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The La antigen binds 5* noncoding region of the hepatitis C virus
RNA in the context of the initiator AUG codon and stimulates
internal ribosome entry site-mediated translation
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ABSTRACT Translation initiation of the hepatitis C virus
(HCV) RNA genome occurs through an internal ribosome
entry site in a cap-independent manner. Here, we have exam-
ined the interaction between La antigen and the HCV 5*
noncoding region (5*NCR). In this analysis, competitor RNAs
derived from HCV 5*NCR carrying deletions and a point
mutation were used to identify the site(s) of La antigen
binding during UV cross-linking assay. These studies suggest
that La antigen recognizes the intact HCV 5*NCR structure.
Further, these interactions occurred in the context of the
initiator AUG. The latter view is supported by an analysis in
which mutants of the HCV 5*NCR RNA with deletion or
substitution in the initiator AUG codon failed to compete for
La antigen binding to the wild-type 5*NCR. The evidence for
the interaction between liver cell-derived La antigen and the
HCV 5*NCR is provided by immunoprecipitation of a UV
cross-linked species from the S100 fraction of Huh7 cell
lysates. The functional relevance of this interaction was dem-
onstrated by the stimulation of the HCV internal ribosome
entry site-mediated translation in the presence of La protein.
These results suggest an important functional role of La
protein in the regulation of internal initiation of translation
of the HCV RNA genome.

Human hepatitis C virus (HCV) causes chronic infection of the
liver and has been linked to the development of hepatocellular
carcinoma (1, 2). Based on genomic organization, biochemical
properties, and molecular features, HCV has been classified in
a separate genera of the family Flaviviridae (3, 4). The viral
genome consists of a single-stranded, positive-sense RNA
molecule of 9.4 kb. The 59 noncoding region (59NCR), which
varies in length from 332 to 341 nucleotides, is followed by a
long open reading frame encoding a polyprotein of about 3,000
amino acids that is processed into functionally active structural
and nonstructural proteins. A relatively short noncoding re-
gion is located at the 39 terminus (5). While there is consid-
erable nucleotide heterogeneity among the clinical isolates of
HCV, the 59NCR displays a high degree of conservation (6).
Translation by internal ribosome entry was first recognized as

a scheme of translation initiation that was unique to picornaviral
mRNA, but recently other viral and cellular mRNAs have been
identified that use a similar translational strategy (7–9). Among
other viruses, the RNA genomes of HCV and bovine viral
diarrhea virus, another member of Flaviviridae, have been shown
to contain an internal ribosome entry site (IRES) (10–16). Based
on computer-assisted RNA folding and enzymatic probing,
Brown et al. (17) proposed a model of the HCV 59NCR.
Consistent with the characteristic features of picornavirus IRES

elements (18), the HCV 59NCR contains multiple AUG codons
and oligopyrimidine motifs (Fig. 1).
Cellular transacting factors distinct from the canonical

initiation (eIF) factors have been implicated in facilitating
IRES-regulated translation (20). Among cellular proteins,
polypyrimidine-tract binding protein and the La antigen (p52
or SS-B) are recognized for their important functional roles in
stimulating IRES-mediated translation (see review ref. 21).
The La protein was originally identified as an autoantigen that
was recognized by sera from patients with systemic lupus
erythematosus and Sjogren syndrome (see review ref. 22). La
antigen binds to a variety of RNA structures via its RNA
binding motif (23). The viral targets of the La protein include
the 59NCR of picornaviruses (18, 24), influenza virus (25),
sindbis virus (26), and the HIV TAR element (27). In the case
of poliovirus, the La protein plays a functional role in internal
initiation of translation (28), where addition of purified La to
rabbit reticulocyte lysates (RRL) inhibits the accumulation of
aberrant translation products. This activity is accompanied by
a modest stimulation of translation (28, 29). La binding to the
HIV TAR structure alleviates the translational repression
exerted by TAR on the downstream reporter gene (30). These
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FIG. 1. Schematic representation of computer-generated RNA
folding model as proposed by Brown et al. (17) with a modification in
the vicinity of initiator AUG according to Wang et al. (19). The stem
I (SI) and stem II (SII) of the pseudoknot (PK) structure are shaded.
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studies together support the role of La antigen in the trans-
lational regulation of viral mRNAs.
In this report, we investigated the possible interaction of La

with the 59NCR of the HCV RNA genome and its role in HCV
IRES-dependent translation. Using a combination of UV cross-
linking and competition assays, our studies demonstrate the
interaction between La antigen and the HCV 59NCR. While
efficient binding by La antigen appears to require the intact
59NCR, the specificity of this interaction is directed toward 39 end
of the 59NCR. These studies further show that these interactions
occurred in the context of the initiator AUG. Finally, the data
presented here supports a functional role of La antigen during
IRES-mediated translation of the HCV RNA in vitro.

MATERIALS AND METHODS
Construction of Plasmid DNA. The construction of recom-

binant plasmids were carried out by standard protocols. The
plasmid GEM59NC contains the full-length 59NCR of HCV-I
subtype (11). The plasmid pNCR-C(AUG) is derived from
GEM59NC, but contains additional 12 nucleotides of the HCV
core region. To construct this plasmid, antisense primer,
NCR-CyASyAUG (59-GAGGAATTCAGGATTCGTGCT-
CATGGTGCACGG-39), and T7 promoter primer (Promega)
were used to PCR amplify from GEM59NC DNA template.
The amplified product was digested with HindIII and EcoRI,
gel purified, and cloned in pGEM-4 at HindIII–EcoRI sites.
The nucleotide sequence in these plasmids were confirmed by
dideoxyribonucleotide sequencing method. The plasmid
pNCR-C(AAG) is similar to pNCR-C(AUG) except that it
contains a substitution (U to A) at nucleotide 343. The
construction of plasmids, pNCR135–291, pT7D152–278, and
pT7CD1–75/D142–268 has been previously described (31, 32).
In Vitro Transcription. RNA transcripts were synthesized in

vitro from linearized plasmid DNA that was purified by elution of
the desired fragments from the agarose gels after digestion with
an appropriate restriction endonuclease. The wild-type HCV
59NCR RNA (NCR1–341) was transcribed from GEM59NC
DNA after digestion with EcoRI. NCR(-AUG) was transcribed
from GEM59NC, which was linearized by BspHI and digested
with mung bean nuclease. To transcribe NCR(PKS) RNA,
GEM59NC digested with BspHI was used as template. NCR-
C(AUG) andNCR-C(AAG) were transcribed from their respec-
tive plasmids linearized withEcoRI. Deletionmutants NCR1–83
or NCR1–131 were generated from GEM59NC linearized by
NcoI or SmaI, respectively. Plasmid pNCR135–291was linearized
by BamHI, and T7CD152–278 and T7CD1–75/D142–268 were
digested with XbaI. T7LUC was digested with XbaI and tran-
scribed to produce T7LUC(1–99) RNA. The monocistronic
(T7C1–341) and dicistronic (T7DC1–341) RNAs were linearized
by HpaI (11). All the linear DNAs were transcribed using T7
RNA polymerase under standard conditions. The radioactive
RNA probes were synthesized under similar reaction conditions
with 4-thio-UTP and [a-32P]CTP.
Purification of La Antigen.A cDNA encoding the human La

antigen in the pET-8c expression vector was a generous gift of
G. J. M. Pruijn (University of Nijmegen, Nijmegen, The
Netherlands). The expression of La antigen was induced by 1
mM isopropyl b-D-thiogalactoside in Escherichia coli
[BL21(DE3)] cells. The cells were lysed after 5–6 h by repeated
freeze-thaw, followed by sonication in buffer A [25 mM
TriszHCl, pH 8.0y75 mM NaCly1 mM EDTAy1 mM DTTy0.2
mM phenylmethylsulfonyl f luoride (PMSF)y1 mM leupeptin].
The La protein was partially purified by DEAE-cellulose
column chromatography. La protein-containing fractions were
eluted between 150 and 200 mMNaCl in buffer A and dialyzed
against buffer B [20 mM Hepes, pH 7.6y0.2 mM EDTAy0.5
mM DTTy0.1 M KCly2 mM MgCl2y10% (vol/vol) glyceroly1
mM leupeptiny0.2 mM PMSF]. The sample was then mixed
with poly(U)-Sepharose 4B for 2 h at 4 C and washed five times
with the same buffer at 0.5 M KCl. The bound protein was

eluted at 1.0 M KCl under similar conditions and dialyzed
against buffer D [5 mM Hepes, pH 7.6y25 mM KCly1 mM
EDTAy1 mM DTTy10% (vol/vol) glyceroly0.2 mM PMSFy1
mM leupeptin].
UV Cross-Linking of Proteins with RNA. 4-Thio-UDP

(Sigma) was phosphorylated with nucleoside 59-diphosphate
kinase to prepare 4-thio-UTP (33). RNA probes synthesized in
the presence of 4-thio-UTP and [a-32P]CTP were UV cross-
linked with protein samples in RNA binding buffer (buffer D
plus 2 mM MgCl2) as described previously (32). For all the
competition assays, competitor RNAs were added along with
the components of the reaction mixture before UV cross-
linking. The ribonucleoprotein complexes were treated with
RNase A (10–20 units) (United States Biochemical) and
analyzed by sodium dodecyl sulfateypolyacrylamide (12%) gel
electrophoresis (SDSyPAGE) followed by autoradiography.
Immunoprecipitation of Huh7 La Antigen-HCV 5*NCR

Complex. S100 cytoplasmic fraction from cultured Huh7 cells
were prepared essentially as described by Dignam (34). S100
protein fraction (150 mg) maintained in RNA binding buffer
was mixed with full-length HCV 59NCR RNA probe in a total
volume of 200 ml. After UV cross-linking and ribonuclease
treatment, the sample was diluted to 500 ml with NETS buffer
(50 mM TriszHCl, pH 7.4y5 mM EDTAy1 mM DTTy100 mM
NaCly0.05% Nonidet P-40) and mixed with monoclonal an-
ti-La antibody (SW5). The immunocomplexes were immobi-
lized on protein A-Sepharose 4B beads saturated with anti-
mouse IgG antibodies (Sigma). The unbound materials were
washed five times with the same buffer. The bound protein(s)
were analyzed by SDSyPAGE followed by autoradiography. A
parallel reaction mixture was performed with normal serum
and served as a control. Immunoprecipitation of the recom-
binant La-59NCR complex was carried out as described above.

RESULTS
Mapping of La Antigen Binding Sites Within the HCV 5*NCR.

The human La antigen expressed in bacteria was purified by
DEAE cellulose column chromatography followed by poly(U)-
Sepharose affinity chromatography. An aliquot of purified La
antigen was analyzed by SDSyPAGE, which revealed a single
protein band migrating at an approximate molecular weight of
52,000 (Fig. 2A, lane 1). To determineRNAbinding activity of La
antigen in the purified fraction, the La preparation was UV
cross-linked with thio-U containing 32P-labeled wild-type HCV
59NCR RNA (NCR1–341). The result of the UV cross-linking
experiment revealed a single band of radiolabeled RNA–protein
complex thatwas fractionated on a denaturing polyacrylamide gel
at the expected size of La antigen (Fig. 2B, lane 2). This RNA
protein complex was recognized by a monoclonal anti-La anti-
body, SW5, (lane 4) during an immunoprecipitation assay. These
results authenticated the La preparation and its UV cross-linking
ability to the HCV 59NCR. To identify the region(s) of HCV
59NCR that interact with La antigen, a series of deletion and
substitution mutants of the 59NCR were used as unlabeled
competitor RNAs during UV cross-linking experiments. First, a
homologous competitor RNA (NCR1–341) was used during UV
cross-linking assay. The intensity of binding signal due to cross-
linking of La with the probe progressively decreased at increasing
concentrations of the unlabeled homologous competitor RNA
(Fig. 2C, lanes 3–6), thus confirming the specificity of La-59NCR
cross-linking. Next, three truncated RNAs derived from NCR1–
341, all of which represent defined structural domains of the
59NCR, were used in the competition assay. While the NCR1–83
and NCR1–131 RNAs are derived from the 59-terminal se-
quences, NCR135–291 RNA represents the entire structural
domain III of the 59NCR. Both NCR1–83 and NCR1–131
competitor RNAs were unable to compete for the La binding to
the RNA probe (lanes 8–13). These RNA fragments also failed
to bind La antigen in a direct UV cross-linking assay (data not
shown). The unlabeled NCR135–291 RNA competed to a neg-
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ligible extent for La binding to the 59NCRat a highermolar excess
(lanes 14–16). Further competition experiments were carried out
with the 59NCR mutants devoid of domain III structure (Fig. 1).
Themutant T7D152–278RNA lacks the upper portion of domain
III, including the apical loop containing Py-III motif. The mutant
T7D1–75/D142–268 is similar toT7D152–278 except that it further
lacks 75 nucleotides from the 59 end. Both mutant RNAs did not
compete for La binding (Fig. 2D, lanes 2–7). Similar results were
obtained with an luciferase RNA fragment (nucleotides 1–99)
that was synthesized from T7LUC plasmid (lanes 8 and 9). In a
similar competition assay, rabbit globin mRNA, which does not
contain an IRES element and is translated by a cap-dependent
mechanism, was used as a control during the competition assay.
While the binding of La to the probe was competed by the HCV
59NCR RNA (Fig. 2E, lanes 3 and 4), globin mRNA competed
poorly at 200-fold molar excess (lanes 5 and 6). Taken together,
these results suggest thatwhile segments of the structural domains
of the 59NCRare insufficient for La binding, the intact full-length
59NCR binds La antigen efficiently.
La Protein Binds HCV 5*NCR in the Context of the Initiator

AUG. From the data described in Fig. 2, it is evident that
various structural domains of the 59NCR RNA when used
independently failed to interact with La antigen, suggesting
that this interaction occurs in the context of the entire 59NCR.
Because the 39 border of the 59NCR contains critical cis-
elements required for the HCV IRES activity, we investigated

the role of these motifs in La binding. Several pseudoknot
mutants were tested in this analysis, and the results showed that
the integrity of the 39 border was essential for La binding (data
not shown). During these investigations, we observed that one
mutant RNA [NCR(-AUG)] in which the initiator AUG was
deleted, failed to compete for La binding to wild-type RNA
(Fig. 3A, lanes 5–7). In the subsequent analysis, initiator AUG
was included in the 59NCR [NCR(PKS)], but lacked the
complete Kozak consensus. The RNA again did not compete
efficiently (lanes 8–10). These results indicated that one of the
La recognitionmotifs is located at the translation initiation site
of the HCV RNA, and the initiator AUG may be directly
involved in La interaction with the 59NCR. This hypothesis was
tested using two additional RNA constructs shown in Fig. 3B.
These RNAs contain the full-length HCV 59NCR and extend
to 15 nt of the HCV open reading frame that encodes capsid
protein. These capsid-encoding sequences have been recently
shown to form a hairpin structure in which initiator AUG
resides within a loop (35). The NCR-C(AUG) RNA, which
represents wild-type HCVRNA, and NCR-C(AAG) RNA are
identical except that the latter contains a base substitution at
the initiator AUG (AUG to AAG) (Fig. 3B). These RNAs
were used as competitors during UV cross-linking of La with
NCR-C(AUG) RNA probe. The results of this experiment are
described in Fig. 3B. While binding of La antigen to the
wild-type NCR-C(AUG)RNA probe was efficiently competed

FIG. 2. Purification of bacterially expressed human La protein and competition assay for the binding of La antigen with the full-length wild-type
HCV 59NCR. (A) SDSyPAGE and silver staining of poly(U)-Sepharose 4B affinity purified La antigen. Seventy-five nanograms of protein was
loaded in lane 1. Lane M, molecular weight markers. (B) Direct UV cross-linking of the purified La preparation (shown in Fig. 2A, lane 1) with
the wild-type 59NCRRNAprobe followed by 12% SDSyPAGE. The probe contained 4-thio-U and was labeled with [32P]CTP. The binding reactions
were carried out with 15 ng of purified La (lane 2). Lane 1, probe alone. A similar UV cross-linking assay was carried out as shown in lane 2 followed
by immunoprecipitation (IP) with monoclonal anti-La antibody, SW5 (lane 4), or normal serum (lane 3). The samples were fractionated on 12%
SDSyPAGE and autoradiographed. (C) Effect of unlabeled competitor RNAs (homologous and deletion mutants) during the interaction of La
protein with the thio-U-containing 32P-labeled NCR1–341 RNA probe. Lane 1, probe alone; lane 2, no competitor RNA; lanes 3–6, increasing
amounts of unlabeled homologous RNA. The UV cross-linked samples presented from lanes 7 to 16 were fractionated on a separate
SDSypolyacrylamide gel. Sample in lane 7 is same as in lane 2. Lanes 8–16 represent deletion mutants of the 59NCR RNA used as competitors.
The numbers indicate the length of nucleotide sequences of the 59NCR. (D) Competition assay with the HCV 59NCR mutants lacking domain III
structure. UV cross-linking of the NCR1–341 RNA probe with La antigen was carried out in presence of unlabeled competitor RNA as described
in the legend to Fig. 2B. Lane 1, no competitor RNA. Lanes 2–7, unlabeled competitor RNAs derived from 59NCR as indicated. The T7LUC1–99
RNA used as a competitor (lanes 8, 9) represents 99 nucleotides derived from the luciferase gene. (E) Effect of a heterologous competitor RNA
on the La binding to the 59NCR RNA probe. The competitor RNAs, globin mRNA (GIBCO) (lanes 5 and 6), and homologous RNA (lanes 3 and
4), were included in the reaction mixture during UV cross-linking as described above. Lane 1, probe alone. Lane 2, no competitor RNA.
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by homologous RNA (lanes 2–4), the mutant RNA, NCR-
C(AAG), containing the base substitution at the AUG, com-
peted poorly at 75–150 molar excess (compare lanes 2 and 3
with lanes 5 and 6). At 300 molar excess, however, a moderate
competition by this RNA was observed (lane 7). Thus, a single
nucleotide substitution at the initiator AUG dramatically
reduced the La interaction to the 59NCR. Deletion of the
initiator AUG in the NCR-C(AUG) RNA showed similar
reduction in La binding (data not shown). It should be noted
that C or U residues at nucleotide 340 are found in natural
HCV isolates. We have used wild-type HCV 59NCR contain-
ing either of these nucleotides at position 340. For instance,
NCR1–341 RNA contains U, whereas NCR-C(AUG) RNA
had C at this position. Both RNAs interact efficiently with La
antigen. Thus interchange of the pyrimidine residues at nu-
cleotide 340 probably do not affect La binding. In conclusion,
deletion and substitution mutagenesis of the HCV 59NCR
unambiguously support the notion that while La binding to the
59NCR occurs in the context of other structural domains in
that region, the initiator AUG is one of the probable recog-
nition motifs.
Interaction of Cellular La with the HCV 5*NCR. All the

characterizations of La protein binding to the HCV 59NCR

described here were carried out with a bacterially expressed
purified La protein. To determine whether La protein-HCV
59NCR interaction occurs in liver cell-derived cytoplasmic
extracts, a S100 fraction of Huh7 cell lysates was prepared and
UV cross-linked with the full-length wild-type NCR1–341
RNA (Fig. 4, lane 3). An aliquot of UV cross-linked sample
was immunoprecipitated with a monoclonal anti-La antibody,
SW5. A single RNA-protein complex migrating at approxi-
mately 45 kDa was observed after immunoprecipitation with
the SW5 anti-La antibody (Fig. 4, lane 2), but not with an
unrelated serum (lane 1). The SW5 antibody has been shown
to recognize 45–48 kDa isomers of La from several cell lines
(36). In addition, this antibody also immunoreacted with
recombinant La antigen used here in the binding studies (Fig.
2B). These results are consistent with the previously docu-
mented specificity of SW5 antibody (37). Further, the results
also suggest that at least one of the La polypeptides that is
capable of binding the HCV 59NCR is present in the cytosolic
fraction of the hepatocytes. Among various other proteins of
the Huh7 S100 fraction that were UV cross-linked with 59NCR
RNA (Fig. 4, lane 3), a 50- to 52-kDa protein complex was also
observed migrating just above the SW5-reactive La isomer.
This ribonucleoprotein complex could be one of the isomers of
La protein, known to bind poliovirus 59NCR (24, 28). It is
highly likely that the SW5 may not have recognized the
epitopes of this isomer after UV cross-linking or cellular
protein(s) in the lysates might have masked the epitope.
Indeed, a 52-kDa polypeptide in Huh7 lysates was immunob-
lotted with SW5 antibody (data not shown).
Stimulation of HCV IRES-Mediated Translation in the

Presence of La Antigen. Next, we investigated the functional

FIG. 3. Effect of deletion and substitution of initiator AUG codon
(iAUG) on the binding of La antigen to the 32P-labeledHCV 59NCR. (A)
Competition assay using HCV 59NCR derived mutant RNA lacking
nucleotide sequences at the translation initiation site. (Upper) Nucleotide
sequences at the 39 end of each competitor RNA. The iAUG is under-
lined. (Lower) Results of competition assay. The NCR(1–341) (lanes
2–4), NCR(-AUG) (lanes 5–7), and NCR(PKS) (lanes 8–10) unlabeled
RNAs were used as competitors during UV cross-linking of the wild-type
RNA probe (NCR1–341) with La antigen. Lane 1, no competitor RNA.
(B) Effect of substitution (U to A) at the initiator AUG on La binding.
(Upper) Nucleotide sequences at the 39 end of the unlabeled RNAs used
during competition assay. (Lower) The NCR-C(AUG) RNA probe was
UV cross-linked with La antigen in the presence of unlabeled homolo-
gous (lanes 2–4) and the mutant NCR-C(AAG) (lanes 5–7) RNAs. Lane
1, no competitor RNA. The UV cross-linked products were fractionated
by SDSyPAGE and autoradiographed.

FIG. 4. Immunoprecipitation of La antigen from liver cell-derived
(Huh7) S100 fraction after UV cross-linking with the 32P-labeledHCV
59NCR RNA probe. UV cross-linked S100 lysates (lane 3) were
subjected to immunoprecipitation with monoclonal anti-La antibody
(SW5) (lane 2) or normal rabbit serum (lane 1). The samples were
fractionated by SDSyPAGE.
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role of La-HCV 59NCR interaction. The functional relevance
of La interaction was examined using both the monocistronic
(T7C1–341) and dicistronic (T7DC1–341) uncapped RNAs
synthesized in vitro. In both constructs, the translation of
luciferase is dictated by the HCV 59NCR (11). RRL, which
contain sub-optimal level of La (24), were used for the
translation of these RNAs. In the first analysis, translation of
T7C1–341 RNA was carried out in RRL with increasing
amounts of poly(U)-Sepharose purified La antigen. The trans-
lational efficiency of the lysates in expressing HCV IRES-
controlled luciferase RNA increased from 5- to 15-fold in the
presence of La (Fig. 5A, lanes, 3–6) compared with the
translational efficiency in the absence of added La (lane 2). To
rule out the possibility that the enhancement of translational
efficiency observed in the presence of La was not due to a
nonspecific effect of protein(s), increasing amounts of BSA
were added. Addition of BSA to the lysates did not result in any
stimulation of translation of the template RNA (data not
shown). To further confirm the transactivating effect of La
antigen on the HCV IRES-mediated translation, a dicistronic
template RNA (T7DC1–341) was used in which the down-
stream cistron (luciferase) is translated by internal ribosome
entry. The RNA was translated in the presence of varying
amounts of La and fractionated on denaturing polyacrylamide
gel. The band intensities representing the actual luciferase and
chloramphenicol acetyltransferase (CAT; first cistron) expres-
sion were quantitated and plotted against La concentration
(Fig. 5B). Under the in vitro translation assay conditions used
in these studies, the expression of luciferase was significantly
stimulated with increasing amounts of La antigen (Fig. 5B). In
contrast, the stimulation of CAT expression was negligible
under similar concentrations of La. Addition of nonspecific
proteins, such as host bacterial lysates not expressing La
antigen or normal rabbit serum, to the translation mixture did
not show any stimulatory effect on luciferase or CAT expres-
sion (data not shown). These data support the stimulatory role
of La binding in the HCV IRES function.

DISCUSSION
There is a growing body of evidence that suggests that the
translation of theHCVRNAgenomeoccurs by internal ribosome
entry through the 59NCR in a cap-independent fashion (see
reviews refs. 9 and 39). Although, the HCV 59NCR contains
multiple AUG codons, the translation of the polyprotein is
initiated from an internal AUG triplet located at nucleotide 342.
Studies from this laboratory suggest that the sequences in the
vicinity of the initiator AUG maintain a higher-order structure
that includes RNA pseudoknot (19). It was further demonstrated
that maintenance of these structural domains was crucial for the
HCV IRES function (19, 31). Here we show that the integrity of
these structures also plays a significant role in the interaction of
La with the 59NCR. Competition assays show that full-length
wild-type HCV 59NCR binds La protein efficiently, whereas the
deletion mutants in domain III andyor 39 terminal sequences of
the 59NCR abrogated binding. The most surprising finding was
the requirement of an intact initiator AUG codon for La binding.
The 59NCR fragment (NCR1–131), which contains a highly
conserved noninitiator AUG at nucleotide position 85, failed to
efficiently interactwithLaprotein in both directUVcross-linking
(data not shown) and competition assays. Thus, these results
suggest a role of La antigen in the selection of the initiator AUG
in the context of the structural elements of the HCV 59NCR.
The mechanism by which La antigen recognizes diverse RNA

sequences or structural motifs and plays a significant role in
disparate biological pathways remains elusive. On the basis of the
data presented here and those reported for other viruses (28–30),
La antigen enhances the overall translational capacity of the
reticulocyte lysates to translate RNAs in an IRES-dependent
manner by the following mechanisms. First, the protein may
increase the fidelity of the initiation of HCV IRES-dependent

translation by binding in the context of the initiator AUG codon.
This interaction appears to be dependent on the integrity of the
higher-order superstructure of the 59NCR in the immediate
vicinity of the initiator AUG (19, 31). Because mutation in the
initiator AUG codon will lead to alteration in translation initia-
tion, the functional analysis of the La protein binding in the
context of mutated AUG codon is not feasible. Indeed, Reynolds

FIG. 5. La antigen stimulates translation of the HCV IRES-
controlled luciferase RNA in RRL. (A) Translation of monocistronic
RNA (T7C1–341) with increasing amounts of purified La antigen (lanes
3–6) orwithout addedLa antigen (lane 2). The translationwas carried out
with (lanes 2–6) orwithout (lane 1)T7C1–341RNA(0.2mg) inRRL.The
translation products were radiolabeled with [35S]methionine. The final
volume (20 ml) of the reaction mixtures was adjusted with buffer D. Five
microliters of translation mixtures was fractionated by SDSyPAGE. The
gels were treated with Fluoro-Hance (Research Products International)
before autoradiography. Luciferase activity was measured with a 2 ml
aliquot of the translation mixture according to de Wet et al. (38). (B)
Stimulation of HCV IRES activity in the presence of recombinant La
antigen. The dicistronicRNA template (T7DC1–341) used for translation
as described in A contained HCV 59NCR between upstream chloram-
phenicol acetyltransferase (CAT) and downstream luciferase (LUC)
cistrons. Increasing amounts of purified La antigen were added to the
translation mixture. The translation mixtures were fractionated by SDSy
PAGE. The band intensities of the LUC and CAT expression were
measured by densitometry using PhosphorImager. The fold-stimulation
of translation was calculated using these data and plotted against the
recombinant La antigen added to the translation mixtures.
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et al. (14) observed that a mutation in the initiator AUG to AAG
severely reduced the HCV IRES-mediated translation. Second,
the flanking sequences of the initiator AUG codon constitute
highly structured region (19). The binding of La alone or in
cooperation with the initiation factors such as eIF-4B and eIF-4F,
which also modestly enhance internal initiation (40), may facili-
tate unwinding of the 59NCR by virtue of its helicase property,
mediating base pairing of the AUG codon with the anticodon of
the Met-tRNAi. In fact, La protein has been shown to bind both
synthetic and naturally occurring reovirus double-stranded RNA
and exhibit RNA-RNA as well as RNA-DNA unwinding activity
(41, 42). RNA helicase activity of La could further facilitate
smooth translocation of the ternary complex in 59 –. 39 direction.
The third possibility could be that La sequesters other cellular
factor(s) that may be important for stimulation of translation by
protein-protein interactions. Svitkin et al. (29) have shown that a
truncated version of La antigen (amino acids 1–194), which still
contains theRNArecognitionmotif, binds poliovirus 59NCR, but
fails to correct or stimulate the translation initiation. Similar
studies showed that immunodepletion of La from HeLa cell
lysates inhibit the translation of poliovirus RNA. However,
supplementation with exogenous La did not restore the transla-
tional capacity of the lysate (21). These observations suggest that
La protein may function as a chaperone in stabilizing higher-
order RNA structure and also be involved in protein–protein
interactions.
In summary, the studies described here show that the AUG

at nucleotide 342, which serves as an initiator codon for the
long single open reading frame of the HCV RNA genome, is
one of the recognition motifs for La protein binding. This
AUG, which is in translationally favorable context (43), and
the surrounding structural elements are highly conserved
among all the HCV subtypes. Our studies further show that the
La binding to the HCV 59NCR leads to a substantial stimu-
lation of translation. Whether La recognizes initiator AUG
codon as one of the motifs or the initiator AUG is being
recognized as a component of the superstructure in that region
needs to be determined. These studies are currently under
investigation. Interestingly, McBratney and Sarnow (44) using
synthetic RNA molecules as substrate, recently have shown
that La antigen interacted directly with the AUG triplet, and
the binding was influenced by the Kozak sequence context.
These observations together suggest a novel role of La protein
in start-site selection in translation initiation.
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