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ABSTRACT

The hepatitis C viral mRNA initiates translation using an internal ribosome entry site (IRES) located in the 59 noncoding region of
the viral genome. At physiological magnesium ion concentrations, the HCV IRES forms a binary complex with the 40S ribosomal
subunit, recruits initiation factor eIF3 and the ternary eIF2/GTP/Met-tRNAi

Met complex, and joins 60S subunits to assemble
translation-competent 80S ribosomes. Here we show that in the presence of 5 mM MgCl2, the HCV IRES can initiate translation
by an alternative mechanism that does not require known initiation factors. Specifically, the HCV IRES was shown to initiate
translation in a reconstituted system consisting only of purified 40S and 60S subunits, elongation factors, and aminoacylated
tRNAs at high magnesium concentration. Analyses of assembled complexes supported a mechanism by which preformed 80S
ribosomes can assemble directly on the HCV IRES at high cation concentrations. This mechanism is reminiscent of that
employed by the divergent IRES elements in the Dicistroviridae, exemplified by the cricket paralysis virus, which mediates
initiation of protein synthesis without initiator tRNA.
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INTRODUCTION

Hepatitis C virus (HCV) infects over 170 million people
worldwide and causes fibrosis of the liver, which can ulti-
mately result in liver cirrhosis, hepatic failure, or hepato-
cellular carcinoma (Wasley and Alter 2000; Pawlotsky 2004).
Like many viruses, HCV has evolved a number of different
mechanisms to counter the host anti-viral immune response
(Gale and Foy 2005).
One such emerging mechanism may be the divergent

mode of translation initiation of the HCV genome. Trans-
lational initiation of the HCV polyprotein is mediated
by a structural RNA motif, termed the internal ribosome
entry site (IRES), which is located within the 59 noncod-
ing region of the 9.5-kb nucleotide HCV RNA genome
(Tsukiyama-Kohara et al. 1992; Wang et al. 1993). HCV
IRES-dependent translation is mechanistically different
from both cap-dependent initiation and IRES utilization
by viruses, such as picornaviruses, in that it is both 59 end-
and scanning-independent (Tsukiyama-Kohara et al. 1992;
Wang et al. 1993; Pestova et al. 1998). Briefly, cap-dependent

translation of most host mRNAs is initiated by an inter-
action of the m7G-cap structure present at the 59 end of
all cellular mRNAs with a large multifactor cap binding
protein complex, eIF4F, to recruit the 43S complex, which
consists of the small ribosomal subunit, 40S, eIF3, eIF1,
eIF1a, eIF5, and the ternary complex, eIF2/GTP/Met-
tRNAi

Met (Hershey and Merrick 2000). The 43S complex
then scans the mRNA in an ATP-dependent manner until
an appropriate AUG codon is encountered. Upon base-
pairing of the AUG start codon with the anticodon of Met-
tRNAi

Met, GTP hydrolysis-dependent release of initiation
factors occurs, resulting in 60S joining and assembly of 80S
ribosomes with the initiator Met-tRNAi

Met positioned in
the ribosomal P-site (Huang et al. 1997; Hershey and
Merrick 2000; Pestova et al. 2000). In contrast, the HCV
IRES can recruit 40S subunits independently of either a
m7G-cap structure or an ATP, arguing that ATP-dependent
scanning is not required and only a minimal set of initia-
tion factors is necessary to assemble 80S subunits.
Reconstitution and cell-free translation experiments have

provided insights into the sequential steps leading to the
formation of HCV IRES–80S complexes. The current
model supports a mechanism by which the HCV IRES
first forms binary complexes with 40S subunits, aided by
a higher-order RNA structure termed ‘‘domain III’’ in the
IRES. Subsequently, eIF3 and the eIF2/GTP/Met-tRNAi

Met

complex are recruited to form 48S initiation complexes,
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aided by IRES domains III and IIIb. Finally, after GTP
hydrolysis and release of eIF2, the 60S subunit joins to
assemble the 80S ribosome, a step that is mediated by
domain II and portions of domain III of the IRES (Pestova
et al. 1998; Ji et al. 2004; Otto 2004). This model predicts
that the eIF2/GTP/Met-tRNAi

Met complex is required for
recognition of the AUG codon in HCV IRES-mediated
translation (Otto 2004). However, this model is inconsis-
tent with the finding that HCV IRES-mediated translation
was stimulated when the a-subunit of eIF2 was phosphor-
ylated by protein kinase PKR (Rivas-Estilla et al. 2002).
Phosphorylation of eIF2a reduces the pool of translation-
competent ternary complexes, leading to overall cessation
of translation (Kaufman 1999). In addition, it was noted
that the HCV IRES could efficiently initiate translation at
non-AUG codons in rabbit reticulocyte lysates (Reynolds
et al. 1995), suggesting translational initiation mediated by
this IRES may also follow unconventional rules.
In this report, we show that the HCV IRES allows, under

certain conditions, initiation factor-independent transla-
tion. This mechanism has previously been demonstrated
only in the IRES elements located in the genomes of viruses
belonging to the Dicistroviridae (Hellen and Sarnow 2001;
Pisarev et al. 2005). A prototypical Dicistroviridae IRES is
exemplified by the IRES of cricket paralysis virus (CrPV).
This IRES forms binary complexes by direct binding of 40S
subunits and assembles 80S ribosomes without the aid of
canonical translation factors, starting protein synthesis at
a non-AUG codon in the ribosomal A-site (Wilson et al.
2000a; Jan and Sarnow 2002; Jan et al. 2003; Pestova and
Hellen 2003). Thus, the HCV IRES may have evolved
several mechanisms to initiate translation, possibly to
escape anti-viral host responses that inhibit either cap-
dependent or initiation-factor-dependent translation of
viral and host mRNAs.

RESULTS

The HCV IRES displays
little sensitivity to edeine,
which prevents AUG
recognition by scanning
eIF2/GTP/Met-tRNAi

Met complexes

The HCV IRES is known to initiate
translation at non-AUG codons (Rey-
nolds et al. 1995), raising the possibility
of translational initiation in the absence
of ternary eIF2/GTP/Met-tRNAi

Met com-
plexes. To test this possibility, we exam-
ined the sensitivity of the HCV IRES
activity to the translation initiation
inhibitor edeine, which interferes with
AUG start-codon recognition by scan-
ning eIF2/GTP/Met-tRNAi

Met com-

plexes (Kozak and Shatkin 1978; Odom et al. 1978).
Dicistronic mRNAs that contained the IRES elements from
encephalomyocarditis virus (EMCV) (Jang et al. 1988),
cricket paralysis virus (CrPV) (Wilson et al. 2000a), or
HCV (Tsukiyama-Kohara et al. 1992; Wang et al. 1993) in
the intercistronic spacer region were incubated in rabbit
reticulocyte lysates (RRL) with increasing amounts of
edeine. Translational activities were compared by measur-
ing enzymatic activities of products of both the first and
second cistrons. As predicted, 59 cap-dependent translation
of the first cistrons of all the dicistronic mRNAs was
inhibited, to 20% and 2% of the uninhibited activity,
respectively, in the presence of 250 nM and 500 nM edeine
(Fig. 1A). Second-cistron synthesis mediated by the EMCV
IRES was inhibited to a similar extent at these concen-
trations of edeine, supporting the finding that this IRES
requires AUG start-codon recognition by scanning ternary
complexes (Kaminski et al. 1994). In contrast, translation
initiation mediated by the CrPV IGR IRES remained at
70% of the uninhibited activity at 250 nM edeine (Wilson
et al. 2000a). Edeine inhibits translation elongation at higher
concentrations (Szer and Kurylo-Borowska 1970; Carrasco
et al. 1974), and, accordingly, CrPV IRES activity was
diminished to 40% of the uninhibited activity at 500 nM
edeine (Fig. 1A). Like the CrPV IRES, the HCV IRES
displayed relative insensitivity to edeine, suggesting that
recognition of the AUG start codon in the IRES may not
require a scanning ternary complex of the initiator tRNA it
carries.

Edeine-insensitive translation initiation mediated by
the HCV IRES occurs with the AUG start codon
in the ribosomal P site

Translation initiation usually starts in the ribosomal P-site,
where the AUG start codon is engaged in base-pair interaction

FIGURE 1. Effects of the translation initiation inhibitor edeine on cap-dependent and IRES-
mediated translation in the RRL. (A) Enzymatic assays. Extracts were programmed with
dicistronic RNAs containing either the EMCV IRES, CrPV IRES, or HCV IRES with increasing
amounts of edeine. (B) Peptide synthesis. RRL was programmed with monocistronic RNAs,
encoding short open reading frames downstream from the CrPV IRES, the wild-type HCV
IRES with an AUG start codon, or a mutant HCV IRES with a UAG stop codon. Extracts were
incubated with 35S methionine, and reaction products were separated by electrophoresis on
a 16.5% Tris-tricine gel. An autoradiograph of the gel is shown.
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with the initiator Met-tRNAi
Met. To examine the possibility

that the HCV IRES initiates edeine-insensitive translation
at a codon other than the AUG start codon, we compared
the accumulation of wild-type and mutant HCV IRES-
mediated translation products synthesized in the absence
or the presence of edeine in the RRL. As predicted, CrPV
IRES-mediated translation produced a peptide of similar
size and only slightly reduced abundance in the presence
or the absence of edeine (Fig. 1B). Similarly, the HCV IRES
directed the synthesis of a peptide of similar size and
slightly reduced abundance in the presence and the absence
of edeine, indicating that translation initiated at or near the
same codon (Fig. 1B). In a control reaction, no detectable
peptide was synthesized from a mutated HCV IRES in
which the AUG start codon was replaced with a UAG stop
codon (Fig. 1B, lanes 5,6).
To determine the site of translation initiation more

rigorously, toeprinting analysis was employed. In this tech-
nique, an oligodeoxynucleotide primer is annealed to template
mRNA followed by extension with reverse transcriptase.
Primer extension stops, or toeprints, are the result of
inhibition of reverse transcription by either RNA secondary
structure or blockage by a ribosome complex. From the size
of the arrested cDNA product, the codons in the P- and
A-site of the ribosome can be deduced: The arrested cDNA
product is usually 15–17 nt from the first nucleotide of the
triplet in the ribosomal P site (Hartz et al. 1989; Anthony
and Merrick 1992), although changes in ribosomal confor-
mation can also affect this position (Jan and Sarnow 2002;
Jan et al. 2003; Pestova and Hellen 2003).
Initiation complexes were formed on EMCV, CrPV, and

HCV IRESs in the RRL in the presence of cycloheximide to
allow the accumulation of 80S initiation complexes on the
mRNAs. As shown previously, initiation complex forma-
tion on the EMCV IRES produced a toeprint +16 nt from
the A nucleotide of the AUG start codon (Pestova et al.
1996; Fig. 2A, lane 1). Reactions containing increasing
amounts of edeine inhibited the appearance of the toeprint
on the EMCV IRES, indicating that edeine inhibited initia-
tion complex formation at the AUG codon, presumably by
inhibition of ternary complex formation (Fig. 2A, lanes 2–4).
In contrast, toeprints were detected on CrPV and HCV

IRESs at 250 nM and 500 nM edeine concentrations (Fig.
2B,C, lanes 2,3). Initiation complexes formed on the HCV
IRES in the presence or the absence of edeine produced the
same toeprint at +15/16 nt, indicating that the HCV IRES
AUG start codon occupied the ribosomal P site in the
presence or the absence of edeine (Fig. 2B, lanes 1–3). This
result is consistent with the assays displayed in Figure 1,
which showed that HCV IRES-mediated translation was
quite refractory to edeine and initiated translation at or
near the AUG start codon in the presence or the absence of
edeine. Unlike the HCV and EMCV IRESs, initiation com-
plexes formed on the CrPV IRES–produced toeprints at
both +13/14 and +19/20 from the C codon of the CCU

triplet in the ribosomal P-site in the presence and the
absence of edeine (Fig. 2C, lanes 1–3). This discrepancy is
due to an unusual mechanism of CrPV IRES-mediated
ribosome assembly. Specifically, the CrPV IRES can trans-
locate two cycles of elongation in the presence of cyclo-
heximide (Wilson et al. 2000a; Jan et al. 2003; Pestova and
Hellen 2003). However, at the highest edeine concentration
(1 mM), only a predominant toeprint at +13 nt was observed.
The absence of the +19/20 toeprint is likely to reflect the
known inhibition of ribosome elongation at high concen-
trations of edeine (Szer and Kurylo-Borowska 1970; Jan
et al. 2003). The HCV and CrPV IRES elements share the
ability to form binary 40S–IRES complexes that position
the start-site codon, AUG in HCV IRES and CCU in the
CrPV IRES, in the ribosomal P-site. Therefore, initiation of
protein synthesis on the HCV IRES by formation of binary

FIGURE 2. Toeprinting analysis of translation initiation complexes.
Initiation complexes were allowed to form on EMCV IRES (A), HCV
IRES (B), or CrPV IRES (C) in mock treated (lane 1) or treated with
250 nM (lane 2), 500 nM (lane 3) or 1 mM edeine (lane 4) in the RRL.
Extracts were supplemented with cycloheximide to freeze initiating
80S complexes. Bound initiation complexes were analyzed by primer
extension analysis using AMV RT in the presence of [a-32P] dATP
and arrested cDNA products were visualized on 5% 6 M urea-
containing polyacrylamide gels. PhosphorImages of the gels are shown.
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40S–mRNA complexes is refractory to
edeine concentrations that normally in-
hibit base-pairing of initiator tRNA
with the AUG start codon by scanning
40S–ternary eIF2/GTP/Met-tRNAi

Met

complexes.

HCV IRES facilitates translation
initiation in the absence of
translation initiation factors

To test the independence of HCV IRES
function from canonical initiation fac-
tors in another way, we monitored
translation in an in vitro reconstituted
system containing only ribosomes, tRNAs,
and translation elongation factors.
As a positive control, we compared
the HCV IRES with the CrPV IRES,
which has been shown to initiate trans-
lation in the absence of initiation fac-
tors in such an in vitro reconstituted
system (Jan et al. 2003; Pestova and
Hellen 2003). IRES-containing mRNAs
were incubated with purified salt-
washed ribosomes, purified yeast elon-
gation factors eEF1a and eEF2, and bulk
aminoacylated tRNAs. As predicted, the
CrPV IRES mediated the synthesis of
peptides while the EMCV IRES, which
requires canonical initiation factors for
initiation, was unable to do so (Fig.
3A,B). The wild-type HCV IRES failed
to direct the synthesis of a peptide in the presence of 2.5 mM
MgCl2 (Fig. 3A, lane 7), which is normally used in trans-
lation-competent extracts. Remarkably, both the CrPV
(Fig. 3B, lane 2) and the HCV IRES (Fig. 3A, lane 5) were
able to direct the synthesis of peptides in the reconstituted
system in the presence of 5 mM MgCl2. This IRES activity
was significant, because HCV IRES-mediated translation in
the reconstituted system at this magnesium concentration
yielded at least 5% of translation products as in the RRL
(data not shown). As expected, translation mediated by all
three IRES elements remained sensitive to cycloheximide,
which inhibits translation elongation (Fig. 3A). Translation
initiation in translation-competent extracts is usually
inhibited at magnesium concentrations >2.5 mM (Shenvi
et al. 2005). Given the results reported here, however,
high magnesium concentration seems to primarily inhibit
factor-dependent translation initiation.
To examine effects of the start codon on HCV IRES-

mediated peptide synthesis in the high-magnesium recon-
stituted system, we tested the activities of HCV IRES
initiation codon mutants. All HCV IRES initiation mutant
constructs, including the IRES containing a UAG stop

codon in place of the AUG initiation codon, were able to
direct synthesis of peptides of similar size in the recon-
stituted system at 5 mM MgCl2 (Fig. 3B). As explained
above, it cannot be tested whether the UAG stop-codon
mutant is active in the RRL, because translation reactions
are inhibited in the RRL at 5 mM cation concentrations. To
determine whether HCV IRES-mediated translation in the
reconstituted system required specific cations, we tested
effects of monovalent K+ cations and divalent Mg2+, Ca2+,
and Zn2+ cations, as well as the charged peptide analog
spermidine, in the reconstituted system. Only the divalent
Mg2+ and Ca2+ cations were able to promote detectable
HCV IRES-mediated translation initiation in the reconsti-
tuted system (Fig. 3C), whereas the EMCV IRES was unable
to synthesize peptides under any conditions tested (data
not shown). Therefore, the HCV IRES can direct peptide
synthesis in the absence of initiation factors at elevated
divalent Mg2+ or Ca2+ concentrations. However, it should
be kept in mind that initiator tRNA molecules were present
in the reconstituted translation reactions and these molecules
could play a role in translation initiation if they interacted
with the ribosome in an eIF2-independent manner.

FIGURE 3. IRES-mediated translation in a reconstituted translation system. (A) Magnesium
dependence of wild-type IRESs. In vitro transcribed RNAs containing CrPV IRES (lanes 1,2),
EMCV IRES (lanes 3,4) or HCV IRES (lanes 5–8) were incubated with purified HeLa 40S and
60S, elongation factors 1A and 2 and bulk aminoacylated tRNAs. Cycloheximide was added as
indicated. (B) Start codon dependence of HCV IRESs. Reporter RNAs containing CrPV IRES,
EMCV IRES, HCV IRES, or mutant HCV IRESs were translated in the reconstituted system as
described above. Mutant HCV IRESs contained CUG, AUU, and UAG start-codon mutations,
as indicated. (C) Cation dependence of HCV IRES-mediated translation in the reconstituted
system. All reactions contained 2.5 mM Mg2+ and supplemented cations as indicated. Peptides
were resolved on 16.5% Tris-Tricine SDS-polyacrylamide gels, and PhosphorImages of the gels
are shown.
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HCV IRES binds 80S ribosomes at high
magnesium concentrations

The dependence on increased magnesium cations of factor-

independent HCV IRES translation could be due to a num-

ber of reasons. One possibility is that magnesium could

affect HCV IRES RNA structure. While this possibility

cannot be ruled out at present, chemical and enzymatic

structural probing analyses have shown that the HCV IRES

structure does not change significantly at a concentration

range from 2.5 to 10 mM MgCl2 (Kieft et al. 1999). On the

other hand, increased magnesium could affect ribosomal

subunit structure, resulting in altered association rates of

the HCV IRES with ribosomal 40S subunits or 80S

ribosomes. Indeed, it has been shown that nucleotides in
ribosomal RNAs are more accessible to chemical modifi-
cation at 2.5 mM MgCl2 than at 10 mM MgCl2, suggesting
that the ribosome is more rigid at higher magnesium con-
centration (Shenvi et al. 2005).
To determine if increased concentrations of Mg2+ or Ca2+

affected the stoichiometry of free subunits and 80S ribo-
somes, purified 40S and 60S subunits were mixed in the
presence of 2.5 mM or 5 mM Mg2+ as well as in a combi-
nation of 2.5 mM Mg2+ plus 2.5 mM Ca2+ and subsequently
separated in sucrose gradients. The amount of 40S, 60S, and
80S in each fraction was determined by Northern analysis
using hybridization probes that detect 18S rRNA (Fig. 4A)
and 28S rRNA (Fig. 4B). At both Mg2+ concentrations,

FIGURE 4. Sucrose gradient analysis of ribosome assembly and IRES–80S complex formation. 40S and 60S purified HeLa ribosomal subunits
were incubated at 2.5 mM Mg2+, 5 mM Mg2+, or a combination of 2.5 mM Mg2+ and 2.5 mM Ca2+ without added RNA to test the abundance of
40S, 60S, and 80S species by monitoring 18S rRNAs (A) and 28S rRNAs (B). The gradient positions of CrPV IRES RNA (C) and HCV IRES RNA
(D), when these RNAs were incubated with ribosomal subunits, are shown. Reactions were sedimented on 10%–30% sucrose gradients with the
same buffer conditions. Gradients were fractionated , RNA was isolated, and Northern blot analysis was performed to monitor 18S rRNA (A), 28S
rRNA (B), CrPV IRES (C), or HCV IRES RNA (D). The graphs below the blots represent quantitations of the Northern blot data.
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similar amounts of 80S ribosomes were formed, with only
a small amount of free 40S subunits remaining (Fig. 4A,B).
The 2.5 mM Mg2+ plus 2.5 mM Ca2+ reaction yielded a
slightly more homogenous population of 80S subunits. As
shown in Figure 4B, the free 60S peak observable in the
presence of Mg2+ was not observable in the presence of
both Mg2+ and Ca2+. Therefore, cations can significantly
affect ribosomal subunit association.
We next tested the binding of ribosomes to the CrPV

and HCV IRES elements at various cation concentrations.
The CrPV IRES bound to 80S ribosomes at all concen-
trations of divalent cations tested (Fig. 4C). In contrast,
the sedimentation of the HCV IRES was dependent on the
cation concentration in the reaction. At 2.5 mM MgCl2,
the IRES sedimented both as unbound RNA at the top of
the gradient and cosedimented with 40S subunits (Fig. 4D).
Interestingly, at the higher cation concentrations, the
majority of the HCV IRES cosedimented with 80S ribosomes
(Fig. 4D). In contrast, the EMCV IRES did not bind to 40S
or 80S ribosomes under any of the conditions tested (data
not shown). Although the majority of the HCV IRES
cosediments with 80S ribosomes at high cation concen-
trations, factor-independent translation by the HCV IRES
was moderately inhibited in reactions containing 2.5 mM
Mg2+ and Ca2+ compared to that with 5 mM Mg2+ (Fig.
3C). It is possible that the addition of Ca2+ enhances the
formation of 80S–HCV IRES complexes but inhibits trans-
lation at a post-initiation step. In summary, these results
indicate that the increased cation dependence for factor-
independent HCV IRES translation correlated with a higher
propensity for the HCV IRES to bind to 80S ribosomes at
high cation concentration.

DISCUSSION

It has been well established that HCV IRES-mediated
translation starts with the formation of a binary 40S–IRES
complex, followed by recruitment of eIF3 and the eIF2/
GTP/Met-tRNAi

Met complex to form a 48S complex. After
GTP hydrolysis and release of eIF2, the 60S subunit joins to
assemble 80S–IRES complex (Pestova et al. 1998; Ji et al.
2004; Otto 2004). However, previous reports have revealed
that the HCV IRES can initiate translation using non-AUG
initiation codons (Reynolds et al. 1995) and under con-
ditions that limit the overall pool of the ternary complex
(Rivas-Estilla et al. 2002). Using the RRL and purified
translation factors, we show here that the HCV IRES can
initiate translation by an alternative mechanism that is
similar to one employed by the CrPV IRES (Sasaki and
Nakashima 2000; Wilson et al. 2000a; Jan et al. 2003).
Several lines of evidence support this conclusion. First, the
HCV IRES-mediated translation in the RRL is refractory
to the translation inhibitor, edeine, which inhibits AUG
recognition by the scanning 40S–ternary complex (Kozak

and Shatkin 1978). Second, the HCV IRES can direct trans-
lation in a reconstituted system that is devoid of initiation
factors and only contains purified 40S and 60S subunits,
elongation factors, and aminoacylated tRNAs at high mag-
nesium concentration. Third, the HCV IRES can assemble
80S ribosomes from purified 40S and 60S subunits. To-
gether, these properties suggest that the HCV IRES does
not require eIF3 or the ternary complex for 80S assembly
for translation initiation under certain conditions.
Edeine binds to the ribosome between the P- and the

E-sites, and inhibits tRNA binding in the P-site by preventing
codon–anticodon interactions (Dinos et al. 2004). The
CrPV IRES can bypass the inhibitory effects of edeine
because the IRES occupies the ribosomal P-site as a tRNA
mimic, allowing subsequent protein synthesis to commence
from the ribosomal A site (Wilson et al. 2000a; Spahn et al.
2004). Using toeprinting analyses in the RRL, stalled ini-
tiation complexes were located on the HCV IRES with the
AUG codon occupying the ribosomal P-site in the presence
and the absence of edeine. However, it is not known
whether an initiator Met-tRNA molecule occupies the
ribosomal P site in the presence of edeine in HCV IRES–
ribosome complexes. More likely, edeine inhibits scanning
ribosomal 40S ternary complexes and the CrPV and HCV
IRESs can bypass the inhibitory effects by direct recruit-
ment of 40S subunits to the initiation codon.
Like the CrPV IRES, the HCV IRES can also direct

translation from non-AUG start site codons. Mutated HCV
IRESs containing mutant initiation codons could direct
translation in the reconstituted system at high cation con-
centrations. Moreover, the peptides synthesized from
mutant IRES-containing mRNAs displayed the same sizes as
those translated from wild-type IRES-harboring mRNAs,
suggesting that translation occurred at or near the same
codons. Currently, the first aminoacylated tRNA that is
used for HCV IRES-mediated translation in the reconsti-
tuted system is not known. However, because a mutant
HCV IRES containing a UAG initiation codon mediated
protein synthesis in the reconstituted system at 5 mM
MgCl2, a noncognate aminoacylated tRNA must have been
used for initiation using the UAG triplet as the start codon
under these conditions. It has been shown that elevated
levels of Mg2+ increase the affinity of the ribosome for
tRNA, allowing for noncognate decoding of poly (U)
mRNA by leucyl-tRNA (Gavrilova and Rutkevitch 1980;
Schilling-Bartetzko et al. 1992). It is thus possible that the
increased Mg2+ concentration allows for initiation with a
noncognate tRNA at the UAG initiation codon from ribo-
somes that assembled on the IRES in a factor-independent
manner. Alternatively, translation initiation may occur
with a Met-tRNAi

Met from the P-site of the ribosome as
the initiator tRNA is present in all conditions tested in this
study, or translation initiation may occur with a cognate
elongator tRNA from the A-site of the ribosome, a mech-
anism similar to that of the CrPV IRES.
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An interesting difference between the CrPV and HCV
IRESs is that the HCV IRES can only initiate translation in
the reconstituted system at the higher 5 mM cation concen-
tration whereas the CrPV IRES can initiate translation at
lower cation concentrations. Our results indicate that the
HCV IRES has a greater affinity for the 80S ribosomes at
5 mM Mg2+ than at 2.5 mM Mg2+. It is possible that the
ribosome has an altered conformation at higher magne-
sium concentration (Shenvi et al. 2005), which can more
readily form a complex with the HCV IRES.
Further insights into the mechanisms by which the HCV

and CrPV IRES elements interact with the ribosome can
be deduced from cryo EM studies. The CrPV IRES forms
a complex secondary structure consisting of three over-
lapping pseudoknot structures (Jan and Sarnow 2002).
Cryo EM analysis of CrPV IRES–40S complexes has
revealed that the IRES occupies the ribosomal mRNA cleft
that is normally occupied by tRNAs (Spahn et al. 2004).
Moreover, cryo EM images of HCV IRES–40S complexes
have shown that, like the CrPV IRES, part of the HCV IRES
protrudes into the mRNA cleft, possibly mimicking tRNA
interactions with the ribosome (Spahn et al. 2001). Al-
though the RNA structures between the HCV IRES and
the CrPV IRES are distinct, both IRESs are susceptible to
RNAse P cleavage (Lyons and Robertson 2003), an RNAse
that specifically recognizes tRNA structures and cleaves
precursor tRNAs to yield mature tRNA (Schurer et al.
2001). Finally, cryo EM studies have shown that both IRESs
induce similar ribosomal conformational changes in IRES–
ribosome complexes (Spahn et al. 2001, 2004). For exam-
ple, ‘‘latch’’ interactions form between the head and the
body of the ribosome near the entrance of the mRNA
channel. It has been proposed that this latch interaction
helps to guide the mRNA into the mRNA channel in IRES–
ribosome complexes, clearly an important step in trans-
lation initiation (Spahn et al. 2001, 2004).
Overall, these findings argue that the HCV IRES, like

certain divergent IRES elements from insect viruses, can
mediate protein synthesis aided only by elongation factors
and tRNA molecules and without significant amounts of
canonical eukaryotic translation initiation factors at 5 mM
Mg2+. While the efficiency with which the HCV IRES
mediates translation initiation is enhanced in the presence
of initiation factors, the IRES can also use the less efficient
initiation mechanism, which does not depend on initiation
factors. These findings suggest that the HCV IRES could
use this mechanism to initiate translation even during
phosphorylation of eIF2a and the subsequently diminished
pool of ternary initiation complexes, induced by stress- or
virus-induced kinases of the innate arm of the cellular
immune response. The HCV IRES could also continue to
mediate translation when intracellular Mg2+ and Ca2+

concentrations are high. These experiments outline a novel
pathway of HCV IRES-mediated translation and also show
that increased cation concentrations may lead to the

accumulation of ribosomal subunits with distinct biological
properties.

MATERIALS AND METHODS

DNA constructs

A DNA fragment containing the HCV IRES between two
luciferase cistrons, described by Lukavsky et al. (2000), was
inserted into pGem4 using the EcoRI and XbaI restriction sites.
The dicistronic luciferase plasmids containing the CrPV IGR
and EMCV IRESs have been described in Wilson et al. (2000b).
Monocistronic luciferase constructs containing the EMCV and
CrPV IRESs have been described in Wilson et al. (2000a) as have
monocistronic luciferase constructs containing the HCV IRES in
Lukavsky et al. (2000). Initiation codon mutants were constructed
in the monocistronic HCV IRES luciferase construct using the
QuikChange site-directed mutagenesis kit (Stratagene).

In vitro transcription and translation

Monocistronic and dicistronic luciferase constructs that contain
the IRESs were digested with HindIII and transcribed using the
SP6 RiboMax in vitro transcription kit (Promega) as described in
Otto et al. (2002). Uncapped RNAs were translated in RRL
(Promega) in the presence of 154 mM potassium acetate. In
edeine inhibition studies, the RRL was preincubated with the
indicated concentrations of edeine for 10 min on ice before
addition of RNA. Reactions were incubated for at 30°C for 25 min.

Reconstitution assays

For the peptide synthesis experiments, bulk tRNAs were amino-
acylated using a mixture of amino acids including 35S-methionine
(Jan et al. 2003). Reactions contained 30 nM dicistronic RNA, 130 nM
40S subunits, 330 nM 60S subunits, 1 mM ATP, 1 mM GTP,
80 ng/ml eEF1A, 100 ng/ml eEF2, and 380 ng/ml aa-tRNAs. 80S
ribosomes were assembled for 5 min at 37°C. After addition
of elongation factors and aminoacylated-tRNAs, reactions were
incubated at 37°C for 30 min. Peptide synthesis reactions were
separated on 16.5% Tris-Tricine gels at 50 V for 12 h.

40S and 60S subunit purification

Ribosomal subunits were purified from HeLa cell pellets (National
Center for Research Resources) as previously described in Lukavsky
et al. (2000). HeLa cells were lysed in a Triton X-100 lysis buffer
(15 mM Tris-HCl at pH 7.5, 300 mM NaCl, 6 mM MgCl2, 1%
Triton X-100, 1 mg/mL Heparin). Lysates were spun briefly to
remove debris and then layered on a 30% (w/w) 0.5 M KCl
sucrose cushion to pellet ribosomes. Polysomes were resuspended
in Buffer B (20 mM Tris-HCl at pH 7.5, 6 mMMg acetate, 150 mM
KCl, 6.8% sucrose [w/w], 1 mM DTT), treated with puromycin
(Blobel and Sabatini 1971), and KCl was added to a final
concentration of 0.5 M. The dissociated ribosomes were separated
on a 10%–30% (w/w) sucrose gradient. The 40S and 60S peaks
were detected at 260 nm, pooled, concentrated using Centricon 50
spin concentrators (Amicon) in Buffer C (20 mM Tris-HCl at pH
7.5, 0.2 mM EDTA, 10 mM KCl, 1 mM MgCl2, 6.8% sucrose [w/w])
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and stored at "80°C. Western blot analysis showed that subunit
preparations were devoid of detectable levels of eIF2 and eIF3,
except a trace amount of the p40 subunit of eIF3 (data not shown).
18S and 28S rRNA in subunit preparations were examined to
judge the purity of 40S and 60S. Concentrations of 40S and 60S
subunits were determined by spectrophotometry, using the con-
versions 1 OD260nm = 50 nM for 40S and 1 OD260nm = 25 nM for
60S subunits.

Assembly and analysis of ribosomal complexes

Toeprinting analysis of ribosomal complexes using purified
subunits was performed as described in Wilson et al. (2000a).
Briefly, 0.5 mg of monocistronic HCV, EMCV, and CrPV IRES
RNAs were first annealed with primer PrEJ69 in a buffer con-
taining 40 mM Tris (pH 7.5), 0.2 mM EDTA, by slow cooling
from 65°C to 35°C. Annealed RNAs were incubated in Buffer E
containing either 40S (40 nM) or 60S (40 nM), or 40S and 60S
subunits (both 40 nM). Ribosomal complexes were analyzed by
primer extension analysis as described in Pestova et al. (1996)
using AMV reverse transcriptase in the presence of a-32P dATP
(3000 Ci/mmol; Amersham).

Aminoacylation of bulk bovine liver tRNA

Bulk liver tRNAs and in vitro synthesized tRNAs were amino-
acylated using a tRNA synthetase extract from HeLa cells (Pestova
and Hellen 2001). The extent of aminoacylation was monitored by
35S-methionine and 3H-alanine incorporation and by gel filtration
analysis. Aminoacylation of tRNAs was greater than 75%.

Sucrose gradients

High salt-washed, purified HeLa cell 40S and 60S ribosomal
subunits were incubated in the same buffer conditions as the
reconstituted translation system, with either 2.5 or 5 mM MgCl2,
or at a combination of 2.5 mM MgCl2 and 2.5 CaCl2, then
sedimented on a 10%–30% sucrose gradient in the same buffer.
The gradients were then fractionated, and ribosomal RNA (rRNA)
was collected from each fraction, separated on a denaturing 0.8%
agarose gel, transferred, and UV-cross-linked to a Zeta-probe
membrane. Ribosomal RNAs were visualized by methylene blue
staining and 28 rRNA was probed with an end-radiolabeled
oligonucleotide probe to the 39 end of 28S rRNA. HCV IRES
RNA was preincubated with ribosomes at both 2.5 mM and 5 mM
MgCl2; the reactions were then sedimented on 10%–30% sucrose
gradients. The gradients were fractionated and then subjected to
Northern blot analysis to determine the presence of the HCV IRES
in the gradient fractions.
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