15% PAGE. Schematic diagrams of the mRNAs are shown at the top of the panel. CATAC, C-terminally truncated CAT gene. (C)
UV cross-linking of HCV RNAs. 32P-labeled RNA probes were cross-linked with HeLa cell extracts and then analyzed by SDS-12% PAGE. Schematic diagrams of
the RNA probes are shown at the top of the panel. (D) Relative translational efficiencies of the mRNAs and relative affinities of the same set of RNAs for hnRNP
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a phosphorimager. The relative translational efficiencies and relative hnRNP L-binding affinities of the HCV RNAs were normalized by considering the activity of HCV
RNA(18-402) 100%.
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DISCUSSION

Translation of HCV RNA is initiated by internal entry of the
ribosome into the HCV IRES. Several cellular proteins that
interact specifically with the HCV IRES RNA have been iden-
tified (1, 2, 6). PTB, which is required for picornavirus IRES
function (17, 22), has been reported to bind to multiple sites on
the HCV IRES (1). Ali and Siddiqui (1) observed inhibition of
HCV mRNA translation after depletion of PTB and proteins
associated with it using an antibody against PTB. They pre-
dicted the presence of a PTB-associated protein essential for
HCYV IRES function, since translation of HCV mRNA could
not be restored by addition of purified PTB to the PTB-
immunodepleted translation mixture (1). Here we report
that hnRNP L binds specifically to the 3" border region of the
HCV IRES (nt 342 to 402) and that binding correlates with the
translational efficiency of HCV mRNA. Interestingly, we dis-
covered the hnRNP L-PTB interaction using yeast two-hybrid
screening (8). This finding suggests that hnRNP L may be one
of the cellular factors facilitating translation of HCV mRNA,
possibly in cooperation with PTB.

Core-coding sequence up to nt 33 or more was required for
efficient binding of hnRNP L and translation. This result is
consistent with the 3’ boundary of the HCV IRES reported by
Reynolds et al. (28). Expansion of the core sequence up to nt
61 increased translation and hnRNP L binding further (com-
pare lane 3 with lane 4 in Fig. 5A and B, and lane 4 with lane
5 in Fig. 5C). These findings may indicate that the core se-
quence segment of nt 34 to 61 contributes at least in part, if not
essentially, to the translation of HCV RNA, probably by en-
hancing the binding of hnRNP L. The requirement of the
core-coding sequence for HCV IRES function was also dem-
onstrated in the construction of a hybrid poliovirus containing
the HCV IRES element (19). HCV IRES functioning was
minimal when only 24 nt of core-coding sequence was included
in the hybrid virus. On the other hand, HCV IRES function
was dramatically increased when 369 nt of core-coding se-
quence was included. This indicates that some core-coding
sequence is required for optimal IRES function.

Role of hnRNPs in the translation of mRNAs. hnRNPs are,
by definition, nuclear proteins that interact with heterogeneous
nuclear RNAs (hnRNAs). Several functions have been sug-
gested for hnRNPs. They mostly relate to RNA functions such
as pre-mRNA processing, mRNA translocation from the nu-
cleus to the cytoplasm, and translation (5). The last two func-
tions are attributed to a group of hnRNPs that shuttle between
the nucleus and the cytoplasm. Several hnRNPs were reported
to play roles in translation. PTB (hnRNP I) was shown to
enhance IRES-dependent translation of encephalomyocarditis
virus and foot-and-mouth disease virus mRNAs (17, 22).
hnRNP E2, which is also known as PCBP2, was required for
the efficient translation of poliovirus RNA in HeLa cells (3).
On the other hand, hnRNP K and E1 inhibit translation of
erythroid 15-lipoxygenase mRNA by binding to the 3'NTR of
the mRNA (24). Therefore, it is not surprising to discover
other hnRNPs which take part in translation.

In order to participate in HCV IRES-dependent translation,
hnRNP L should be present in the cytoplasm at least to some
extent. However, hnRNP L was reported to be localized mainly
in the nucleus (26). Interestingly, hnRNP L was found in the
cytoplasm as well as the nucleus when transcription of cellular
mRNA was blocked by poliovirus infection or treatment with
actinomycin D (data not shown). These findings suggest that
hnRNP L may shuttle between the nucleus and the cytoplasm
in a transcription-sensitive manner similar to that of some
other hnRNP proteins (for example, hnRNP Al, E, and I [21]).
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Therefore, hnRNP L may facilitate translation of some mRNAs
while it stays in the cytoplasm.

How can hnRNP L facilitate translation of HCV mRNA?
With the limited information of hnRNP L we have, we cannot
conclusively infer the molecular mechanism of the transla-
tional activation by hnRNP L. However, we can speculate
about the role of hnRNP L in translation. First, binding of
hnRNP L to HCV mRNA may put the structure of the HCV
mRNA into a proper conformation accessible to the transla-
tional machinery. The putative conformational change might
be induced by interactions among mRNA, PTB, and hnRNP L
(note that hnRNP L-PTB, PTB-PTB, PTB-RNA, and hnRNP
L-RNA interactions are all possible [8]). Second, hnRNP L
that is bound near the initiation codon of HCV mRNA may
recruit canonical translational initiation factors or the ribo-
some through direct interaction. In both cases, hnRNP L might
be removed from the mRNA once the translational machinery
gets onto the initiation codon. Intriguingly, La protein, which
has RNA helicase activity, has been shown to interact with the
initiation codon of HCV mRNA and facilitate translation (2).
Translational activation of HCV mRNA by La protein might
happen by a cleaning up of the prebound initiation factor(s),
including hnRNP L, from the mRNA in order to initiate trans-
lation after ribosome binding to the mRNA.
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