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SUMMARY

Translation initiation of hepatitis C virus (HCV)
genomic RNA is induced by an internal ribosome
entry site (IRES). Our cryoelectron microscopy
(cryo-EM) analysis revealed that the HCV IRES binds
to the solvent side of the 40S platform of the cap-
dependently translating 80S ribosome. Furthermore,
we obtained the cryo-EM structures of the HCV IRES
capturing the 40S subunit of the IRES-dependently
translating 80S ribosome. In the elucidated struc-
tures, the HCV IRES ‘‘body,’’ consisting of domain
III except for subdomain IIIb, binds to the 40S sub-
unit, while the ‘‘long arm,’’ consisting of domain II,
remains flexible and does not impede the ongoing
translation. Biochemical experiments revealed that
the cap-dependently translating ribosome becomes
a better substrate for the HCV IRES than the free ribo-
some. Therefore, the HCV IRES is likely to efficiently
induce the translation initiation of its downstream
mRNA with the captured translating ribosome as
soon as the ongoing translation terminates.

INTRODUCTION

HCV has a positive-sense, single-stranded RNA genome con-

sisting of three segments: the 50 untranslated region (UTR), the

single open reading frame (ORF) encoding the viral polyprotein,

and the 30 UTR (Takamizawa et al., 1991). Immediately after

the genomic RNA is released into the host cell cytoplasm, it is

translated by the host cell machinery to produce the HCV viral

proteins. Otherwise, the HCV genomic RNA would be digested

by the host cytoplasmic ribonucleases, such as Xrn1, before

its amplification by the HCV RNA-dependent RNA polymerase

NS5B (Behrens et al., 1996; Li et al., 2013). Therefore, the initial

HCV genomic RNA translation by the host machinery is a funda-

mental property to achieving the HCV infection of human cells.
Mole
For general cap-dependent translation initiation in eukaryotes,

besides the 40S and 60S ribosomal subunits and Met-tRNAi
Met,

numerous eukaryotic translation initiation factors (eIFs) play

important roles to achieve precise and efficient protein synthe-

sis. First, the 40S subunit binds to eIF1A and the multifactor

complex, consisting of eIF1, eIF3, eIF5, and the eIF2,GTP,
Met-tRNAi

Met ternary complex (TC), to form the 43S pre-initiation

complex. It is noteworthy that the human eIF3, which is the

largest eIF, consists of 13 subunits, and its molecular weight is

about 650 kDa. Next, eIF4A, eIF4B, eIF4E, and eIF4G recruit

the 50-capped UTR of the mRNA to the 43S complex. The 43S

complex then scans the downstream region until it encounters

an AUG triplet. After the TC recognizes the AUG triplet, the

GDP-bound eIF2 is released, and the GTP-bound eIF5B binds

to the complex to promote subunit joining. Finally, the 60S-sub-

unit binds to the complex with the concomitant release of eIF1A

and GDP-bound eIF5B, and the ribosome initiates translation

(Hinnebusch, 2014, 2017).

The translation of the HCV genomic RNA is initiated in a

different manner, referred to as internal initiation: the 40S subunit

directly forms a binary complex with the HCV genomic RNA via

an internal RNA sequence called IRES, which is located in the

50-UTR (Pestova et al., 1998; Tsukiyama-Kohara et al., 1992).

Extensive biochemical and structural studies have revealed

that the HCV IRES consists of three structural and functional en-

tities: ‘‘body,’’ ‘‘long arm,’’ and ‘‘short arm’’ (Figure 1A; Fig-

ure S1A). The HCV IRES body, consisting of domain III except

for subdomain IIIb, serves as the minimal structural motif for

binding to the 40S subunit (Kieft et al., 2001; Quade et al.,

2015; Yamamoto et al., 2015). The long and short arms, corre-

sponding to domain II and subdomain IIIb, respectively, harbor

the regulatory functions of the HCV IRES. The long arm guides

its downstream mRNA onto the 40S subunit and supports the

start codon recognition by the TC and the subsequent joining

of the 60S subunit (Otto and Puglisi, 2004; Quade et al., 2015;

Yamamoto et al., 2015). Simultaneous binding of the HCV

IRES and eIF3 to the ribosome is allowed, even though they

compete for overlapping binding sites on the 40S subunit (Ha-

shem et al., 2013a; Quade et al., 2015). This is because the short

arm of the HCV IRES acts as another binding site for eIF3
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BA Figure 1. Secondary Structure of the HCV

IRES and Its Target Ribosomes

(A) Schematic diagram of the secondary structure

of the HCV IRES, with the domains and sub-

domains labeled. The three structural entities of

the ‘‘body,’’ ‘‘long arm,’’ and ‘‘short arm’’ are color

coded. The two-folded helical junctions are high-

lighted with green circles.

(B) Co-localization of fluorescently labeled wild-

type and mutated HCV IRES RNAs with ribo-

somes, in a sucrose density gradient profile of

human ribosomes. The absorbance at 280 nm and

the fluorescence intensity in the sucrose density

gradient are indicated, together with the 10-fold

enlarged fluorescence intensities in the 80S and

polysome fractions. The bands of the fluorescently

labeled wild-type and mutated HCV IRES RNAs in

the corresponding fractions are shown at the

bottom.
(Hashem et al., 2013b). Based on these findings, many studies

have hypothesized that the HCV IRES first binds to the free

40S ribosomal subunit, before the 60S subunit joins. However,

to our knowledge, no direct validation of this scheme has been

provided.

In the present study, we demonstrated that the HCV IRES

captures not only the free 40S subunit, but also an actively

translating 80S ribosome. Our cryo-EM structures revealed

that the HCV IRES binds to the 40S platform of the 80S ribo-

some, where the translation is initiated cap-dependently,

without impeding ongoing translation. Furthermore, single-

molecule experiments confirmed that the HCV IRES binds to

the 80S ribosome translating cap-dependently. An additional

cryo-EM analysis revealed that the HCV IRES remains bound

to the 40S platform of the 80S ribosome during the translation

of its own downstream mRNA. Interestingly, biochemical ex-

periments showed that the translation dependent on the

HCV IRES is not inhibited but is actually enhanced by the con-

current cap-dependent translation. These results indicated the

strategy by which HCV efficiently captures the translational

machinery.

RESULTS

The HCV IRES Co-localizes with Polysomes
We first prepared fluorescently labeled HCV IRES in order to

examine its interactions with ribosomes in cell extracts. The

fluorescently labeled HCV IRES was mixed with an extract

of cycloheximide-treated HEK293T cells, in which the transla-

tion elongation process is blocked by preventing the translo-

cation of the deacylated tRNA from the P site to the E site

on the 80S ribosome. The mixture was subsequently fraction-

ated by sucrose density gradient centrifugation, and the pro-

files of both the ribosomes and HCV IRES were analyzed. As

expected, the HCV IRES colocalized with the 40S subunit, as

shown by the synchronized peaks between the 280 nm absor-

bance and fluorescence intensity (Figure 1B). Interestingly, the

synchronized peaks were also identified in the 80S ribosome

and the polysome fractions, even though those fluorescence

intensities are weaker than those with the 40S subunit (Fig-
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ure 1B). In the case of the mutated HCV IRES (Figure S1A),

which lacks domains IIIb and IIIc and thus does not form

the two-folded helical junction J-IIIabc, the synchronized

fluorescence peaks became weaker (Figure 1B). These

experiments strongly indicate that the HCV IRES binds to

the actively translating 80S ribosome as well as the 40S

subunit.

The HCV IRES Binds to the Solvent Side of the 40S
Platform on the 80S Ribosome Translating Cap-
Dependently
These findings prompted us to perform a single-particle cryo-

EM analysis of the HCV IRES bound to the translating 80S

ribosome to determine how it captures the translating ribo-

some. For detailed structural analyses, it is better to fix the

translating 80S ribosomes in a uniform translational state.

Therefore, we utilized the in vitro reconstituted cap-dependent

translation system with the purified 40S and 60S ribosomal

subunits, the purified human translation factors, and tRNAs

(Table S1), along with the 22-codon upstream open reading

frame (uORF2) from the human cytomegalovirus (hCMV)

gpUL4, which reportedly arrests the ribosome just before

translation termination (Alderete et al., 1999; Machida et al.,

2014; Matheisl et al., 2015). We prepared the 50-capped
mRNA with the sequences for the PA-tag and the hCMV

uORF2 at the 50 and 30 ends of the ORF, respectively (Fig-

ure 2A). After in vitro translation, using the PA-tag affinity

purification, we successfully prepared the cap-dependently

initiated and uORF2-dependently stalled ribosome (Figure 2B).

Subsequent cryo-EM analyses confirmed that the majority of

the ribosomes were stalled in translation (structure i in Table

1; Figure S2A), with the helically folded nascent chain derived

from the uORF2 sequence remaining in the exit tunnel

(Figure S3A).

The purified stalled 80S ribosomes containing the hCMV

uORF2 peptide were then incubated with the HCV IRES, and

the complex structure was determined by the cryo-EM single-

particle analysis (Figure S1B). A distinct cryo-EM density was

observed on the solvent side of the platform of the 40S subunit,

only in the presence of the HCV IRES (Figure 2C; structure iii in
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Figure 2. Cryo-EM Structure of the HCV IRES Capturing a Translating Human 80S Ribosome

(A) Schematic description of the mRNA structure prepared for the cap-dependent translation in the cryo-EM study. The upper numbers represent the base

numbers of the ORF.

(B) Cap-dependent peptide synthesis (left two lanes) was stalled by the uORF2 sequence, whichwas confirmed bywestern blotting using an anti-PA antibody and

RNase treatment. Using uncapped mRNA decreased the efficiency of protein synthesis (right two lanes).

(C) Cryo-EM density map of the HCV IRES (orange) in complex with the 80S ribosome translating cap-dependently (60S and 40S subunits are colored light purple

and gray, respectively).

(D) The same map omitting the 60S-subunit density. The density of the P-tRNA (green) continues with that of the helical nascent chain of uORF2 in the ribosomal

exit tunnel (blue). The thumbnail of the complete structure with the 60S subunit is shown at the lower right.
Table 1; Figure S2B), showing that the HCV IRES tightly binds to

the 40S platform of the translating 80S ribosome. Through 3D

classification of this dataset, the HCV IRES-unbound 80S ribo-

some, which is basically identical to structure i in Figure S2,

was also obtained (structure ii in Table 1; Figure S2B). Therefore,

the direct comparison of these two translating 80S ribosomes,

with and without the bound HCV IRES, enabled us to clearly

identify the cryo-EM density attributed to the HCV IRES

(Figure S4).

The binding of the HCV IRES to the translating 80S ribo-

some is mediated via the HCV IRES body, which has been

identified as the minimum binding motif to the 40S subunit

(Kieft et al., 2001) (Figures 2C, 2D, and 3). Subdomains IIId

and IIIef, located in the HCV IRES body, contact helix26 of

the 18S rRNA, which is known as expansion segment 7

(ES7) (Figure 3; Figure S5A). The other interaction is formed

between J-IIIabc in the HCV IRES body and ribosomal protein

eS27 (Figure 3; Figure S5A). These interactions are consistent

with those identified in the reported complex of the vacant

mammalian 80S ribosome and the HCV IRES (Quade et al.,

2015; Yamamoto et al., 2015) (Figure 3).

Interestingly, eS27 reportedly serves as one of the eIF3

binding sites in the 43S pre-initiation complex, indicating

that the HCV IRES and eIF3 compete for binding to the

40S subunit (Hashem et al., 2013b; Spahn et al., 2001). How-
ever, eIF3 can bind to the HCV IRES-bound 40S subunit

through the interaction with the HCV IRES short arm (Hashem

et al., 2013b), which is quite flexible in our structure (Figures

2C, 2D, and 3) and becomes ordered upon eIF3 binding

(Hashem et al., 2013b). Therefore, the HCV IRES short arm

is considered to function as a decoy for eIF3, probably to

relieve the competition between the HCV IRES and eIF3, a

part of the multifactor complex, for the 40S subunit (Hashem

et al., 2013b).

In contrast, the HCV IRES long arm, which is directed into

the E site with its downstream mRNA in the vacant complex

(Quade et al., 2015; Yamamoto et al., 2015), was not fixed in

the current translating complex (Figures 2C, 2D, and 3). This

implied that the long arm flexibly moves away from the E

site to avoid clashing with the ongoing translational process.

This strong binding to the 40S subunit with only the HCV

IRES body is consistent with the previous mutational study,

which showed that the deletion of the long arm minimally

changes the Kd value: 1.9 ± 0.3 nM (wild-type) to 3.1 ±

0.2 nM (D the long arm) (Kieft et al., 2001). Taken together,

we have shown how the HCV IRES, consisting of three struc-

tural entities, binds to the 80S ribosome translating cap-

dependently in a manner that allows the tight interaction

with the 40S subunit without interfering with the structural el-

ements involved in the ongoing translation.
Molecular Cell 74, 1205–1214, June 20, 2019 1207



Table 1. Cryo-EM Data Collection, Refinement, and Validation Statistics

(i) (EMDB:

EMD-9699)

(ii) (EMDB: EMD-9701)

(PDB: 6IP5)

(iii) (EMDB: EMD-9702)

(PDB: 6IP6)

(iv) (EMDB: EMD-9703)

(PDB: 6IP8)

(v) (EMDB:

EMD-9704)

Data Collection and Processing

Magnification 33,500

Voltage (kV) 200

Electron exposure (e–/Å2) 50

Defocus range (mm) 1.5–3.5

Pixel size (Å) 1.49

Symmetry C1

Initial particle images (no.) 52,591 108,337 349,544

Final particle images (no.) 27,869 40,295 21,303 48,923 23,546

Map resolution (Å) 4.5 3.9 4.5 3.9 4.5

Map resolution FSC threshold 0.143 0.143 0.143 0.143 0.143

Map sharpening B factor (Å2) �134 �108 �124 �113 �127

Refinement

Model composition, non-hydrogen atoms 220,009 219,084 222,618

Model composition, protein residues 11,549 11,334 11,763

Model composition, RNA residues 5,847 5,885 5,890

RMSD, bond lengths (Å) 0.64 0.79 0.53

RMSD, bond angles (�) 1.07 1.14 1.01

Validation, MolProbity score 1.99 2.82 1.77

Validation, clashscore 7.23 8.36 5.58

Validation, poor rotamers (%) 0.46 0.41 0.34

Validation, RNA pucker outliers (%) 0 0 0

Ramachandran plot, favored (%) 88.41 89.23 92.40

Ramachandran plot, allowed (%) 11.36 10.50 7.05

Ramachandran plot, disallowed (%) 0.23 0.27 0.55
Single-Molecule Experiments Revealed that the
HCV IRES Captures the Ribosome Translating
Cap-Dependently
To examine if the HCV IRES binds to the translating ribosome

not only under the stalled conditions using antibiotics or the

hCMV uORF2 stalling sequence, but also under regular condi-

tions, we performed single-molecule experiments using total

internal reflection fluorescence (TIRF) microscopy. The cap-

dependently translating ribosomes were trapped on the

microscope slide using the N-terminal HA sequence in the

nascent chain (Figure 4A). The fluorescently (Cy5) labeled

HCV IRES was then added onto the slide, and after a wash

with buffer, the fluorescent spots were counted. As ex-

pected, more fluorescent spots were identified, as com-

pared with the three negative controls: absence of mRNA,

absence of anti-HA antibody, and masking with non-labeled

HCV IRES before applying Cy5-HCV IRES. These data indi-

cate the co-localization of the cap-dependently translating

ribosome and the HCV IRES at the single-molecule level

(Figures 4B and 4C; Figure S6). Therefore, this result

shows that the HCV IRES can bind to the cap-dependently

translating ribosome, even without the induction of ribosomal

stalling.
1208 Molecular Cell 74, 1205–1214, June 20, 2019
The HCV IRES Can Bind to an 80S Ribosome Translating
Its Own mRNA
Next, we performed cryo-EM analyses to determine whether the

HCV IRES remains on the ribosome translating its own down-

stream ORF (Figure S1C). To do so, we used the in vitro recon-

stituted translation system, in which the ribosome initiates

translation in amanner dependent on the HCV IRES, in combina-

tion with the uORF2 from hCMV gpUL4 (Figure 5A; Table S1).

Observations of the structural features of the uORF2 peptide in

the ribosomal exit tunnel confirmed that the prepared complex

had initiated translation in an HCV IRES-dependent manner, as

also confirmed by western blotting (Figure 5B; Figure S3C).

The cryo-EM structure revealed the HCV IRES remaining on

the 40S-subunit platform of the 80S ribosome translating its

downstream mRNA, in the same manner as in the cap-depen-

dent complex described above (Figure 5C; structure iv in Table

1; Figures S2C and S5B). In addition, in this case, eRF1 binding

to the A site was also observed (Figures 5C and 5D). This eRF1

binding is consistent with the previously reported 80S ribosome

stalled in a uORF2-dependent manner (Matheisl et al., 2015).

Since the cryo-EM density of eRF1 was not identified in the

cap-dependent case, some extra factors for the cap-dependent

translation might underlie this difference.
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Figure 3. Minimal Motif of the HCV IRES for Binding to the Translating 80S Ribosome

(A) Cryo-EM structure of the HCV IRES binding to the vacant 80S ribosome. The bound HCV IRES (ivory) and the 40S subunit (gray) from EMDB: EMD-3019 are

shown (Quade et al., 2015). Beside the body region of the HCV IRES, the long arm is clearly visible in this structure because the ribosomal E site is empty.

(B) Cryo-EM structure of the HCV IRES bound to the translating 80S ribosome, revealed in this study. Only the body region (orange) of the HCV IRES is visible on

the platform of the 40S subunit (gray).

(C) Ribbon model of the HCV IRES bound to the translating 80S ribosome compared to that bound to the pre-translational vacant 80S ribosome (Quade et al.,

2015). Atomic models proposed from the cryo-EM structures shown in panels (A) and (B) are compared. The long arm consisting of domain II is highly disordered

and not modeled in the currently determined complexes, suggesting that it flexibly moves away from the E site.
Interestingly, through the3Dclassification,we identifiedanother

conformation of the HCV IRES-bound 80S ribosome, which har-

bors the A/P hybrid state of the tRNA and the rotated ribosomal
A

B C
conformation (Figure 6; structure v in Table 1; Figure S2C). In the

translation elongation cycle, the 80S ribosome moves between

the rotated and non-rotated conformations, in which the 40S and
Figure 4. Single-Molecule Measurements

(A) The elongating ribosome is captured on the

slide surface of the microscope flow chamber via

the interaction between the N-terminal HA in the

nascent chain and the biotin-conjugated anti-HA

antibody. The Cy5-labeled HCV IRES was then

added, and the fluorescent spots of the Cy5-HCV

IRES immobilized on the elongating ribosome

were observed. The flow chamber was washed

with buffer before and after the addition of the

Cy5-HCV IRES.

(B) The images of the Cy5-HCV IRES in the sample

and the negative control (�mRNA), which corre-

spond to the data indicated by the red and blue

arrows, respectively, in Figures S6B and S6C, are

presented. The white bars in the images indicate

10 mm.

(C) Number of fluorescent spots. The averages

and the standard deviations are shown by square

bars and error bars, respectively. The numbers of

analyzed images are indicated at the top. The

number of fluorescent spots observed for the

sample is statistically higher than those for

the negative controls, as determined by an un-

paired t test with Welch’s correction (p < 0.01).

Molecular Cell 74, 1205–1214, June 20, 2019 1209
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Figure 5. Cryo-EM Structure of the HCV IRES in Complex with the 80S Ribosome Translating the mRNA Downstream of the HCV IRES

(A) Schematic description of the mRNA structure prepared for the HCV IRES-dependent translation in the cryo-EM study. The upper numbers represent the base

numbers of the ORF.

(B) HCV IRES-dependent peptide synthesis (left two lanes) was stalled by the hCMV uORF2 sequence, which was confirmed by western blotting using a

PA-antibody and RNase treatment. The deletion of HCV IRES domain II decreased the efficiency of protein synthesis (right two lanes).

(C) Cryo-EM structure of the HCV IRES binding to the 80S ribosome that initiated translation in an HCV IRES-dependent manner.

(D) Close-up view of the inter-subunit environment and the bound HCV IRES with its downstream mRNA. The same map omitting the 40S- and 60S-subunit

densities of (C), showing that the 80S ribosome holds the peptidyl-tRNA at the P site (yellow and green) and eRF1 at the A site (purple). The thumbnail of the overall

structure with the transparent 60S subunit is shown at the lower right.
60S subunits associate at different angles, for the translocation of

tRNAandmRNA (Figures 6Band6C). In the twodifferent identified

conformations, the 40S subunit and the HCV IRES interact with

each other in the same manner (Figure 6A). These structural fea-

tures are consistent with the results of the single-molecule exper-

iment described above and indicate that the HCV IRES is able to

retain the captured 40S subunit of the different forms of the 80S

ribosome during its downstreammRNA translation.

The Concurrent Cap-Dependent Translation Enhances
the HCV IRES-Dependent Translation
To determine whether the translating ribosome captured by the

HCV IRES actually contributes to IRES-dependent translation,

we performed mRNA competition experiments. The concentra-

tion of the ribosome was set to 0.1 mM throughout the experi-

ments. When a fixed amount (0.25 mM) of the 50-capped mRNA

encoding Renilla luciferase (cap-RLuc) was mixed with various

amounts (0–1.0 mM) of the 50-capped mRNA encoding firefly

luciferase (cap-FLuc2), the production of the two luciferase pro-

teins was competitive (left in Figure 7A). An increase in the
1210 Molecular Cell 74, 1205–1214, June 20, 2019
amount of cap-FLuc2 increased the production of the firefly lucif-

erase and reduced that of the Renilla luciferase from cap-RLuc.

Next, the 50-HCV IRES-attached mRNA encoding Renilla lucif-

erase (IRES-RLuc) was mixed with cap-FLuc2 in the same

manner. Surprisingly, an increase in the amount of cap-FLuc2

enhanced the production of both the Renilla and firefly lucifer-

ases from IRES-RLuc and cap-FLuc2, respectively (right in

Figure 7A). These results indicate that the concurrent cap-

dependent translation positively contributes to the HCV IRES-

dependent translation. In other words, the ribosome translating

cap-dependently is likely to be a better substrate for the HCV

IRES than the non-translating free ribosome.

DISCUSSION

Considering the present results, we perceive how the HCV

genomic RNA hijacks the translational machinery (Figure 7B).

When the HCV genomic RNA is released into the reaction pool,

theHCV IRESbinds to the40Ssubunit, regardlessofwhether it ex-

ists alone (state VI in Figure 7B) or as part of the translating 80S
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Figure 6. The Structures of the HCV IRES Binding to the Translating 80S Ribosomes with the 40S Subunit in the Rotated and Non-rotated

States

(A) The HCV IRES-bound translating 80S ribosomes in the rotated (structure v in Table 1 and Figure S2C) and non-rotated (structure iv in Table 1 and Figure S2C)

states were aligned with the 40S-subunit portion, which shows that the binding manners between the HCV IRES and the 40S subunit are the same in the two

structures. Solid and light-blue semitransparent densities show non-rotated and rotated states, respectively.

(B) The same structures were aligned with the 60S-subunit portion, which shows the relative rotation of the HCV IRES-bound 40S subunit between the two

structures.

(C) Comparison of the tRNAmolecules in the inter-subunit cavities in the two structures. The thumbnail of the overall structure with the 80S ribosome is shown at

the lower right.
ribosome (state I in Figure 7B), but only if the ribosome is free of

eIF3. The translation initiation factor eIF3 tends to leave the trans-

lating 80S ribosomes, as compared with the 40S subunit (Asano

et al., 1997; Mengod and Trachsel, 1985), and therefore the HCV

IRESmay encounter the eIF3-free 80S ribosomes with high prob-

ability.Once theHCV IRESbodycaptures the translating80S ribo-

some, the HCV genomic RNA is likely to remain bound to the 40S

subunit through the HCV IRES body until the ongoing translation

terminates (state II in Figure 7B). After the translation termination

(state III in Figure 7B), the HCV IRES long arm approaches the E

site and inserts its downstream RNA into the mRNA path on the

40S subunit (state IV in Figure 7B) to initiate its own translation

(states IV to V in Figure 7B). Considering that the concurrent

cap-dependent translation enhances the HCV IRES-dependent

translation, an unknown mechanism that facilitates the HCV

IRES-dependent translation might exist between states II and V.

Furthermore, theHCV IRESbodycan retain thecaptured40Ssub-

unit of the 80S ribosome while its own downstream viral polypep-

tide is translated (state V in Figure 7B). The HCV genomic RNA

could potentially repeat the translation of the viral polypeptide

on the same 40S subunit in a manner referred to as ‘‘reinitiation’’

(states V to III in Figure 7B). Further experiments are necessary

to confirm whether the currently proposed mechanism actually

occurs in the cell. However, the HCV IRES is likely to utilize a so-

phisticated process to hijack the host translational machinery

while translation is ongoing.

The 30-UTR of the HCV genomic RNA also reportedly binds to

the 40S subunit (Bai et al., 2013), and thus the behavior and func-
tion of the 30-UTR during translation are also interesting. Conse-

quently, theHCVgenomicRNA, holding the IRES in the 50-UTR, is
efficiently translated into the HCV viral polypeptide. The resultant

efficiently produced viral proteins eventually support the replica-

tion of the HCV genomic RNA. Although the currently proposed

ribosome-hijacking mechanism seems to be unique to the IRESs

from HCV, its closely related pestiviruses (Pestova and Hellen,

1999; Pestova et al., 1998), and somepicornaviruses (Bakhshesh

et al., 2008; de Breyne et al., 2008; Pisarev et al., 2004; Willcocks

et al., 2011), a similar mechanism might be employed by other

kinds of IRESs. We hope that this study provides an opportunity

to further investigate the common and specific mechanisms of

the IRES functions by multidisciplinary approaches.
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Figure 7. Translation Machinery Hijacking by the HCV IRES

(A) mRNA competition experiments between the fixed amount (0.25 mM) of (left) 50-capped mRNA encoding Renilla luciferase (cap-RLuc) or (right) 50-HCV IRES-

mRNA encodingRenilla luciferase (IRES-RLuc) and various amounts (0–1.0 mM) of 50-cappedmRNA encoding firefly luciferase (cap-FLuc2). The production of the

two luciferases after 15, 30, 45, and 90 min was measured. Experiments were performed in triplicate, and bars display mean ± SD.

(B) (I) A ribosome translates a different mRNA from the HCV IRES-downstreammRNA. (II) The HCV IRES captures the translating 80S ribosome. (III) The HCV IRES

remains bound to the 40S subunit after translation termination. (IV) The HCV IRES places its downstreammRNA onto the 40S subunit, using its long arm. (V) The

HCV IRES retains the captured 80S ribosome that translates its own downstream mRNA. (VI) A free 40S subunit is also a target of the HCV IRES.
B Single-molecule experiment

B mRNA competition experiment

B The transcribed RNA sequences used in this study

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND SOFTWARE AVAILABILITY

B Data Resources

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

molcel.2019.04.022.

ACKNOWLEDGMENTS

We thank Prof. Y. Tomari at the University of Tokyo for experimental advice

and K. Hanada for technical assistance. This research was supported by

Grants-in-Aid for Scientific Research on Innovative Areas ‘‘Nascent Chain
1212 Molecular Cell 74, 1205–1214, June 20, 2019
Biology’’ (JP15H01548 and JP17H05677 to T.I. and JP26116002 to H.I.),

‘‘Live-Protein Dynamics,’’ (JP15H01656 and JP17H05897 to H.S.) and ‘‘Non-

coding RNA Neo-taxonomy’’ (JP26113007 to H.T.) and Grants-in-Aid for

Scientific Research (B) (JP16H04756 to T.I., JP15H04324 to H.I., and

JP16KT0068 to H.T.) from the Japan Society for the Promotion of Science

(JSPS), Basis for Supporting Innovative Drug Discovery and Life Science

Research (BINDS) (JP18am0101082) from the Japan Agency for Medical

Research and Development (AMED), the Takeda Science Foundation, the

RIKEN Pioneering Project ‘‘Dynamic Structural Biology,’’ and the Cooperative

Research Program of the Institute for Protein Research, Osaka University

(CRa-18-01 to H.T. and T.I.).
AUTHOR CONTRIBUTIONS

T.Y., H.S., and T.I. performed cryo-EM experiments and structural analyses;

T.Y., K.M., W.I., T.S., M.N., M.T., A.S., M.Y., M.S., H.I., and T.I. prepared the

samples and performed the biochemical experiments; W.I., Y.H., H.T., and

T.I. performed the single-molecule experiments; and H.T., H.I., and T.I.

https://doi.org/10.1016/j.molcel.2019.04.022
https://doi.org/10.1016/j.molcel.2019.04.022


supervised the project. T.Y., K.M., W.I., H.T., H.I., and T.I. wrote the manu-

script with contributions from all of the authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: May 24, 2018

Revised: February 20, 2019

Accepted: April 15, 2019

Published: May 9, 2019

REFERENCES
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

T4 DNA ligase Takara Bio Cat# 2011A

Agencourt RNAClean XP Beckman Coulter Cat#A63987

Cycloheximide Nacalai Tesque Cat# 06741

RNase inhibitor Takara Bio Cat# 2313A

Sepasol-RNA I Super G Nacalai Tesque Cat# 09379

T7 RNA polymerase Takara Bio Cat# 2540A

PA peptide (NH2-EGGVAMPGAEDDVV-COOH) PH Japan N/A

XhoI Takara Bio Cat# 1094A

FreeStyle293 Expression Medium Thermo Fisher Scientific Cat# 12338

Opti-MEM Thermo Fisher Scientific Cat# 31985

293fectin Transfection Reagent Thermo Fisher Scientific Cat# 12347

Polyethylenimine ‘‘Max’’ (MW 40,000) Polyscience Cat# 24765-1

DMEM, High Glucose, GlutaMax Supplement Thermo Fisher Scientific Cat# 10566

US Bovine Calf Serum GE Healthcare Cat# SH30073

Amino Acid Mixture, Complete Promega Cat# L4461

Spermidine Trihydrochloride Nacalai Tesque Cat# 32110-54

Phosphocreatine Disodium Salt Nacalai Tesque Cat# 27604-12

Creatine Phosphokinase Sigma-Aldrich Cat# C3755

Ribonucleoside Triphosphate Set Sigma-Aldrich Cat# 11277057001

m7G(50)ppp(50)G RNA Cap Structure Analog New England Biolabs Cat# S1404

Dual-Luciferase Reporter Assay System Promega E1910

Lipidure BL-1002 NOF Corp Cat# Lipidure BL-1002

Human eIF1 Machida et al., 2018 N/A

Human eIF1A Machida et al., 2018 N/A

Human eIF2 Machida et al., 2018 N/A

Human eIF2B Machida et al., 2018

and this paper

N/A

Human eIF3 Machida et al., 2018 N/A

Human eIF4A Machida et al., 2018 N/A

Human eIF4B Machida et al., 2018 N/A

Human eIF4G Machida et al., 2018

and this paper

N/A

Human eIF4E Machida et al., 2018 N/A

Human eIF5 Machida et al., 2018 N/A

Human eIF5B Machida et al., 2018 N/A

Human PABP Machida et al., 2018 N/A

Human DHX29 Machida et al., 2018

and this paper

N/A

Human tRNA mixture Machida et al., 2014 N/A

Human 40S ribosomal subunit Machida et al., 2014 N/A

Human 60S ribosomal subunit Machida et al., 2014 N/A

Human eEF1A/Ba/Bg Machida et al., 2014

and this paper

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human eEF2 Machida et al., 2014 N/A

Human eRF1/3 Machida et al., 2014 N/A

Human ARS mixture Machida et al., 2014 N/A

Human PPA1 Machida et al., 2014 N/A

Critical Commercial Assays

HiTrap Q HP GE Healthcare Cat# 17-1154-01

HiPrep 26/10 Desalting GE Healthcare Cat# 17-5087-01

ANTI-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220; RRID: AB_10063035

Anti-PA tag, Rat Monoclonal Antibody,

Peroxidase Conjugated

Wako Pure Chemical Cat# 015-25951

Anti-PA tag Antibody Beads Wako Pure Chemical Cat# 018-25843

Amicon Ultra 0.5 mL filter unit (MWCO 30K) Merck Cat# UFC503096

Anti-HA-Biotin, High Affinity (3F10) Roche Cat# 12158167001; RRID: AB_390915

Deposited Data

Structure of the cap-dependently-initiated uORF2-

stalled translating 80S ribosome without the HCV

IRES (structure ii)

This paper PDB: 6IP5

Structure of the cap-dependently-initiated uORF2-

stalled translating 80S ribosome with the bound

HCV IRES (structure iii)

This paper PDB: 6IP6

Structure of the HCV IRES-dependently-initiated

uORF2-stalled translating 80S ribosome (structure iv)

This paper PDB: 6IP8

Cryo-EM map of the cap-dependently-initiated uORF2-

stalled translating 80S ribosome (structure i)

This paper EMDB: EMD-9699

Cryo-EM map of the cap-dependently-initiated uORF2-

stalled translating 80S ribosome without the HCV

IRES (structure ii)

This paper EMDB: EMD-9701

Cryo-EM map of the cap-dependently-initiated uORF2-

stalled translating 80S ribosome with the HCV IRES

(structure iii)

This paper EMDB: EMD-9702

Cryo-EM map of the HCV IRES-dependently-initiated

uORF2-stalled translating 80S ribosome in non-rotated

state (structure iv)

This paper EMDB: EMD-9703

Cryo-EM map of the HCV IRES-dependently-initiated

uORF2-stalled translating 80S ribosome in rotated

state (structure v)

This paper EMDB: EMD-9704

Experimental Models: Cell Lines

HEK293T RIKEN BRC RCB2202

FreeStyle 293-F cells Thermo Fisher Scientific Cat# R79007

Oligonucleotides

pEBMulti-Neo Wako Pure Chemical Cat# 057-08131

Recombinant DNA

Human eIF2Ba cloned into pEBMulti-Neo This paper N/A

Human eIF2Bb cloned into pEBMulti-Neo This paper N/A

Human eIF2Bg cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A

Human eIF2Bd cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A

Human eIF2Bε cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human eIF4G fragment encoding aa 84-1599 cloned

into pEBMulti-Neo, expressed with N-terminal FLAG

and C-terminal His8 tags

This paper N/A

Human DHX29 cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A

Human eEF1A cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A

Human eEF1Ba cloned into pEBMulti-Neo This paper N/A

Human eEF1Bg cloned into pEBMulti-Neo, expressed

with the N-terminal His8 tag

This paper N/A

pUC-T7-PA-HA-2A-uORF2-polyA This paper N/A

pUC-T7-HCV-PA-2A-uORF2 This paper N/A

Software and Algorithms

SerialEM Mastronarde, 2005 http://bio3d.colorado.edu/SerialEM/

MotionCor2 Zheng et al., 2017 https://msg.ucsf.edu/software

CTFFIND4 Rohou and Grigorieff, 2015 http://grigoriefflab.janelia.org/ctffind4

Gautomatch Dr. Kai Zhang https://www.mrc-lmb.cam.ac.uk/kzhang/

Relion 2 Kimanius et al., 2016 https://www3.mrc-lmb.cam.ac.uk/

relion/index.php/Main_Page

Coot Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Phenix Adams et al., 2010 https://www.phenix-online.org/

UCSF Chimera v.1.11.2 Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX v.0.1 Goddard et al., 2018 https://www.rbvi.ucsf.edu/chimerax/

PyMOL Schrödinger https://pymol.org/2/

ImageJ N/A https://imagej.nih.gov/ij/

Other

TRIAX Flow cell detector Biocomp N/A

ImageQuant LAS 4000 GE Healthcare N/A

Lumat LB9507 Berthold Technologies N/A

Quantifoil R1.2/1.3 300 mesh copper grids Quantifoil Micro

Tools GmbH

N/A

Vacuum evaporator JEE-420 JEOL N/A

PID-10 Plasma Ion Bombarder Vacuum Device N/A

Vitrobot Mark IV Thermo Fisher Scientific N/A

Tecnai Arctica Thermo Fisher Scientific N/A

K2 Summit direct electron detector Gatan N/A

IX73 Olympus N/A

APON 60XOTIRF Olympus N/A

helium-neon Laser Melles Griot 05-LHP-991

iXon Ultra 897 Andor Technology N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed and will be fulfilled by the Lead Contact, Takuhiro Ito (takuhiro.ito@

riken.jp).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
FreeStyle 293-F cells (Thermo Fisher Scientific) were cultured in FreeStyle293 Expression Medium (Thermo Fisher Scientific) at 37�C
in a 5% CO2 atmosphere, and were used for the overexpression of the human recombinant proteins. The transfections of the

plasmids were performed using 293fectin Transfection Reagent (Thermo Fisher Scientific) and Opti-MEM (Thermo Fisher Scientific),

or polyethylenimine (Polyscience). HEK293T mammalian cells were cultured in Dulbecco’s modified Eagle’s medium with high

glucose and GlutaMAX (Thermo Fisher Scientific), supplemented with 10% bovine calf serum (GE Healthcare), at 37�C in a 5%

CO2 atmosphere, and were used for the co-localization analysis.

METHOD DETAILS

Co-localization analysis
The 392-mer HCV 50-UTR IRES (sequence shown below) and the domain IIIbc-deleted mutated HCV IRES (Figure S1A) were pre-

pared by in vitro transcription using T7 RNA polymerase, and purified by denaturing urea polyacrylamide gel electrophoresis

(UREA-PAGE) and ion-exchange column chromatography using HiTrap Q HP resin (GE Healthcare). The fluorescently labeled

RNA was produced by enzymatic ligation between the HCV IRES and 50-Cy5-labeled DNA (Cy5-d(GGGAGACCGGCAGATCT))

with the association of the complement bridge DNA (d(CCAATCGGGGGCTGGCAGATCTGCCGGTCTCCC)) using T4 DNA ligase

(Takara Bio), and the product was purified with Agencourt RNAClean XP (Beckman Coulter).

HEK293T cells were treated with 100 mg/mL cycloheximide (Nacalai Tesque) for 3 min at 37�C, harvested, and washed twice with

ice-cold phosphate-buffered saline containing 100 mg/mL cycloheximide. Cells were lysed in 15 mM Tris-HCl buffer (pH 7.5), con-

taining 300mMNaCl, 15mMMgCl2, 100 mg/mL cycloheximide, 0.4 U/ml RNase inhibitor (Takara Bio), and 1% (v/v) Triton X-100. After

an incubation on ice for 15 min, the lysate was centrifuged at 8,400 g for 5 min. Ten O.D.280 units of the cytoplasmic extract were

supplemented with 150 pmol Cy5-labeled HCV IRES. The mixture was placed on ice for 30 min, and then layered onto a

10%–50% sucrose gradient in 15 mM Tris-HCl buffer (pH 7.5), containing 300 mM NaCl, 15 mM MgCl2, and 100 mg/mL cyclohex-

imide. After centrifugation at 28,000 rpm for 3 h at 4�C in a BeckmanSW28 rotor, the gradient was fractionated using a piston gradient

fractionator equipped with a TRIAX flow cell detector (Biocomp), which generated 1 mL fractions. Due to instrument limitations, the

absorbance at 280 nm and the fluorescence intensities were recorded separately. The RNA components in a 0.5 mL sample from

each fraction were extracted using Sepasol-RNA I Super G (Nacalai Tesque), and analyzed by UREA-PAGE. The Cy5-labeled

HCV IRES was detected with an ImageQuant LAS 4000 image analyzer (GE Healthcare).

Sample preparation for electron microscopy
The factors required for cap-dependent and HCV IRES-dependent in vitro translation were prepared basically as described

previously (Machida et al., 2014, 2018), except that the following factors were produced as described below. The five subunits of

human eIF2B were co-expressed in FreeStyle 293-F cells (Thermo Fisher Scientific) with the five pEBMulti-Neo plasmid vectors

(Wako Pure Chemical), and the g, d, and ε subunits had N-terminal His8 tags. The human eIF4G fragment, encoding aa 84-1,599,

was expressed in FreeStyle 293-F cells with the pEBMulti-Neo plasmid vector, and the expressed protein had N-terminal FLAG

and C-terminal His8 tags. Human DHX29 was expressed in FreeStyle 293-F cells with the pEBMulti-Neo plasmid vector, and the

expressed protein had an N-terminal His8 tag. Human eEF1A, eEF1Ba, and eEF1Bg were co-expressed in FreeStyle 293-F cells

with the three pEBMulti-Neo plasmid vectors, and eEF1A and eEF1Bg had N-terminal His8 tags.

The mRNA for the cap-dependent translation was prepared basically as described (Machida et al., 2018), except that the plasmid

pUC-T7-PA-HA-2A-uORF2-polyA, digested by XhoI (Takara Bio), was used as the template for transcription by T7 RNA polymerase

(Takara Bio). The cap-dependent in vitro translation was performed basically as described (Machida et al., 2018), typically with a

200�300 mL reaction volume. For the confirmation of the cap-dependent protein synthesis (Figure 2B), capped- and uncapped-

PA-HA-2A-uORF2 mRNAs were prepared. RNase A (0.01 mg/ml) was added to one-half aliquot of the 10 mL reaction solution, and

incubated at 32�C for 15 min. The samples with and without the RNase addition were analyzed by western blotting, using a

peroxidase-conjugated anti-PA antibody (Wako Pure Chemical). The uORF2-dependently stalled human ribosome was purified

using anti-PA tag antibody beads (Wako Pure Chemical), initialized with PA buffer composed of 20 mM HEPES-KOH buffer (pH

7.5), 100 mM KCl, 5 mM Mg(OAc)2, 1 mM DTT, and 10% glycerol. A 2�3:1 volume ratio of the translated sample and the initialized

beads was mixed, and incubated overnight at 4�C with gentle rotation. The 50 mL bed volume of the beads was transferred to an

empty column, and washed three times with 90 3 g centrifugation for 10 s with 500 mL PA buffer supplemented with 0.5% Triton

X-100, and subsequently three times with 500 mL PA buffer. The sample was eluted five times with 100 mL PA buffer supplemented

with 200 mg/mL PA peptide (NH2-GVAMPGAEDDVV-COOH) after an incubation on ice for 15min, and concentrated using an Amicon

Ultra 0.5 mL filter unit (MWCO 30K) (Merck). The HCV IRES was supplemented with�30 nM of the purified stalled 80S ribosome, to a

final concentration of 50 nM.

The HCV IRES-dependent in vitro translation was performed as described previously (Machida et al., 2014), except that the

XhoI-digested pUC-T7-HCV-PA-2A-uORF2 plasmid was used as the template. For the confirmation of the HCV IRES-

dependent protein synthesis (Figure 5B), wild-type HCV IRES- and Ddomain II HCV IRES-PA-HA-2A-uORF2 mRNAs were prepared.
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The reaction solution was examined in the same manner as the cap-dependent protein synthesis. The stalled human ribosome was

purified in the same manner as the cap-dependently initiated sample, without the final supplementation with the HCV IRES. The se-

quences of the transcribed RNAs used in this study are provided below.

Electron microscopy, image processing, 3D reconstruction, and structural modeling
Quantifoil R1.2/1.3 300mesh copper grids (Quantifoil Micro Tools GmbH) were covered with a homemade thin carbon film, prepared

using a JEE-420 vacuum evaporator (JEOL). Immediately before the sample application to the grid, the carbon-coated grids were

glow discharged at 5 mA for 10 s with a PID-10 Plasma Ion Bombarder (Vacuum Device). A 3 mL portion of each ribosomal complex

at a 30 nM concentration was applied to the grid for vitrification by the flash-freezing technique, using an automated plunging device,

Vitrobot Mark IV (Thermo Fisher Scientific). Automated data acquisition was performed with the SerialEM program (Mastronarde,

2005) on a Tecnai Arctica transmission electron microscope (Thermo Fisher Scientific), operated at 200 kV accelerating voltage.

Images were obtained at a magnification of 33,557 and a defocus range between �1.5 mm to �3.5 mm, by the super resolution

mode of the K2 Summit direct electron detector (Gatan). The total exposure dose on the specimen was 50 e- Å-2. The obtainedmovie

micrographs were motion corrected with the MotionCor2 program (Zheng et al., 2017), with dose weighting. The CTFs of the motion-

corrected micrographs were estimated with the CTFFIND4 software (Rohou and Grigorieff, 2015). Ribosome particle picking was

performed with Gautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch). Subsequently, all image processing was per-

formed with the Relion 2 package (Kimanius et al., 2016). The detailed image processing scheme is described as follows.

1) Cap-dependently-initiated uORF2-stalled translating 80S ribosome

A total of 52,591 particleswere extracted from1,829motion-correctedmicrographs, and subsequentlywere used for reference-free 2D

classification to remove junk or particles with poor quality. The remaining 43,865 particles were refined to obtain a consensus recon-

struction (4.2 Å). The 3D classification was performed with a local angular search, starting from the aligned particle set from the

consensus reconstruction, to yield uORF-stalled 80S particles with two bound tRNAs (Figure S2A). Subsequently, 27,869 particles

from selected classes (64% of the total) were refined (structure i in Figure S2A) to the 4.5-Å resolution structure (Figure S7A). The local

resolution of the cryo-EM structure was calculated with the ResMap program (Kucukelbir et al., 2014), and is shown in Figure S7B.

2) Cap-dependently-initiated uORF2-stalled translating 80S ribosome with bound HCV IRES

A total of 108,337 particles were extracted from 2,960 motion-corrected micrographs. A 2D classification was performed, and the

remaining 91,954 particles were used to obtain the consensus reconstruction (3.7 Å), and subsequently 3D classification was per-

formed (Figure S2B). The largest population (40,295 particles, 44% of the total) was further refined to 3.9 Å (structure ii in Figure S2B,

and Figure S7A), and the local resolution was calculated (Figure S7C). The second largest population (21,303 particles, 23% of the

total) was refined to 4.5 Å (structure iii in Figure S2B, and Figure S7A). The local resolution was calculated (Figure S7D).

3) HCV IRES-dependently-initiated uORF2-stalled translating 80S ribosome

A total of 349,544 particles were extracted from 6,188 motion-corrected micrographs. Subsequent 2D classification and 3D recon-

struction of the remaining 322,205 particles were performed to obtain the consensus map (3.4 Å). A 3D classification with local

angular searches was performed (Figure S2C). The cryo-EM structure reconstructed from the largest population (109,998 particles,

36%of the total) represented the densities attributed to the nascent chain derived from uORF2, P-tRNA, eRF1, and the HCV IRES. To

confirm the simultaneous binding of eRF1 and the HCV IRES to the 80S ribosome, the focused classification with signal subtraction

for the region corresponding to eRF1 was performed (Bai et al., 2015; von Loeffelholz et al., 2017). The selected population with the

eRF1 density was used for the further focused classification for the HCV IRES. The selected particles with the HCV IRES density

(48,923 particles, 16% of the total) were refined to the resolution of 3.9 Å (structure iv in Figure S2C, and Figure S7A). The local res-

olution was calculated (Figure S7E). The cryo-EM structure reconstructed from the class selected in the first round of the 3D clas-

sification (23,546 particles, 8% of the total) represented the cryo-EM density for the HCV IRES in the rotated state of the 80S particle.

The particles in this class were refined to the resolution of 4.5 Å (structure v in Figure S2C, and Figure S7A), and the local resolution

was calculated (Figure S7F).

The structural models were constructed using the program Coot (Emsley et al., 2010), and the starting model was composed of the

previously determined structures of the 80S ribosome (PDB: 5LKS and PDB: 6EK0) (Myasnikov et al., 2016; Natchiar et al., 2017), a

peptidyl-tRNA (Chain 2, PDB: 5LZU) (Shao et al., 2016), eRF1 (Chain Q, PDB: 5A8L) (Matheisl et al., 2015), mRNA (Chain R, PDB:

5A8L) (Matheisl et al., 2015), the uORF2 peptide (Chain Z, PDB: 5A8L) (Matheisl et al., 2015), and the HCV IRES (Chain Z, PDB:

5FLX) (Yamamoto et al., 2015). The topology of the entire structure was refined using phenix.real_space_refine (Adams et al., 2010).

Refinement and model statistics are presented in Table 1. Graphical figures of the density maps and the models were

prepared using the programs UCSF Chimera (Pettersen et al., 2004), UCSF ChimeraX (Goddard et al., 2018), and PyMOL (https://

pymol.org/2/).

Single-molecule experiment
Single-molecule images were visualized with a total internal reflection fluorescence (TIRF) microscope mounted on an inverted type

microscope (IX73, Olympus) with a 60x objective lens (APON 60XOTIRF, Olympus), basically as previously described (Iwasaki et al.,

2015; Yao et al., 2015; Zhou et al., 2011). The Cy5 dye was illuminated with a helium-neon Laser (632.8 nm, 05-LHP-991, Melles

Griot), and projected onto a back-illuminated electron-multiplying charge-coupled device (EMCCD) camera (iXon Ultra 897, Andor

Technology).
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The flow chamber for single-molecule observations was composed of a PEG/biotinylated-PEG-coated quartz slide and a

PEG-coated glass coverslip, as previously described (Sasaki et al., 2018). Before sample loading, the flow chamber was infused

with 15 mL of 2.5 mg/mL neutravidin, and then washed with 50 mL ribosome buffer, consisting of 20 mM HEPES-KOH buffer

(pH 7.5), 10% glycerol, 0.1 M KCl, and 6 mM Mg(OAc)2. A 5.7 mL translation reaction mixture, containing 234 nM cap-HA-Rluc-

myc-polyA mRNA, 423 nM ribosome, and 176 nM biotinylated anti-HA Fab (Roche), was incubated at 32�C for 1 hr. In this reaction

solution, a certain amount of the elongating ribosomes exists, as judged by the luciferase assay, and the solution was loaded into

the chamber after supplementation with 25 mL ribosome buffer. The chamber was washed with 30 mL ribosome buffer containing

0.5% 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer (Lipidure BL-1002; NOF Corp., Tokyo, Japan), and then 30 mL of

50 nM Cy5-labeled HCV IRES, identical to that used in the co-localization experiment, in the same buffer was loaded. The unbound

Cy5-IRES was removed by washing with 30 mL ribosome buffer and 30 mL ribosome buffer containing 0.5% MPC polymer. Images

were taken at a frame rate of 1 frames/s, and were analyzed using the ImageJ software (https://imagej.nih.gov/ij/). The fluorescent

intensity of the spots within 200 3 300 pixels (�53 3 80 um2) in the center of the view field was measured, and only spots with

fluorescence intensities greater than 3.7s of the background intensity were counted, in order to exclude shot noise.

mRNA competition experiment
The factors for in vitro translation were mixed as described previously (Machida et al., 2018), except that the concentrations of the

40S and 60S ribosomal subunits were 0.1 mM. The template mRNAs of cap-HA-Rluc-FLAG-polyA or HCVIRES-HA-Rluc-FLAG were

mixed to achieve final concentrations of 0.25 mM, and the counter mRNA of the cap-HA-Fluc2-polyA was added at final concentra-

tions of 0, 0.25, 0.5, and 1.0 mM. The reactions were performed at 32�C, and 0.3 mL aliquots obtained after 15, 30, 45, and 90 min

reactions were analyzed by the Dual-Luciferase Reporter Assay System (Promega) and Lumat LB9507 (Berthold Technologies).

The transcribed RNA sequences used in this study
The RNA sequences of the HCV IRES are shown in italics, those of the ORFs are shown in bold, those for the PA tag are double

underlined, and those of the uORF2 sequences are underlined.

1) RNA sequence of the HCV 50-UTR (for the colocalization, cryo-EM, and single molecule experiments)

GCCAGCCCCCGAUUGGGGGCGACACUCCACCAUAGAUCACUCCCCUGUGAGGAACUACUGUCUUCACGCAGAAAGCGUCUA

GCCAUGGCGUUAGUAUGAGUGUCGUGCAGCCUCCAGGACCCCCCCUCCCGGGAGAGCCAUAGUGGUCUGCGGAACCGGU

GAGUACACCGGAAUUGCCAGGACGACCGGGUCCUUUCUUGGAUCAACCCGCUCAAUGCCUGGAGAUUUGGGCGUGCCCCC

GCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAAGGCCUUGUGGUACUGCCUGAUAGGGUGCUUGCGAGUGCCCCGG

GAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCCUAAACCUCAAAGAAAAACCCUGCUCCCCAAUCGAUGA

2) RNA sequence of the HCV 50-UTR lacking domains IIIb and IIIc (for the colocalization experiment)

GCCAGCCCCCGAUUGGGGGCGACACUCCACCAUAGAUCACUCCCCUGUGAGGAACUACUGUCUUCACGCAGAAAGCGUCUA

GCCAUGGCGUUAGUAUGAGUGUCGUGCAGCCUCCAGGACCCCCCCUCCCGGGAGAGCCAUAGUGGUCUGCGGAACCGGU

GAGUACACCGGCCCGCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAAGGCCUUGUGGUACUGCCUGAUAGGGUGCUU

GCGAGUGCCCCGGGAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCCUAAACCUCAAAGAAAAACCCUGCUCCCCAAU

CGAUGA

3) RNA sequence of the transcribed RNA with XhoI-digested pUC-T7- PA-HA-2A-uORF2-polyA (for the cryo-EM

experiment)

m7G(50)ppp(50)GGAUCAACAACAACAACCAUGGGAUCCGGCGUUGCCAUGCCAGGUGCCGAAGAUGAUGUGGUGACCAUGGA

AUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGCGAAUUCGAGAGUCCAAAUGCCCUAGACAUUUCAAGAACAUACC

CCACGUUACAUGUUCUCAUUCAAUUCAACCAUAGAGGUUUGGAGGUUAGAUUGUUUAGACAUGGACAAUUUUGGGCUGA

AACACGUGCGGACGUGAUUCUGAGAUCAAAGACCAAACAGGUCUCUUUCCUGAGCAACGGGAACUACCCGUCAAUGGAC

UCUAGAGCUCCCUGGAAUCCUUGGAAGAAUACCUACCAGGCGGUUCUAAGAGCAGAACCAUGUAGAGUGACCAUGGAUA

UAUAUUAUAAGAGAGUCAGGCCUUUUAGACUGCCCCUGGUUCAGAAGGAAUGGCCCGUGCGAGAGGAGAACGUUUUCG

GUUUGUACCGGAUCAUGCAGCCGCUGGUUCUCUCGGCGAAAAAACUGUCGUCUUUGCUGACUUGCAAAUACAUCCCGC

CUUAAGUCGACGGUACCCAAUUCAUGGCAUAAUAGGUGUUAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACUCGA

4) RNA sequence of the transcribed RNA with SalI-digested pUC-T7- PA-HA-2A-uORF2 (for the western blotting

experiment)

m7G(50)ppp(50)GGAUCAACAACAACAACCAUGGGAUCCGGCGUUGCCAUGCCAGGUGCCGAAGAUGAUGUGGUGACCAUGGA

AUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGCGAAUUCGAGAGUCCAAAUGCCCUAGACAUUUCAAGAACAUACC

CCACGUUACAUGUUCUCAUUCAAUUCAACCAUAGAGGUUUGGAGGUUAGAUUGUUUAGACAUGGACAAUUUUGGGCUGA

AACACGUGCGGACGUGAUUCUGAGAUCAAAGACCAAACAGGUCUCUUUCCUGAGCAACGGGAACUACCCGUCAAUGGACU

CUAGAGCUCCCUGGAAUCCUUGGAAGAAUACCUACCAGGCGGUUCUAAGAGCAGAACCAUGUAGAGUGACCAUGGAUAU

AUAUUAUAAGAGAGUCAGGCCUUUUAGACUGCCCCUGGUUCAGAAGGAAUGGCCCGUGCGAGAGGAGAACGUUUUCGGU

UUGUACCGGAUCAUGCAGCCGCUGGUUCUCUCGGCGAAAAAACUGUCGUCUUUGCUGACUUGCAAAUACAUCCCGCCU

UAAGUCGA
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5) RNA sequence of the transcribed RNA with XhoI-digested pUC-T7-HCV-PA-2A-uORF2 (for the cryo-EM experiment)

GGGAGACCGGCAGAUCUGCCAGCCCCCGAUUGGGGGCGACACUCCACCAUAGAUCACUCCCCUGUGAGGAACUACUGUCUU

CACGCAGAAAGCGUCUAGCCAUGGCGUUAGUAUGAGUGUCGUGCAGCCUCCAGGACCCCCCCUCCCGGGAGAGCCAUAGU

GGUCUGCGGAACCGGUGAGUACACCGGAAUUGCCAGGACGACCGGGUCCUUUCUUGGAUCAACCCGCUCAAUGCCUGGAG

AUUUGGGCGUGCCCCCGCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAAGGCCUUGUGGUACUGCCUGAUAGGGUG

CUUGCGAGUGCCCCGGGAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCCUAAACCUCAAAGAAAAACCGGAUCAGGCG

UUGCCAUGCCAGGUGCCGAAGAUGAUGUGGUGGGAUCCGAGAGUCCAAAUGCCCUAGACAUUUCAAGAACAUACCCCACG

UUACAUGUUCUCAUUCAAUUCAACCAUAGAGGUUUGGAGGUUAGAUUGUUUAGACAUGGACAAUUUUGGGCUGAAACACG

UGCGGACGUGAUUCUGAGAUCAAAGACCAAACAGGUCUCUUUCCUGAGCAACGGGAACUACCCGUCAAUGGACUCUAGAGC

UCCCUGGAAUCCUUGGAAGAAUACCUACCAGGCGGUUCUAAGAGCAGAACCAUGUAGAGUGACCAUGGAUAUAUAUUAUAA

GAGAGUCAGGCCUUUUAGACUGCCCCUGGUUCAGAAGGAAUGGCCCGUGCGAGAGGAGAACGUUUUCGGUUUGUACCGGA

UCAUGCAGCCGCUGGUUCUCUCGGCGAAAAAACUGUCGUCUUUGCUGACUUGCAAAUACAUCCCGCCUUAACUCGA

6) RNA sequence of the transcribed RNA with SalI-digested pUC-T7-HCV-PA-HA-2A-uORF2 (for the western blotting

experiment)

GGGAGACCGGCAGAUCUGCCAGCCCCCGAUUGGGGGCGACACUCCACCAUAGAUCACUCCCCUGUGAGGAACUACUGUCUU

CACGCAGAAAGCGUCUAGCCAUGGCGUUAGUAUGAGUGUCGUGCAGCCUCCAGGACCCCCCCUCCCGGGAGAGCCAUAGU

GGUCUGCGGAACCGGUGAGUACACCGGAAUUGCCAGGACGACCGGGUCCUUUCUUGGAUCAACCCGCUCAAUGCCUGGAG

AUUUGGGCGUGCCCCCGCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAAGGCCUUGUGGUACUGCCUGAUAGGGUG

CUUGCGAGUGCCCCGGGAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCCUAAACCUCAAAGAAAAACCGGAUCCGGC

GUUGCCAUGCCAGGUGCCGAAGAUGAUGUGGUGACCAUGGAAUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGC

GAAUUCGAGAGUCCAAAUGCCCUAGACAUUUCAAGAACAUACCCCACGUUACAUGUUCUCAUUCAAUUCAACCAUAGAGG

UUUGGAGGUUAGAUUGUUUAGACAUGGACAAUUUUGGGCUGAAACACGUGCGGACGUGAUUCUGAGAUCAAAGACCAAA

CAGGUCUCUUUCCUGAGCAACGGGAACUACCCGUCAAUGGACUCUAGAGCUCCCUGGAAUCCUUGGAAGAAUACCUACC

AGGCGGUUCUAAGAGCAGAACCAUGUAGAGUGACCAUGGAUAUAUAUUAUAAGAGAGUCAGGCCUUUUAGACUGCCCCU

GGUUCAGAAGGAAUGGCCCGUGCGAGAGGAGAACGUUUUCGGUUUGUACCGGAUCAUGCAGCCGCUGGUUCUCUCGGC

GAAAAAACUGUCGUCUUUGCUGACUUGCAAAUACAUCCCGCCUUAAGUCGA

7) RNA sequence of the transcribed RNA with SalI-digested pUC-T7-HCV (Ddomain II)-PA-HA-2A-uORF2 (for the

western blotting experiment)

GGACCCCCCCUCCCGGGAGAGCCAUAGUGGUCUGCGGAACCGGUGAGUACACCGGAAUUGCCAGGACGACCGGGUCCUUU

CUUGGAUCAACCCGCUCAAUGCCUGGAGAUUUGGGCGUGCCCCCGCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAA

GGCCUUGUGGUACUGCCUGAUAGGGUGCUUGCGAGUGCCCCGGGAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCC

UAAACCUCAAAGAAAAACCGGAUCCGGCGUUGCCAUGCCAGGUGCCGAAGAUGAUGUGGUGACCAUGGAAUUUGAAUA

CCCAUACGAUGUUCCUGACUAUGCGGGCGAAUUCGAGAGUCCAAAUGCCCUAGACAUUUCAAGAACAUACCCCACGUUA

CAUGUUCUCAUUCAAUUCAACCAUAGAGGUUUGGAGGUUAGAUUGUUUAGACAUGGACAAUUUUGGGCUGAAACACGU

GCGGACGUGAUUCUGAGAUCAAAGACCAAACAGGUCUCUUUCCUGAGCAACGGGAACUACCCGUCAAUGGACUCUAGAG

CUCCCUGGAAUCCUUGGAAGAAUACCUACCAGGCGGUUCUAAGAGCAGAACCAUGUAGAGUGACCAUGGAUAUAUAUUA

UAAGAGAGUCAGGCCUUUUAGACUGCCCCUGGUUCAGAAGGAAUGGCCCGUGCGAGAGGAGAACGUUUUCGGUUUGUA

CCGGAUCAUGCAGCCGCUGGUUCUCUCGGCGAAAAAACUGUCGUCUUUGCUGACUUGCAAAUACAUCCCGCCUUAA

GUCGA

8) RNA sequence of cap-HA-Rluc-myc-polyA (for the single molecule expeirmnet)

m7G(50)ppp(50)GGAUCCACCGCCAUGGAAUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGCGAAUUC—Rluc—–GAAC

AAAAACUCAUCUCAGAAGAGGAUCUGUAAUCUAGAGGUACCCAAUUCAUGGCAUAAUAGGUGUU(A)110
9) RNA sequence of cap-HA-Rluc-FLAG-polyA (for the mRNA competition experiment)

m7G(50)ppp(50)GGAUCCACCGCCAUGGAAUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGCGAAUUC—Rluc—–GACU

ACAAAGACGAUGACGAUAAAUAAUCUAGAGGUACCCAAUUCAUGGCAUAAUAGGUGUU(A)110
10) RNA sequence of cap-HA-Fluc2-polyA (for the mRNA competition experiment)

m7G(50)ppp(50)GGAUCCACCGCCAUGGAAUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGGCAUGGAA—FLuc2—UAAC

UCGAGUCUAGAGGUACCCAAUUCAUGGCAUAAUAGGUGUU(A)110
11) RNA sequence of HCVIRES-HA-Rluc-FLAG (for the mRNA competition experiment)

GGGAGACCGGCAGAUCUGCCAGCCCCCGAUUGGGGGCGACACUCCACCAUAGAUCACUCCCCUGUGAGGAACUACUGUCU

UCACGCAGAAAGCGUCUAGCCAUGGCGUUAGUAUGAGUGUCGUGCAGCCUCCAGGACCCCCCCUCCCGGGAGAGCCAUAG

UGGUCUGCGGAACCGGUGAGUACACCGGAAUUGCCAGGACGACCGGGUCCUUUCUUGGAUCAACCCGCUCAAUGCCUGGA

GAUUUGGGCGUGCCCCCGCGAGACUGCUAGCCGAGUAGUGUUGGGUCGCGAAAGGCCUUGUGGUACUGCCUGAUAGGGU

GCUUGCGAGUGCCCCGGGAGGUCUCGUAGACCGUGCACCAUGAGCACGAAUCCUAAACCUCAAAGAAAAACCGGAUCAG

GCAGCAGCCAUCACCAUCACCAUCACGGAUCCACCGCCAUGGAAUUUGAAUACCCAUACGAUGUUCCUGACUAUGCGGG

CGAAUUC—Rluc—–GACUACAAAGACGAUGACGAUAAAUAAUCUAGACUAGCAUAACCCCUUGGGGCCUCUAAACGGGUCU

UGAGGGGUUUUUUGGAUCAUCCGCGGCC
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QUANTIFICATION AND STATISTICAL ANALYSIS

See Method Details for details of the cryo-EM analysis.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The structural coordinates of the translating 80S ribosome that initiated cap-dependently and stalled with uORF2, without and with

the bound HCV IRES, and the translating 80S ribosome that initiated HCV IRES-dependently and stalled with uORF2, have been

deposited in the Protein Data Bank (PDB) under the accession codes PDB: 6IP5, PDB: 6IP6, and PDB: 6IP8, respectively. The

cryo-EM maps of structures i—v have been deposited in the Electron Microscopy Data Bank (EMDB) under the accession codes

EMDB: EMD-9699, EMD-9701, EMD-9702, EMD-9703, and EMD-9704, respectively. The original images used for Figures 1B,

2B, and 5B have been deposited in the Mendeley database (https://data.mendeley.com/datasets/xgt462dbkz/1). All other data

can be obtained from the corresponding authors upon reasonable request.
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