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An RNA pseudoknot is an essential structural element
of the internal ribosome entry site located within the
hepatitis C virus 5' noncoding region

CHANGYU WANG,1'3 SHU-YUN LE,2 NAUSHAD ALI,1 and ALEEM SIDDIOUI'
Department of Microbiology and Program in Molecular Biology, University of Colorado Health Sciences Center,
Bi 72, Denver, Colorado 80262, USA

2 Laboratory of Mathematical Biology, National Cancer Institute, DCBD, Frederick, Maryland 21 701, USA

ABSTRACT

Translation of the human hepatitis C virus (HCV) RNA genome occurs by a mechanism known as "internal ri-
bosome entry." This unusual strategy of translation is employed by naturally uncapped picornaviral genomic
RNAs and several cellular mRNAs. A common feature of these RNAs is a relatively long 5' noncoding region
(NCR) that folds into a complex secondary structure harboring an internal ribosome entry site (IRES). Evidence
derived from the use of dicistronic expression systems, combined with an extensive mutational analysis, dem-
onstrated the presence of an IRES within the HCV 5'NCR. The results of our continued mutational analysis to
map the critical structural elements of the HCV IRES has led to the identification of a pseudoknot structure
upstream of the initiator AUG. The evidence presented in this study is based upon the mutational analysis of
the putative pseudoknot structure. This is further substantiated by biochemical and enzymatic probing of the
wild-type and mutant 5'NCR. Further, the thermodynamic calculations, based upon a modified RNAKNOT pro-
gram, are consistent with the presence of a pseudoknot structure located upstream of the initiator AUG. Main-
tenance of this structural element is critical for internal initiation of translation. The pseudoknot structure in
the 5'NCR represents a highly conserved feature of all HCV subtypes and members of the pestivirus family,
including hog cholera virus and bovine viral diarrhea virus.
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INTRODUCTION

Human hepatitis C virus (HCV) is a newly discovered
virus that causes chronic hepatitis (Bradley et al., 1991).
HCV-associated liver disease represents a major health
problem worldwide (Houghton et al., 1991; Choo et al.,
1992). A strong link has been demonstrated between
HCV infection and the development of hepatocellular
carcinoma (Tsukuma et al., 1993). Based on several cri-
teria, including genome organization and virion prop-
erties, HCV has been classified as one of the genera of
the family Falviviridae (Kato et al., 1990; Choo et al.,
1991; Okamoto et al., 1991; Takamizawa et al., 1991).
The 9.4-kb-long RNA genome has a plus polarity and
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encodes a polyprotein of 3,000 amino acids (Houghton
et al., 1991). The polyprotein includes two structural
proteins, capsid and envelope, and about five or more
nonstructural proteins, NS1-NS5 (Houghton et al.,
1991; Grakoui et al., 1993) (Fig. 1A). The 5' noncoding
region of the HCV is about 332-342 nt in length and has
been predicted to fold into a complex secondary struc-
ture (Fig. 1B) (Brown et al., 1991). This sequence har-
bors multiple AUG codons upstream of the initiator
AUG located at either 332 nt or 342 nt, depending on
the HCV subtype (Houghton et al., 1991; Okamoto
et al., 1991; Wang et al., 1993). Evidence accumulated
largely via the use of dicistronic expression vectors sug-
gests that translation of the HC viral genome occurs by
an internal entry of ribosome into the 5'NCR (Tsuki-
yama-Kohara et al., 1992; Wang et al., 1993; Kettinen
et al., 1994; Wang & Siddiqui, 1995). HCV genome em-
ploys a translational strategy similar to that known for
picornaviruses. Picornaviral RNAs contain a relatively
large 5'NCR and a cis-acting internal ribosome entry
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FIGURE 1. A: Genomic organization of the HCV RNA genome. B:
Schematic map of computer-predicted RNA secondary structure of
the 5'NCR (adapted from Brown et al., 1992). Sequences of the two
pyrimidine tracts (Py-I, Py-IT) are shown.

site (IRES) (Pelletier & Sonenberg, 1988; Jackson et al.,
1990; Wimmer et al., 1993). Although the majority of
eukaryotic mRNAs are translated by scanning mecha-
nism (Kozak, 1989), IRES-mediated translation has
been observed for some cellular mRNA (Macejak &
Sarnow, 1991; Oh et al., 1992). Recently another mem-
ber of the family Falviviridae, bovine viral diarrhea vi-
rus (BVDV), a pestivirus, has been shown to contain
an IRES element within its 380-nt-long 5' noncoding re-
gion preceding the sequences that encode the viral
polyprotein (Poole et al., 1995). Thus, HCV and BVDV,
the two members of the family Flaviviridae, represent
the viruses outside of picornavirus family that follow
the novel translational scheme of internal ribosome
entry.
Based on the extensive mutational analysis, the HCV

IRES appears to include almost the entire 5'NCR. In
mapping the limits of 5'NCR, Wang et al. (1994) showed
that either insertion or deletion of nucleotides in the
3' boundary of the 5'NCR displayed inhibitory ef-
fects on translation initiation. This study further exam-
ined the functional significance of the two putative
pyrimidine-rich sequence motifs (Py-I, Py-II) of the
HCV 5'NCR (Fig. 1B) (Wang et al., 1994). The pyrimi-
dine tract designated as Yn-Xm-AUG motif, represents
a principal feature of the picornaviral 5'NCR that has

et al., 1993). Genetic analysis revealed that replacement
of almost 60% of the pyrimidine residues in the Py-1
motif had no effect on translation initiation, provided
the helical structure was maintained in that region.
Further, this analysis led to the identification of a con-

served helical structure associated with the Py-1 motif
whose maintenance was shown to be essential for ef-
ficient translation. Several mutations in the second py-

rimidine motif (Py-Il), including the noninitiator AUG
codon following the Yn-Xm motif, also had no signifi-
cant effect on the translational efficiency of the HCV
5'NCR (Wang et al., 1994). In light of these results and
those reported for EMCV IRES by Kaminski et al.
(1994), the significance of pyrimidine-rich nature of the
Yn-Xm-AUG motif in internal initiation needs to be
reevaluated.
Our continued mutational studies of the various

structural domains within the HCV 5'NCR has led to
the identification of a pseudoknot-like structure in a re-

gion upstream of the initiator AUG codon. First, the
genetic analysis revealed the possible base pairing be-
tween nt 305-311 and nt 325-331. Mutations at either
sequence dramatically reduced the ability of 5'NCR to
mediate internal initiation of translation. Compensa-
tory mutations that restored base pairing in the region
regained the translational efficiency to a considerable
level compared to either mutant. Biochemical studies
provided further evidence for the base pairing between
the nucleotides in that region. Finally, the thermo-
dynamic calculations based on a modified version of
RNAKNOT program (Chen et al., 1992) predicted the
presence of a significant stable RNA pseudoknot struc-
ture forming biologically relevant tertiary interactions.
Furthermore, the pseudoknot structure represents a

highly conserved feature of all the HCV subtypes and
pestiviruses. This is the first report, to our knowledge,
that provides experimental evidence for a functional
role of a pseudoknot structure in internal initiation of
translation.

RESULTS

The secondary structure RNA folding model of the
5'NCR of HCV RNA proposed by Brown et al. (1992)
predicted that the nucleotide sequences 305-311 and
325-331 are unstructured (Fig. 2). However, a closer ex-

amination of these sequences in the HCV 5'NCR re-

vealed that these two regions are complementary to
each other. Base pairing interactions between these nu-

cleotides and those reported by us previously between
nt 126-134 and nt 315-323 (Wang et al., 1994) together
reveal the potential to form a pseudoknot-like structure
(Fig. 2). The helical interaction between nt 126-134 and
nt 315-323, shown to be essential for internal initiation
by mutational analysis, is associated with the pyrimi-

been examined in detail (Jackson et al., 1990; Wimmer
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FIGURE 2. A: Predicted pseudoknot structure in the 5'NCR of the
HCV RNA. Possible base pairing interactions between two previously
proposed single-stranded regions are represented by dashed lines.
Stems I and II, which constitute the pseudoknot structure, are

indicated.

A pseudoknot may result from base pairing of nu-

cleotides of a single-stranded loop region with comple-
mentary sequence outside this loop (Pleij, 1990, 1993).
This pairing can be between any combination of single-
stranded regions in hairpin loops, bulges, internal loops,
junctions, or unpaired bases between secondary struc-
ture motifs (Wyatt et al., 1990; Pleij, 1993). Pseudo-
knots are characterized by the presence of at least two
stems. In the case of HCV 5'NCR, the Py-I-associated
helical structure could form stem I, whereas the sus-

pected base pairings between nt 305-311 and nt 325-
331 constitute stem II of the pseudoknot.

Mutational analysis

To provide genetic evidence for the existence of tertiary
structural elements within theHCV 5'NCR and examine
its functional role in translation initiation, mutagenesis
studies were carried out in the predicted stem II region
(Fig. 2). The effects of mutations on translation were in-
vestigated by both in vitro and in vivo translation stud-

TABLE 1. Expression of luciferase under the control of wild-type
and mutant HCV 5'NCR.

% Luciferase
activities

Wild-type Mutated
Plasmid construct sequence sequence In vitroa In vivob

pHC5NC - - 100 100
pHC5NC/307 307GCG309 307UGC309 1.2 0.1
pHC5NC/327 327CGU329 327GCA329 2.3 0.5
pHC5NC/307/327 307GCG329 307UGC309 32.2 9.2

327UGC329 327ACG329

a RNA derived from the indicated plasmids was synthesized in
vitro and translated in reticulocyte lysates. Percent luciferase activ-
ity was measured according to de Wet et al. (1987).

b RNA from indicated plasmids was synthesized in vitro and in-
troduced into HepG2 cells by lipofectin method. After 6 h, cell ly-
sates were used to measure luciferase activity according to de Wet
et al. (1987). The percentage of LUC activity in the mutant samples
was normalized against the wild type, which was set arbitrarily at
100. The average luciferase light units for wild-type RNA translated
in vitro were 885,500 and in transfected HepG2 lysates were 30,000
light units/5 x 10-5 cells.

ies. In vitro synthesized wild-type and mutant RNAs
were both translated in rabbit reticulocyte lysates fol-
lowed by SDS-PAGE and transfected into HepG2 cells.
Luciferase activities were measured both from the retic-
ulocyte lysates and transfected HepG2 cell lysates. First,
mutations were introduced in one of the complemen-
tary strands of the putative stem II structure. Three nu-
cleotides at nt 307-309 were altered from GCG to UGC
to generate pHC5NC/307 (Fig. 3A). This mutation,
which should disrupt the suspected base pairing inter-
action, caused a dramatic reduction in translation of the
reporter gene (Fig. 3B; Table 1). Similarly, mutations
(pHC5NC/327) in the other strand of the stem II struc-
ture (Fig. 3A) abolished translation initiation (Fig. 3B;
Table 1). Mutant pHC5NC/327 contains three nucleotide
substitutions at nt 327-329 from CGU to GCA. A com-
pensatory mutation was constructed by combining the
nucleotide substitutions of pHC5NC/307 and pHC5NC/
327, and designated pHC5NC/307/327 (Fig. 3A). As
shown in Figure 3 and Table 1, when base pairing inter-
actions were restored by the compensatory mutations,
translational efficiency was only partially recovered, but
was 20-100-fold higher (comparison of in vitro and in
vivo luciferase activity) than either mutant. The partial
recovery of the translational efficiency (3-10-fold lower
than wild type) by the compensatory mutation suggests
that the primary sequences in the pseudoknot region may
be an important component of the HCV IRES function.
The present mutational analysis of the putative stem II

structure, combined with the mutational analysis of the
putative stem I structure described previously (Wang
et al., 1994), unambiguously point to the existence of
a possible pseudoknot structure in the 3' boundary of
the 5'NCR near the initiator AUG. According to this
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FIGURE 3. A: Mutagenesis in stem U structure of the suspected
pseudoknot structure of the HCV 5'NCR. Nucleotide sequences of
the mutated regions are presented in the context of the predicted sec-
ondary structure. Altered nudeotides are marked with openbox and
represented by lower case. Mutahts are named according to the po-
sition of the first nucleotide altered and indude pHC5NC/307,
pHCS5NC/327, and pHC5NC/307/327. B: Effects of mutations in the
proposed pseudoknot structure on translation. SDS-PAGE pattern
of the [35S-laeled translation products of the RNAs in rabbit retic-
ulocyte lysates is shown. Position of luciferase protein (LUC) is
indicated.

structural arrangement, the Py-I-associated helical
structure (stem I) is an important part of the pseudo-
knot structure. Additionally, the predicted tertiary
structural folding would also be consistent with RNase
probing data of these regions in the 5'NCR (Brown
et al., 1992). The RNase Vl cleavage patterns, accord-
ing to the authors, suggest that nt 305-306 are involved
in base pairing interactions. However, their thermo-
dynamic calculations did not reveal this tertiary inter-
action. The proposed pseudoknot model presented
here would be consistent with their speculation.

Enzymatic and chemical probing of the HCV RNA

To provide additional biochemical evidence in support
of the presence of the predicted pseudoknot structure,
RNA structural analysis of the 5'NCR of the HCV RNA
was performed by chemical and enzymatic probing of
a 350-nt transcript. This transcript contains nt 1-350 of
the viral 5'-end sequence. The structural analysis was
focused on the 3' boundary of the 5'NCR that contains
the nucleotides involved in forming the proposed
pseudoknot.
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The structure of the transcripts was determined
using a chemical and several enzymes that react selec-
tively with the single-stranded or the helical regions in
RNA (Christiansen & Garrett, 1988; Stern et al., 1988).
In this analysis, the reverse transcriptase activity termi-
nates when it encounters an RNase-directed cleavage or
a DMS-directed base modification in the RNA. Single-
stranded regions were probed for reactivity to DMS,
RNase A, RNase Ti, and RNase PhyM. The RNase A
cleaves specifically at C and U, RNase Ti at G, RNase
PhyM at A and U residues. DMS methylates adenine
at the Ni position, cytosine at N3, and guanine at N7,
but the latter does not terminate reverse transcription.
Helical regions were probed for reactivity to cobra
venom nuclease Vi. This nuclease predominantly rec-
ognizes and cleaves within base paired RNA. Due to
the nature of these modifications, primer-extended
DNA fragments by reverse transcriptase will stop one
base short of the corresponding reactive residue as
shown in Figure 4B. However, RNase Vi cleavages
yield primer extension products that will comigrate
with the same residue as seen on the gel (Fig. 4B). The
reactivity of the nucleotides to reagents, specific for
single-stranded or helical RNA, is indicated in Fig-
ure 4A. The data are consistent with the proposed
pseudoknot structure model of the HCV 5'NCR. Resi-
dues C327 U326 C325, A310 G309 C308, and U306 were
cleaved by the double-stranded-specific RNase Vi, in-
dicating that these nucleotides are involved in base
pairing interactions, which is predicted from the tertiary
structure model (Fig. 2). This stretch of nucleotides consti-
tutes stem II of the pseudoknot. The presence of stem I
was confirmed by the Vi cleavages of the residues
C317 C318 and by the extensive dissociation of the re-
verse transcriptase from the templates at residues G323
G322 A321 G320 G319 G318, presumably due to the
highly stable helical structure in that region. Of particu-
lar interest were the nucleotides in the region of nt 305-
311, which participate in the formation of stem II, that
were sensitive to both single-stranded- and helix-
sensitive probes. Residues A310 G309 C308 and U306
in this region were cleaved by double-stranded-specific
RNase Vi, whereas residues G307 and G309, and A310
were recognized by single-stranded-specific RNase Ti
and DMS, respectively. Reactivity of RNA sequences
to both single-stranded- and helix-sensitive probes has
been documented in a number of RNA structure stud-
ies and was attributed either to base stacking of the
reactive nucleotides within an unpaired region or to
tertiary interactions of the nucleotides (Puglisi et al.,
1988; Wyatt et al., 1990; Wassarman & Steitz, 1991; Ja-
cobson et al., 1993). The dual reactivity of this region
may indicate the presence of a tertiary structure that is
in equilibrium with the stem-loop secondary structure.

In support of the proposed pseudoknot in the HCV
5'NCR, structural analysis of the HCV 5'NCR with spe-

in stem II, was carried out. The cleavage patterns of the
mutant 5'NCRs with both double-stranded-specific
RNase Vi and single-stranded-specific RNase Ti is pre-
sented in Figure 4C. In this analysis, the focus of RNA
structure is stem II, in the region of nt 325-331. These
nucleotide sequences are proposed to participate in
forming the stem II structure of the putative pseudo-
knot by base pairing with nt 305-311 (Figs. 2, 4A). The
presence of the base pairing interactions was again sug-

gested by the helix-specific RNase Vi cleavage at resi-
dues U329 A330 G331 in the wild-type HCV 5'NCR
(pHC5NC). However, in the mutant pHC5NC/307,
the stem II structure is disrupted, as shown by the
lack of helix-specific RNase Vi cleavage and the pres-

ence of single-stranded-specific RNase Ti cleavage
at residue G328 of the nt 325-331 region. This result
supports potential base pairing interactions between
nt 307-309 and 325-329, as proposed in the current
pseudoknot model, because the nucleotide changes
at nt 307-309 resulted in the structural alterations at
nt 325-329 (Fig. 4C). Furthermore, the compensatory
mutation (pHC5NC/307/327) that is expected to restore
the proposed stem II structure displayed cleavage pat-
terns in this region (nt 325-331) that were similar to
wild-type 5'NCR by both RNase Vi and RNase Ti
probing. Surprisingly, the RNase Vi cleavage pattern
of the mutant pHC5NC/327 (lane 2), which should dis-
rupt the stem II structure, was similar to the com-

pensatory mutant (lane 4) in the region of 325-331.
However, careful examination reveals that the CGU to
GCA change at nt 327-329 in the mutant RNA could
potentially assume alternate base pairing interactions
between nt 326-331 and nt 304-309. This newly gen-

erated base pairing interaction could explain the RNase
Vi cleavages observed here.

Finally, the structural analyses of the wild-type and
mutant 5'NCRs detailed here (Fig. 4B,C) conclusively
support the proposed pseudoknot structure in the
region.

Thermodynamic calculations

The unusual folding region (UFR) in the 5'NCR of
HCV and two related pestiviruses, hog cholera virus
(HoCV) and BVDV, were detected by extensive Monte
Carlo simulations. The thermodynamically favored he-
lical stems in these UFRs were computed by EFFOLD
(Le et al., 1993). These computed helical stems were

compiled and verified by inspecting their conservation
and compensatory base changes among divergent
HCV subtypes, HoCV and BVDV (Figs. 5, 6). Based on
these conserved helical stems in HCV and pestiviruses,
the possible pseudoknotting interactions were searched
thoroughly by the RNAKNOT program (Chen et al.,
1992). The proposedRNA pseudoknot inHCV-1 (Fig. 5A)
is highly significant. The three significance scores, n1,

cific mutations, including the compensatory mutations
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FIGURE 4. A: Proposed pseudoknot structure showing the probe re-
activities represented by symbols against the nucleotides.O, DMS
modification sites, 0, RNase Ti cleavage sites, 0, RNase Vi cleav-
age sites. B: Structural analysis by chemical and enzymatic probing
of the HCV 5'NCR. Wild-type 5'NCR RNA was used in the analy-
sis. RNA, untreated RNA; A, RNase A; PhyM, RNase Phym; Ti,
RNase T1; VI, RNase Vi. The following concentrations were used:
RNase A, 200 U; RNase PhyM, 40 U; Tl, 1 U; Vl, 0.4 U; DMS, 0.5%.
Some of the nucleotides in the sequence ladder are shown. C: En-
zymatic probing of mutant and wild-type HCV 5'NCRs by RNase Ti
and RNase Vi (lanes 2-5). Some of the nucleotides in the sequence
ladder are shown. Lane 1, wild-type pHC5NC untreated RNA. Other
lanes are as indicated.
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FIGURE 5. Predicted tertiary structures of the 3' border of the 5'NCR of HCV, HoCV, and BVDV. A: HCV-AG94 (nt 125-
348) (Brown et al., 1992). B: BVDV-NADL (nt 138-391). C: HoCV-Brescia (nt 117-366). The predicted pseudoknot in the
model is denoted by the letter K and stem-loops are indicated from A to G. The AUG start codon of the viral ORF is indi-
cated in a box. Note that the HCV-AG94 contains the AUG codon at nt 343 as opposed to 342 for the HCV-1 5'NCR.

18.22, respectively, using 1,000 randomly shuffled se-

quences. The extremely large value of 18.22 (z) and/or
small values of n, or n2 indicates the nonrandomness
of the occurrence of the pseudoknot in the HCV
5'NCR. The predicted pseudoknot in HCV-1 is con-

served in the divergent HCV subtypes and two related
pestiviruses, HoCV and BVDV. Three compensatory
base changes in the pseudoknotting were observed
among HCV, HoCV, and BVDV (Fig. 5). Among them,
U306-G332, U307-A331, and C309-G329 of HCV-
AG94 of HCV are covariantly changed to G-C, C-G,
and G-C in HoCV and BVDV, respectively. Moreover,
all helical stems in the proposed RNA higher-order
structural models of HCV, HoCV, and BVDV are sup-
ported by compensatory base changes, except for two
small stems D and G, which are highly conserved
among these viruses (Fig. 5). These measures provide
strong evidence for the existence of the pseudoknot in
the RNA molecules of these viruses.

Thermodynamic calculations based on EFFOLD,
SEGFOLD, andRNAKNOT (Chen et al., 1992; Le et al.,
1992, 1993, 1994) show that the predicted pseudoknot
represents a highly conserved feature among divergent
HCV subtypes and other related pestiviruses such as

HoCV and BVDV (Figs. 5, 6).

DISCUSSION

Translation of the HCV RNA genome is regulated
by an IRES element that resides in the 5'NCR. This
study has identified an RNA pseudoknot structure as

a functionally important determinant of the HCV IRES.
The experimental evidence presented here is based on
genetic, biochemical, and thermodynamic calculations.
These analyses together provide the evidence for the
existence of an RNA pseudoknot structure within
the HCV 5'NCR and implicate a functional role of
this tertiary interaction in internal initiation of trans-
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FIGURE 6. Alignment of unusual folding region (UFR) in the 3' border of the 5'NCR of several HCV subtypes and pesti-
virus RNAs. Because the nucleotide sequences of all the 5'NCR of HCV are highly conserved, HCV-1 sequences were cho-
sen to represent class I and HCV-J6, class II. Deletions are denoted by dots. Conserved base pairings are boxed. Nucleotides
shown within a box that are enclosed by another box represent nucleotides that fail to form an appropriate base pair. Con-
served and nonconserved nucleotides in the alignment are indented by upper and lower case letters, respectively. Con-
served elements within pestiviruses and HCV are indicated by boxes A-G and a-g. The proposed pseudoknot in the RNAs
are indicated by K and k. Boxed AUG indicates the initiator codon.

lation. The pseudoknotting in the region includes a

highly conserved helical structure associated with the
pyrimidine tract (Py-I) described previously (Wang
et al., 1994). This structure constitutes stem I of the
pseudoknot. Point mutations in each of the comple-
mentary strands of the second putative stem (stem II)
within the probable pseudoknot structure dramatically
reduced translation initiation (Fig. 3; Table 1). Al-
though the compensatory mutation in stem II only par-

tially restored the translational efficiency, this value
was considerably higher than either mutant (Fig. 3B).
The partial recovery of the translation (10-30% of the
wild type) by the compensatory mutation indicates that
the primary sequences in the mutated regions are im-
portant. The lower level of translational recovery could
have also resulted from an A-U base pair in the com-

pensatory mutant instead of the G-U base pair found
in the wild-type 5'NCR. This would be consistent with
the notion that primary sequences may play an impor-
tant functional role in the translation initiation. Fur-
ther, the close proximity of this region to the initiator
AUG may make this region highly sensitive to base
substitutions. Thus, it is likely that the compensatory
mutant may have assumed an alternate conformation
unable to fully restore wild-type levels of translation
initiation.

The results of the chemical and enzymatic probing
of the RNA structure, together with the genetic data,
point to the existence of an RNA pseudoknot structure
within the 5'NCR near the initiator AUG. Similar
pseudoknot structure can be predicted in the 5'NCR of
all the HCV subtypes thus far sequenced and members
of the pestiviruses (Figs. 5, 6). Pestivirus BVDV 5'NCR
has been recently shown to contain an IRES element
(Poole et al., 1995).
Pseudoknot structures are recognized in diverse

RNA molecules and play different roles. These func-
tions include: translation regulation (Tang & Draper,
1989; Leathers et al., 1993); ribosomal frameshifting,
producing efficient cleavage sites in group I introns and
hepatitis delta virus (Pleij, 1990; Brierley et al., 1991;
Perrota & Bean, 1991; Willis et al., 1991; Chamorro
et al., 1992; Somogyi et al., 1993); and protein recog-
nition (Shamoo et al., 1993). During ribosomal frame-
shifting, a pseudoknot structure functions to stall
ribosomes engaged in translating the RNA (Brierley
et al., 1991; Willis et al., 1991; Chamorro et al., 1992;
Tu et al., 1992; Somogyi et al., 1993). This pausing in-
creases the efficiency of ribosomal frameshifting. In the
case of bacteriophage T4 gene 32 mRNA, the pseudo-
knot serves an autoregulatory function, being recog-
nized by gene 32 protein product, and interferes with
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further translation of that gene (Shamoo et al., 1993).
These observations suggest that pseudoknots are rec-
ognized by the components of translational apparatus
(Schimmel, 1989). In light of these roles, one possible
function for the pseudoknot structures in the HCV
5'NCR could be to serve as efficient binding sites for
ribosomes and/or relevant initiation factors involved in
internal initiation of translation.
The common RNA-folding higher-order structures,

including pseudoknots, among all the HCV subtypes
and related pestiviruses were computed by a combina-
tion of thermodynamic, phylogenetic, and statistical
methods. The predicted conserved RNA pseudoknots
among these divergent viruses strengthen the genetic
and biochemical evidence presented in this study. The
proposed RNA pseudoknot is not a typical H-type
pseudoknot structure. One of the loops is too large to
cross over any RNA groove. Most of the nucleotide
sequences in the loop are folded to form a highly stable
and conserved RNA secondary structure and are out-
side the groove. The extensive Monte Carlo simulations
suggest that the proposed common RNA structural
motif in the 5'NCR of these viruses is a highly stable
and statistically significant structural element, which
implies a structural role for the primary sequence.

Interestingly, there is a striking resemblance be-
tween the proposed structural motif of the UFR in the
HCV/pestiviral 5'NCRs in this region and the structure
of the group I intron (helical stem P3 to stem P7) (Cech,
1993). The HCV pseudoknot K corresponds to P7,
stem A to P4 and P5, stem G to P6, and the long stem
folded between the nucleotides of 5' and 3' end of HCV
to helical stem P3 of group I intron (Fig. 5).
From the genetic and biochemical data presented

here, it may be concluded that these tertiary structural
elements of the 5'NCR may constitute an important
component of the HCV IRES. However, it should be
emphasized that the maintenance of the pseudoknot
structure alone may not be sufficient for HCV IRES
function, but other sequences and relevant structures
of the 5'NCR may play an equally important role in
translation. For instance, the functional role of do-
main III structure was demonstrated by the deletion
mutation (T7C.152-278), which abolished translation
(Wang et al., 1994). In this mutant, the pseudoknot
structure should be intact, whereas the major portion
of the domain III has been deleted.
Based on the secondary structural models, it was

predicted that the region surrounding the pyrimidine
tract is unstructured in picornavirus 5'NCR (Pilipenko
et al., 1989; Skinner et al., 1989; Brown et al., 1991; Le
at al., 1992). However, it has been proposed recently
that the pyrimidine tract could be involved in forming
some tertiary structures such as pseudoknots (Le et al.,
1992, 1993). Such higher-order structures may be im-
portant components of the picomaviral IRES elements.

poliovirus IRES by Pilipenko et al. (1992), in which de-
letion of most of the sequences in the pyrimidine tract,
while retaining only five nucleotides, had no major ef-
fect on translation. Of the five nucleotides, three uri-
dine residues were predicted to be involved in base
pairing interactions that have been implicated in
pseudoknot structure according to the new RNA fold-
ing model of the poliovirus 5'NCR (Le et al., 1992).
Thus, it is possible that the inhibitory effect of muta-
tions in the pyrimidine tract of picornavirus 5'NCR
may be due to structural perturbances caused by the
mutations rather than changes in the primary sequence.

These mutations in the pyrimidine tract could have dis-
rupted the tertiary structure, leading to the loss of IRES
function. Further mutational studies in the relevant se-

quences, predicted to be involved in the tertiary struc-
tures, are needed to substantiate the model. Tertiary
structure has also been predicted in the 5'NCR of the
infectious bronchitis virus RNA 3, which is capable of
directing internal initiation of translation (Le et al.,
1994). A pseudoknot-like structure was identified in
the 3' NCR of poliovirus (Jacobson et al., 1993). The
present functional analysis of the HCV 5'NCR sup-

ported by the genetic and biochemical data and sub-
stantiated by thermodynamic calculations provides the
first demonstration of the role of an RNA pseudoknot
in internal initiation of translation. This superstructure,
which also includes the pyrimidine tract-I-related he-
lical secondary structure, constitutes the functional
component of the HCV IRES. An alternate model of
the HCV and pestiviral IRES elements has been pre-
dicted recently by Le et al. (1995), which appears to be
slightly different from that proposed here. Although
those predictions were based only on thermodynamic
calculations, the present data is supported by experi-
mental evidence and substantiated by UFR RNA fold-
ing computed by a modified version of RNAKNOT
(Chen et al., 1992). At present we have no explanation
for this discrepancy.
Based on several criteria, the picornavirus IRES ele-

ments are classified into two groups (Jackson et al.,
1990; Wimmer et al., 1993). In group I IRES (entero-
viruses, rhinoviruses), the ribosomes bind to the IRES
element, which includes a noninitiator AUG triplet,
and scan until a proper AUG triplet is encountered to
initiate translation. In the case of group II IRES (cardio-
viruses and aphthoviruses), the ribosome binds to the
IRES element, which includes an initiator AUG triplet,
and translation is initiated without scanning. In both
cases, a proper spacing between an AUG triplet and
certain upstream motifs is essential for the IRES func-
tion. Similarly, in the case of HCV IRES, a spacing re-

quirement between the initiator AUG and an upstream
motif in the 5'NCR appears to be essential, as sug-
gested by the mutagenesis studies (Wang et al., 1993,
1994; Wang & Siddiqui, 1995). It is likely, although not

Of interest in this respect is the mutational study of the
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yet proven, that the initiator AUG may be involved in
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the HCV IRES function, similar to the group II IRES el-
ements. The HCV IRES element shares yet another fea-
ture with the group II IRES elements in that both can
direct internal initiation of translation efficiently in vitro
in reticulocyte lysates.

Finally, the present study identifies a higher-order
superstructure in the 5'NCR in the vicinity of the ini-
tiator AUG codon, which by functional analysis ap-
pears to constitute an essential component of HCV
IRES. Conservation of this superstructure in other
members of pestiviruses lends support to the impor-
tance of these interactions in internal initiation of
translation.

MATERIALS AND METHODS

Recombinant plasmid construction
and mutagenesis
The construction, manipulation, and growth of recombinant
plasmids was carried out by standard methods. The 5' non-
coding region of an HCV isolate from Denver patient was
cloned in pGEM-4 immediately preceding the luciferase re-
porter gene and designated T7C1-3411uc (Wang et al., 1993,
1994). Site-directed mutagenesis was carried out by Altered
Sites kit (Promega) at defined sites within the 5'NCR. Plasmid
pHC5NC was developed by cloning a large Hind III-Hpa I
fragment, including the 5'NCR linked to luciferase gene at
Hind III-Sma I-sites in the phagemid vector, pAlter-1. Mu-
tations in the 5'NCR were confirmed by double-stranded
DNA sequencing by dideoxynucleotide method. Mutants are
named according to the first nucleotide position of each mu-
tated sequence. For example, in plasmid PHC5NC/327, the
mutated sequence starts at nt 327. The map positions of the
mutants are also described in the context of secondary struc-
ture (Fig. 3A).

In vitro transcription and translation

Plasmid DNAs were purified by a standard CsCl density gra-
dient centrifugation method. Plasmid pHC5NCluc and its
mutated derivatives were linearized by BamH I digestion and
transcribed in vitro with SP6 polymerase (Promega). All the
RNAs used for translation were uncapped. In vitro transla-
tions were carried out in rabbit reticulocyte lysates (Promega).
Proteins were labeled with trans35S-methionine (ICN Bio-
medicals) and fractionated by 10% SDS-PAGE.

RNA transfection

A liver-derived human hepatoma cell line HepG2 was used
in this study for direct RNA transfection experiments. In
vitro-synthesized RNAs were introduced into cultured cells
with Lipofectin (GIBCO/BRL) as described previously (Wang
et al., 1993, 1994). Nearly confluent cell monolayers in
60-mm-diameter dishes were transfected with 5-10 gg of
RNA-mixed with 30 yg of Lipofectin in 3 mL of Opti-MEM I
(GIBCO/BRL). Five to six hours after transfection, cell lysates

by de Wet et al. (1987) with a luminometer (Mode Optocomp
I; MGM Instruments, Inc.).

Chemical and enzymatic probing of RNA

RNA structure analysis was carried out according to Krol and
Carbon (1989), using both single- and double-stranded-
specific RNases and single-stranded-specific chemical reagent
dimethyl sulfate (DMS). The full-length 5'NCR RNA was
generated by in vitro transcription of the plasmid DNA
pGEM5NC using T7 RNA polymerase after it was linearized
with EcoR I. Plasmid pGEM5NC contains the RT-PCR gen-
erated full-length 5'NCR of HCV (HCV-1 strain) that was
cloned into Sma I and Sac I sites of the pGEM4 vector (Wang
et al., 1993). For enzymatic probing, 50 uL reaction mixture
contained 1-2 ltg RNA, 10 jig yeast tRNA, and following en-
zymes at the indicated concentrations, respectively: 40-100
U RNase PhyM, or 100-400 U RNase A, or 0.4-1 U RNase Ti,
or 0.1-0.4 U RNase Vi (all the enzymes were purchased from
USB) in buffer A (10 mM Tris-HCl, pH 7.5, 10 mM MgC12,
50 mM KCI). The RNA was digested for 15 min at room tem-
perature for RNase A, Ti, Vi, or 30 min for RNase PhyM. Re-
actions were stopped by addition of phenol/chloroform. The
mixture was extracted with phenol twice and precipitated in
ethanol in the presence of 0.3 M sodium acetate and 10 ug of
tRNA. The pellet was dissolved in 10 ytL dH20.

For chemical probing of the RNA, 1 l.L DMS (Aldrich) was
added to 200 1,L buffer B (100 mM Hepes, pH 7.5, 10 mM
MgC12, 50 mM KCI) containing RNA and incubated at room
temperature for 5 min. The reaction was precipitated in eth-
anol in the presence of 0.3 M sodium acetate and 10 mg
tRNA. RNA pellet was dissolved in 10 yL dH2O.
RNase cleavage and DMS modification sites were identi-

fied by primer extension with a 5' end-labeled antisense de-
oxyoligonucleotide primer, 5'-CGAGCTCATGATG-3', which
is complementary to nt 350-338 of the HCV RNA genome.

The labeling of the primer was performed in a total volume
of 10 ,uL containing standard kinase buffer, 100 pM primer,
5 yL ['y-32P]-dATP (166 mCi/mL) (ICN Biomedicals), 10 U T4
polynucleotide kinase (Promega). The reaction mixtures were
incubated at 37 °C for 1 h. After the addition of 10 mg tRNA,
the reaction mixture was extracted with phenol/chloroform
and precipitated in ethanol. Final pellet of RNA was dis-
solved in 100 tiL dH20. The hybridization of a 32P-labeled
primer with the RNA samples was performed in a total volume
of 5 ,uL in a hybridization buffer (10 mM Tris-HCl, pH 7.5,
50mM NaCl), including 1 slL RNA and 1 ytL primer. The oli-
gonucleotide primer described above was used for structural
probing and represented sequences beginning at nt 342 (5')
and extended upstream 3' in the antisense orientation up to
nt 328. The solution was heated for 4 min at 85 °C, slowly
cooled to 35 °C over 30-40 min, and then placed on ice for
5 min. The annealed primer was extended by the addition of
2 zL 5x RT buffer, 10 U RNasin, 0.125 mM dNTPs, 10 U re-

verse transcriptase (Promega), and incubated at 37 C for
30 min. Reaction was stopped by the addition of 7 liL se-

quencing loading buffer, and an aliquot of 4 LL was electro-
phoresed in an 8% acrylamide/7M urea gel. Gels were dried
and autoradiographed.

Structural analysis of the mutant HCV 5'NCRs was also
were prepared and assayed for luciferase activity as described
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carried out (Fig. 4C). Mutated HCV 5'NCR-containing con-
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structs, pHC5NC/307, pHC5NC/327, and pHC5NC/307/327,
were digested with Xba I within the luciferase-encoding region
(at +48 position) and RNAs were generated subsequently by
in vitro transcription with SP6 RNA polymerase. As a control,
WILd-type HCV5'NCR-containing construct pHC5NCwas also
digested with Xba I and used for an RNA control without en-
zymatic treatment. Structural probing of these RNAs was
performed with both the double-stranded-specific RNase Vl
and the single-stranded-specific RNase Ti, respectively, as
described above. RNase cleavage sites were identified by
primer extension with 5' end-labeled antisense oligonucleo-
tide primer, 5'-TATGTl'TlGGCGTC, which is complemen-
tary to nt +21 to +7 of the luciferase-encoding region.

Thermodynamic calculations of RNA
higher-order structure

Prediction ofRNA structures included the use of the following
methods, EFFOLD, SEGFOLD, and RNAKNOT. First, the
UFR in the 5'NCR of HCV, HoCV, and BVDV were searched
for a 500-nt sequence (including partial coding sequences)
from the 5' end by a statistical method, SEGFOLD (Le et al.,
1993). In SEGFOLD, the significance of an RNA folding is
evaluated by comparing the predicted thermodynamic sta-
bility of the actual segment with those of its random permu-
tations and other possible foldings in the sequence. A region
that is both highly stable (lower stability score as compared
to other possible foldings) and more significant (lower sig-
nificance score related to the random shuffling segments) is
referred to as a UFR and is assumed to have a significant
folding form implying a structural role for its sequence
information.
The higher-order RNA structures, folded in the UFRs de-

tected in the HCV and related pestiviruses, were then com-
puted by EFFOLD (Le et al., 1992, 1993, 1994). The program
EFFOLD enables the prediction of alternative RNA second-
ary structures by fluctuating thermodynamic energy param-
eters in the calculation of RNA folding. If a potential
pseudoknotting or tertiary interaction was detected, it was
assessed by a modified version of the original RNAKNOT
program (Chen et al., 1992) by means of three significance
scores, ni, n2, and z (Le et al., 1992). The scores n1 and n2
were defined as the numbers of randomized sequences that
had a pseudoknot thermodynamically more stable than the
real sequence. The smaller the n, and n2, the more significant
the tertiary interaction. The z score was defined as z =(nobs -
rmean)/SD in the test, where nobs is the number of times the
tertiary interaction occurs in the real sequence, rmean is the
average number of times the occurrence of the folding pattem
in the random permutation sequences, and SD is the standard
deviation. Finally, the predicted RNA folding was verified by
examining their conservation and compensatory base changes
among HCV subtypes and other pestiviruses (Fig. 6).
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