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Cryo-EM Visualization of a Viral Internal Ribosome
Entry Site Bound to Human Ribosomes: The IRES
Functions as an RNA-Based Translation Factor

some, the mRNA, the initiator tRNA, and one another
(Dever, 2002; Sonenberg and Dever, 2003). An alterna-
tive pathway of translation initiation exists that involves
structured RNA sequences, called internal ribosome en-
try sites (IRESs), which allow initiation in a 5� end-inde-
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the hepatitis C virus (HCV) IRES, require only eIF3, eIF2,Purdue University
West Lafayette, Indiana 47906 and initiator Met-tRNA to assemble 80S ribosomes (Pes-

tova et al., 1998). In contrast, a novel class of IRESs has
recently been found in the cricket paralysis virus-like
viruses (CrPV) that can directly assemble elongation-
competent ribosomes in the absence of canonical initia-Summary
tion factors and initiator Met-tRNA (Pestova and Hellen,
2003; Sasaki and Nakashima, 1999, 2000; Wilson et al.,Internal initiation of protein synthesis in eukaryotes is

accomplished by recruitment of ribosomes to struc- 2000b). Biochemical studies have suggested that the
IRES occupies the ribosomal P site and sets the transla-tured internal ribosome entry sites (IRESs), which are

located in certain viral and cellular messenger RNAs. tion frame such that the first codon is positioned in the
A site. The IRES undergoes an unusual first translocationAn IRES element in cricket paralysis virus (CrPV) can

directly assemble 80S ribosomes in the absence of step without peptide bond formation. This translocation
event requires eEF1A, which delivers the first aminoacy-canonical initiation factors and initiator tRNA. Here we

present cryo-EM structures of the CrPV IRES bound lated tRNA to the A site, and eEF2, which catalyzes the
translocation of the aminoacylated tRNA from the A siteto the human ribosomal 40S subunit and to the 80S

ribosome. The CrPV IRES adopts a defined, elongate to the P site (Jan et al., 2003; Pestova and Hellen, 2003).
At this stage, the resulting ribosomal complex with anstructure within the ribosomal intersubunit space and

forms specific contacts with components of the ribo- aminoacylated tRNA in the P site resembles a canonical
80S initiation complex and can proceed in a normalsomal A, P, and E sites. Conformational changes in

the ribosome as well as within the IRES itself show elongation cycle. Therefore, it appears that the CrPV
IRES jumpstarts translation in the elongation phase (Janthat CrPV IRES actively manipulates the ribosome.

CrPV-like IRES elements seem to act as RNA-based et al., 2003; Pestova and Hellen, 2003; Wilson et al.,
2000a).translation factors.

To investigate the molecular mechanism by which the
CrPV IRES recruits the ribosome, we have generatedIntroduction
3D reconstructions of the CrPV IRES bound to human
ribosomal particles using single-particle cryo-EM. WeAccurate selection of the start site in an mRNA by the

translational machinery requires binding of the mRNA show that a defined structure of the CrPV IRES is located
to the small 40S subunit, positioning of the initiator tRNA in the ribosomal intersubunit space and forms specific
at the start codon, and joining of the 60S subunit to contacts with both the 40S and the 60S subunit. More-
form an elongation-competent ribosome. Canonical over, CrPV IRES binding at components of the ribosomal
eukaryotic cap-dependent translation initiation follows A, P, and E sites actively manipulates the ribosome by
a complex pathway that is facilitated by a large number inducing conformational changes. In addition, confor-
of protein initiation factors, which interact with the ribo- mational changes also occur in the IRES itself. Since

such features have been previously observed with pro-
tein translation factors, we propose that CrPV-like IRES*Correspondence: joachim@wadsworth.org

7These authors contributed equally to this work. elements are RNA-based translation factors.
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Figure 1. Cryo-EM Maps of the Vacant 40S Subunit and the 40S•CrPV IRES Complex

Surface representations of the human ribosomal 40S subunit derived from HeLa cells (A) and the 40S subunit in complex with the CrPV IRES
(B). The 40S subunit is painted yellow; density corresponding to the IRES is pink. The subunits are shown from the intersubunit side. Landmarks
for the 40S subunit are the following: b, body; bk, beak; h, head; lf, left foot; rf, right foot; pt, platform; and sh, shoulder. The entry and exit
channels for the mRNA (Frank et al., 1995, 2000; Yusupova et al., 2001) are designated “entry” and “exit.” The position of five 18S rRNA
helices (h16, h18, h30, h34, and h44) and of protein rpS5 are indicated, as identified by comparison with a cryo-EM map of the yeast 80S
ribosome (Spahn et al. [2001a], also see Figure 4). (C) Secondary structure diagram of the CrPV IRES (Jan and Sarnow, 2002; Kanamori and
Nakashima, 2001). Nucleotides belonging to pseudoknots PK I–PK III and to stem loop 1 (SL1) are painted in different colors. Conserved
nucleotides within the CrPV-like virus family are represented by capital letters. The triplets that are positioned in the P and A sites during the
first A site occupation are designated P and A, respectively. Ala and Thr refer to the first two amino acids that are incorporated into the viral
protein. The dashed arrows indicate the tentative location of PKI and PKII/III in the cryo-EM density map.

Results and Discussion map of the 80S•CrPV IRES complex, since it had a better
resolution than the map of the vacant 80S ribosome. In

Cryo-EM Reconstructions of Human Ribosomal agreement with previous analysis of other mammalian
Particles in Complex with the CrPV IRES ribosomes (Dube et al., 1998; Morgan et al., 2000, 2002),
Using purified human 40S and 60S ribosomal subunits the core of the human 80S ribosome shows strong over-
from HeLa cells, we obtained maps of the CrPV IRES in all similarity with the core of the yeast 80S ribosome
complex with 40S subunits and with 80S ribosomes, and the E. coli 70S ribosome while containing additional
which had been reassociated in the presence of the mass in the periphery (Figure 3).
IRES, at resolutions of 20.3 Å and 17.3 Å, respectively Differences that exist in the core of the yeast 80S
(Figures 1 and 2, and see Supplemental Table S1 at ribosome compared to the bacterial 70S ribosome, e.g.,
http://www.cell.com/cgi/content/full/118/4/465/DC1). A the changed position of helix 16 of the small subunit
comparison of these maps with control maps of the (SSU) rRNA or the truncation of helix 17 of the SSU rRNA,
vacant 40S subunit and the vacant reassociated 80S are also present in the human 80S ribosome (Figures
ribosome shows that density attributable to the CrPV 3D–3F). Bringing the cryo-EM map of the human 80S
IRES is directly visible in both the 40S and 80S com- ribosome into the same orientation as the map of the
plexes (Figures 1 and 2). The additional nonribosomal yeast 80S ribosome by computationally aligning the 60S
densities appear to be large enough to accommodate subunit portions of the two maps resulted in a good
the IRES in its entirety. Accordingly, a defined tertiary overall fit of the atomic model of the core of the yeast
fold of the CrPV IRES forms specific intermolecular con- 80S ribosome with the core of the cryo-EM map of the
tacts with the ribosomal particles, likely for the purpose human 80S ribosome (Figure 4). The good fit extended
of hijacking the ribosome. to most parts of the 40S subunit, i.e., body and platform

domains, showing that the ratchet-like subunit rear-
rangement (see Spahn et al. [2004]) is not present in theArchitecture of the Human 80S Ribosome
human 80S•CrPV IRES complex, which is largely in theIn order to facilitate analysis of the intermolecular con-
same conformation as the posttranslocational yeast 80Stacts on the molecular level, we compared the structure
ribosome. The only required change in the atomic modelof the human 80S ribosome with previous cryo-EM
was a rotation of the components of the 40S subunitstructures of the E. coli 70S ribosome and the yeast 80S
head due to a conformational change caused by theribosome (Figure 3). In particular, we make reference to
CrPV IRES (see below).a molecular model for the evolutionarily conserved core

Most of the additional density of the human 80S ribo-of the eukaryotic 80S ribosome based on the cryo-EM
some, compared to the yeast 80S ribosome, is due tostructure of the yeast 80S ribosome (Spahn et al., 2001a)

(Figure 4). For the comparison, we used the cryo-EM the size increase of expansion segments in the rRNAs,
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Figure 2. Cryo-EM Maps of the Vacant Hu-
man 80S Ribosome and of the 80S•CrPV
IRES Complex

(A, C, E, and G) Vacant, reassociated 80S
ribosome isolated from HeLa cells. (B, D, F,
and H) 80S•CrPV IRES complex. (A) and (B),
side view; (C) and (D), top view; (E) and (F),
view from the 60S side, with 60S removed;
and (G) and (H), view from the 40S side, with
40S removed. The ribosomal 40S subunit is
painted yellow, the 60S subunit blue, and the
CrPV IRES pink. Landmarks for the 60S sub-
unit are the following: CP, central protuber-
ance; L1, L1 protuberance; SB, stalk base;
and SRL, sarcin-ricin loop. Several helices
of the 28S rRNA are designated, as well as
protein rpL11. The positions of these compo-
nents were obtained by docking the molecu-
lar model for the yeast 80S ribosome (Spahn
et al., 2001a) into the cryo-EM map of the
human 80S ribosome (see Figure 4). “St” in
(D) and (H) designates the extended stalk that
becomes visible in the 80S•CrPV IRES com-
plex. Labels for the 40S portion are as in Fig-
ure 1.

with the human 18S rRNA (1869 nucleotides) being 71 The extra density in the human 60S ribosomal subunit
can be largely attributed to the increase in size andnucleotides larger than the yeast 18S rRNA (1798 nucle-

otides) and the human 28S rRNA (5025 nucleotides) be- complexity of the expansion segments in the 28S rRNA.
The position of the extra density is in good agreementing 1629 nucleotides larger than the yeast 25S rRNA

(3396 nucleotides). The biggest contribution to the in- with our previous identification of expansion segments
in yeast (Spahn et al., 2001a), allowing the tentativecreased size of the 18S rRNA is made by expansion

segment ES3 (Gerbi, 1996), which is 45 nucleotides identification of the additional parts of the human expan-
sion segments (Figures 3G, 3J, and 3M). The largestlonger in the human 18S rRNA. Accordingly, the left foot

of the human 40S subunit is enlarged (Figures 3A and increase is present in ES7, which is increased by 655
nucleotides in the human 28S rRNA compared to the3D), in line with our previous identification of ES3 in the

yeast 40S subunit, and a tertiary interaction takes place yeast 25S rRNA. A smaller part of this extra density can
be observed below the stalk base, whereas the largerbetween ES3 and ES6 (Alkemar and Nygard, 2004;

Spahn et al., 2001a). portion forms the V-shaped feature at the back of the
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Figure 3. Comparison of the Architecture of Ribosomes from Human, Yeast, and E. coli

Computationally isolated ribosomal subunits of the cryo-EM maps of the human 80S•CrPV IRES complex (A, D, G, J, and M), the translating
yeast 80S ribosome (B, E, H, K, N) (Spahn et al., 2001a), and the E. coli 70S ribosome (C, F, I, L, O) (Gabashvili et al., 2000). The evolutionarily
conserved cores of the small 30S and 40S subunits are painted yellow, the cores of the large 50S and 60S subunits blue. Extra density present
in both cytoplasmatic eukaryotic 80S ribosomes is painted orange, whereas density present only in 80S ribosomes from human is painted
red. The small ribosomal subunits are shown from the inter-subunit face (A–C) and from the solvent side (D–F). The large ribosomal subunits
are shown from the intersubunit face (G–I), the back side (J–L), and from the membrane attachment side facing the exit tunnel (M–O). The
position of some expansion segments in 18S or 25/28S rRNA is indicated.
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Figure 4. Docking of Molecular Models into the Evolutionarily Conserved Core of the Human 80S Ribosome

Stereoviews of the docking of atomic models for the evolutionarily conserved core of the yeast 80S ribosome (Spahn et al., 2001a) into the
cryo-EM map of the human 80S•CrPV IRES complex are shown for the 40S subunit (A) and the 60S subunit (B). Density maps for the
corresponding ribosomal subunits were computationally isolated and are shown as semitransparent contours from their intersubunit faces.
The atomic models are shown in ribbon representation. 18S rRNA is in yellow, small ribosomal subunit proteins in cyan, 5S/5.8S/28S rRNA
in blue, and large ribosomal subunit proteins in orange.

solvent side of the 60S subunit (Morgan et al., 2002) similar to the architecture of the yeast 80S ribosome
but with enlarged expansion segments at the periphery.together with enlargements of ES11 and ES15. ES30 is

an extension of helix 78 of 28S rRNA and accordingly The yeast 80S ribosome in turn contains a core that
largely resembles the prokaryotic ribosome (Spahn etconstitutes additional density present at the top of the

L1 protuberance (Figures 3G and 3J) similar to the ca- al., 2001a). Like the common parts of the expansion
segments, which are present in both the yeast and thenine 80S ribosome (Morgan et al., 2002). Moreover, addi-

tional density is present to explain the larger expansion human 80S ribosomes, the structural components visi-
ble as additional mass in the human ribosome appearsegments ES9 and ES39. Surprisingly, there is no den-

sity to account for the huge increase in size of ES27, to engage in additional tertiary and quaternary interac-
tions. In summary, the human 80S ribosome is builtwhich is 547 nucleotides larger in human 28S rRNA than

in yeast 25S rRNA. Even the part of this expansion that from (1) an evolutionarily conserved core, (2) additional
components that are present in yeast 80S ribosomesis present in the 80S ribosome from yeast (Spahn et al.,

2001a) is largely missing in the reconstruction of the as well, and (3) components that appears to be specific
for ribosomes from higher eukaryotes (Figure 3).human 80S ribosome (compare Figures 3G and 3H). A

likely explanation is that ES27 does not occur in consis-
tent positions in the molecule population, in view of Binding of the CrPV IRES to the Ribosomal

40S Subunitour previous finding in yeast that ES27 is flexible and
assumes different orientations, differing by as much as In the binary complex of the 40S subunit with the CrPV

IRES, the IRES interacts with the head of the 40S subunit90 degrees (Beckmann et al., 2001).
The architecture of the human 80S ribosome is very on the intersubunit side (Figure 1B). Overall, the IRES
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has an elongate shape. A relatively globular part inter- regions can be observed on the 60S subunit (Figures
2D, 2H, and 5): (1) the L1 protuberance, which is builtacts with the head of the 40S subunit in the region of

protein rpS5(S7p) (Spahn et al., 2001a), overlapping with by rpL1 (L1p) and helices 76–78 of the 28S rRNA; (2) the
central protuberance at the position of rpL11 (L5p); andthe binding region for the E site tRNA (Figure 6G). From

there, the IRES traverses the P site near helix 30 of the (3) helix 69 of 28S rRNA, which participates in the forma-
tion of the intersubunit bridge B2a (Spahn et al., 2001a;18S rRNA (Spahn et al., 2001a) and extends into the

decoding center at the A site, formed by helices 18 and Yusupov et al., 2001). The L1 protuberance contacts the
globular part of the CrPV IRES, while rpL11 (L5p) and34 of the 18S rRNA and the top of helix 44. To some

extent, extra density also appears to occupy the mRNA helix 69 of 28S rRNA interact with the extended part of
the IRES. Interestingly, these ribosomal components areentry channel. At this resolution, it is not possibly to tell

if the occlusion of the mRNA entry channel is due to a part of the universally conserved tRNA binding sites,
similar to the 40S subunit components that form tenta-conformational change or due to IRES RNA density.

However, it might well be that the single-stranded 3� tive contacts with the CrPV IRES (Figures 5 and 6). Pro-
tein rpL11 (L5p) and helix 69 of 28S rRNA interact withpart of the IRES RNA is already threaded into the mRNA

entry channel and contributes to filling the channel. the P site tRNA at the T and D loops, respectively,
whereas the L1 protuberance interacts with the T loopThe secondary structure of the CrPV IRES (Figure

1C) contains three prominent pseudoknots, termed PK1, of the E site tRNA (Agrawal et al., 2000; Morgan et al.,
2002; Spahn et al., 2001a; Yusupov et al., 2001). BindingPK2, and PK3 (Jan and Sarnow, 2002; Kanamori and

Nakashima, 2001). Previous biochemical studies deter- to evolutionarily conserved regions of both ribosomal
subunits may explain why the CrPV IRES is active notmined that PK1 occupies the ribosomal P site in the

40S•CrPV IRES complex and is situated adjacent to the only in higher eukaryotes but also in yeast (Thompson
et al., 2001).first encoded codon (GCU for Ala). Therefore, PK1 most

likely forms the extended part of the IRES, whereas PK2
and PK3 form the more globular partition that is located Conformational Changes in the Ribosome
in the E site region (Figure 1). Binding of the CrPV IRES upon CrPV IRES Binding
to the 40S subunit occurs in regions that are also in- The ribosome responds to the binding of the CrPV IRES
volved in tRNA binding to the A, P, and E sites and that with a conformational change (Figure 7). Thus, the CrPV
are therefore functionally important and evolutionarily IRES actively manipulates the translational machinery,
well conserved. This behavior is strikingly different from as was previously established for the HCV IRES (Spahn
the binding of HCV IRES, which has been shown to et al., 2001c). Although the binding sites of the two IRESs
interact mainly at the evolutionarily more divergent sol- are quite different, the conformational changes that they
vent side of the 40S subunit at the back of the platform induce in the 40S ribosomal subunit bear remarkable
(Spahn et al., 2001c). However, there is some overlap similarities. The head of the 40S subunit rotates relative
in binding sites in the E site region for these two IRES ele- to the body in the 40S•CrPV IRES complex, which results
ments. in a different beak position. This movement is accompa-

nied by more localized changes; for example, an addi-
tional connection emerges at the solvent side of theBinding of the CrPV IRES to the 80S Ribosome

After formation of the 80S•CrPV IRES complex by the head and the shoulder (Figure 7B). This connection ap-
pears to be brought about by a movement of ribosomalassociation of the ribosomal 60S subunit with the IRES

bound 40S subunit, the IRES perches in the intersubunit proteins located in the beak, among them rpS3 and helix
16 of the 18S rRNA at the shoulder (Figure 4).space, in a position similar overall to its position in the

40S•IRES complex (compare Figures 1B and 2F), where Helix 16 is a very interesting ribosomal component.
Although its presence is evolutionarily conserved, itsit interacts with specific components of the 40S and the

60S subunit (Figure 5). However, the IRES has appar- position is different in bacteria and eukaryotes (Spahn
et al., 2001a). In eukaryotes, it projects into the solventently retracted itself to some extent from the A site

region and moved toward the E site region (see Figure (Figures 3D and 3E), being rotated about 90� relative to
the position of helix 16 in prokaryotes, where it is folded6, in particular 6G versus 6H). This movement appears

to be facilitated by a conformational change of the IRES, toward helix 18 of the 16S rRNA, the so-called 530 pseu-
doknot structure (compare Figures 3D and 3E versusleading to a more pronounced globular shape of the

IRES density and a thinner elongate portion. The move- 3F). Helix 18, in turn, is involved in forming the noncova-
lent latch structure with helix 34 of the head domain.ment of the IRES upon subunit association alters its

interaction with the 40S subunit in the 80S•IRES com- The latch is part of the mRNA entry channel, as it clamps
the incoming 3� strand of the mRNA (Frank et al., 1995,plex as compared to its interaction in the 40S•IRES

complex. Although in the 80S•IRES complex intermolec- 2000; Lata et al., 1996; Schlünzen et al., 2000; Wimberly
et al., 2000; Yusupova et al., 2001). Protein rpS3 is partular contacts are still formed with the helix 30 region

and the rpS5 (S7p) region of the 40S subunit, there is of the mRNA entry channel as well.
The finding that two unrelated IRESs provoke similarno interaction of the IRES with the 40S subunit between

these two regions, while the interaction of the IRES with conformational changes at the mRNA entry channel
(compare Figures 7A and 7E with 7B and 7F, respec-the rpS5 region appears to be intensified (Figures 5

and 6). tively) suggests that these changes are part of a general
mechanism for translation initiation. The similarity of theThe movement and conformational change of the

CrPV IRES upon subunit association is probably induced changes in the two systems corroborates our previous
suggestion that such conformational manipulations inby its interaction with the 60S subunit. Three contact
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Figure 5. Interaction of the CrPV IRES with Ribosomal Components

Cryo-EM density corresponding to the CrPV IRES in the 80S•CrPV IRES complex is shown in red, together with atomic models of ribosomal
components that are located at the observed interaction sites. The atomic models were derived by docking the model of the evolutionarily
conserved core of the yeast 80S ribosome (Spahn et al., 2001a) into the cryo-EM map of the complex (Figure 4). The views are from the top
of the 80S ribosome (A) and from the membrane attachment side (top view rotated by about 180�). Thumbnails are included as an orientation aid.

the HCV IRES case are related to the threading of the On the 60S subunit side, the presence of the CrPV
3� part of the mRNA into the mRNA entry channel (Spahn IRES during subunit association leads to a conforma-
et al., 2001c). The finding also reinforces the view that tional change in the stalk region. The ribosomal P pro-
the altered position of helix 16 is related to differences teins are disordered in the vacant 80S ribosome but
in the mechanism of translation initiation in prokaryotes become ordered due to the presence of the CrPV IRES,
and eukaryotes (Doudna and Rath, 2002; Spahn et al., yielding strong density for the stalk in the 80S•CrPV
2001a). The positioning of helix 16 of 18S rRNA away IRES complex (Figures 2C, 2D, 2G, 2H, 7C, and 7D). The
from the latch of the mRNA entry channel in eukaryotes induction of the extended stalk by ribosomal ligands
might result in greater flexibility, thereby facilitating dy- has been previously observed, notably by EF-G in pro-
namic changes of the latch. Moreover, the changed po- karyotes (Agrawal et al., 1999) and by eEF2 in yeast
sition of helix 16 at the shoulder allows the observed (Agrawal et al., 1999; Gomez-Lorenzo et al., 2000). Since
interaction with rpS3 at the head, which in turn might the ribosomal P proteins are implicated in interaction
also facilitate the opening of the mRNA entry channel. and GTPase activation of translation factors, the CrPV

Upon the joining of the 60S subunit to the 40S•CrPV IRES may act to induce the conformational change in
IRES complex, the rotational movement of the head of the stalk region, a change required to facilitate the next
the 40S subunit is reversed, i.e., the head overall has the steps of the pathway of translation initiation, i.e., ternary
same relative position in the 80S•CrPV IRES complex as complex binding and eEF2-dependent translocation.
in the 80S control (Figure 2). However, the interaction
between helix 16 of the 18S rRNA and ribosomal proteins

Mechanism of CrPV IRES-Induced Internalfrom the head seen in the 40S•CrPV IRES complex per-
Initiation of Translationsists in the 80S•CrPV IRES complex but is not seen in
Taken together, the cryo-EM structures presented herethe 80S control, suggesting that it is the binding of the
are not only in excellent agreement with findings of pre-CrPV IRES that results in this interaction (Figures 7C
vious biochemical studies (Jan et al., 2003; Jan andand 7D). In contrast, the strong latch interaction between
Sarnow, 2002; Nishiyama et al., 2003; Pestova and Hel-helices 18 and 34 of the 18S rRNA, although present in
len, 2003; Wilson et al., 2000a), they also shed light onthe vacant 80S ribosome, appears to be more open in
the molecular mechanism of the CrPV IRES and on itsthe 80S•CrPV IRES complex (Figures 2E and 2F), possi-
unusual mode of initiating translation. (1) The CrPVbly making the ribosomal A site more accessible for
adopts a tertiary fold that gives it a high affinity for thedelivery of the aminoacylated tRNA. Compared to the
40S subunit due to specific intermolecular interactions.40S•CrPV IRES complex, where the mRNA channel ap-
The interaction of the PK2 and PK3 portions of the IRESpears to be narrow or even closed, subunit association
with the E site region (Figure 1) could provide the netleads to an opening up of the entry channel in the
binding energy, since deletion or disruption of PK180S•CrPV IRES complex (Figure 7B versus Figure 7D).
barely affects ribosomal binding of the IRES (Jan andThis conformational change might provide more flexibil-
Sarnow, 2002; Nishiyama et al., 2003). (2) PK1 interactsity for the coding part of the viral RNA, which in turn
with the P site region of the ribosome (Figure 1), andmight also be necessary for ternary complex binding

and decoding of the first codon. this interaction appears to be crucial for the correct
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Figure 6. The CrPV IRES Interaction with the
40S Subunit Compared to its Interaction with
the 40S Portion of the 80S Ribosome

40S•CrPV IRES complex (A, C, E, and F) and
80S•CrPV IRES complex with the 60S subunit
computationally removed (B, D, F, and H). The
40S subunit is painted yellow, and the density
corresponding to the IRES is pink. (A and B)
View from 60S side; (C and D) view from the
platform side. In (E) and (F), density from only
the head domain of the 40S subunit is shown
in a top view, together with the IRES density.
(G) and (H) show the IRES density superposed
onto atomic models in ribbon representation
that indicate the putative binding positions.
The A site tRNA is painted blue, the P site tRNA
green, and the E site tRNA orange. The tRNA
coordinates (Yusupov et al., 2001) were su-
perposed onto the P site tRNA of the yeast
80S ribosome (Spahn et al., 2001a), which
had the same orientation as the CrPV IRES
complexes. The view is from the bottom of
the 40S subunit along the long axis of the
subunit, as indicated by the thumbnail. La-
bels are as in Figure 1.

positioning of the first codon in the decoding center part of the viral RNA into the mRNA entry channel. (4)
The CrPV IRES also forms specific contacts with the(Jan and Sarnow, 2002; Nishiyama et al., 2003). (3) More-

over, the binding of the CrPV IRES leads to a pronounced 60S subunit (Figure 5), which could aid and guide the
process of subunit association. (5) Moreover, the CrPVconformational change in the 40S subunit, particularly in

the latch region (Figures 1, 2, and 7). This conformational IRES produces a conformational change in the stalk
region, which is part of the factor binding site of therearrangement could facilitate threading of the coding
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Figure 7. IRES-Induced Conformational
Changes in Mammalian Ribosomes

Human 40S subunit (A), human 40S•CrPV
IRES complex (B), human 80S ribosome (C),
human 80S•CrPV IRES complex (D), rabbit
40S subunit (E), and rabbit 40S•HCV IRES
complex (F). All reconstructions are viewed
from the 40S subunit solvent side with the
40S subunit painted yellow, the 60S subunit
blue, the CrPV IRES pink, and the HCV IRES
purple. The maps of the rabbit 40S subunit
(E) and the corresponding 40S•HCV IRES
complex (F) are taken from (Spahn et al.,
2001c). Labels are as in Figures 1 and 2. Some
conformational changes in the various IRES
complexes (B, D, and F) are indicated with
asterisks, and the CrPV IRES-induced ex-
tended stalk (D) is labeled “St.” For further
details, see text.

ribosome (Figure 2). This change may prime the 80S One of the surprising results from the cryo-EM struc-
ture of the 40S•HCV IRES complex was that a viral IRESribosome for the subsequent events that require interac-

tion with elongation factors eEF1A and eEF2. (6) Finally, RNA can actively manipulate the translational apparatus
(Spahn et al., 2001c). The same principle is now seen tointeraction with the 60S subunit leads to a conforma-

tional change in the CrPV IRES itself and its movement hold for the CrPV IRES. Although unrelated in sequence,
structure, and mechanism, the two IRESs induce similarrelative to the 40S subunit, rendering the A site more

accessible (Figure 6). These conformational changes conformational changes in the ribosome (Figure 7). A
probable explanation is that these conformational changesmight be related to the observed flexibility of the IRES

(Jan and Sarnow, 2002) and its ability to undergo a are an integral part of the general mechanism of transla-
tion initiation and are required, for example, to threadtranslocation reaction, since the IRES has to free up the

P site region during the first translocation step. the mRNA into the ribosomal entry and exit channels
for the mRNA (Frank et al., 1995; Yusupova et al., 2001).In this context, it is also of interest that the CrPV IRES

interacts with the ribosome in the same regions as do In particular, defined movements of the head domain of
the 30S or 40S ribosomal subunit appear to be crucialthe tRNAs (Morgan et al., 2002; Spahn et al., 2001a;

Yusupov et al., 2001), the physiological substrate for the for this mechanism (Carter et al., 2001; Lata et al., 1996;
Spahn et al., 2001c) and also for the mechanism oftranslocation reaction. A divergent RNA element might

mimic part of the tRNAs in order to bind to and manipu- translation elongation (Gao et al., 2003; Spahn et al.,
2004; Valle et al., 2003).late the ribosome. Therefore, the IRES most likely makes

use of the intrinsic mechanism of ribosomal transloca- Since translation factors are known to function via
the induction of specific conformational changes in thetion. An understanding of the specific RNA elements in

the CrPV IRES that interact with the ribosome may shed ribosome (Carter et al., 2001; Frank and Agrawal, 2000;
Gomez-Lorenzo et al., 2000; Ogle et al., 2002; Spahnlight on the normal interactions of E and P site tRNAs

with the ribosome. et al., 2004; Stark et al., 2000), similar conformational
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Wilson, J.E., Pestova, T.V., Hellen, C.U., and Sarnow, P. (2000a).Nishiyama, T., Yamamoto, H., Shibuya, N., Hatakeyama, Y., Hachi-
Initiation of protein synthesis from the A site of the ribosome. Cellmori, A., Uchiumi, T., and Nakashima, N. (2003). Structural elements
102, 511–520.in the internal ribosome entry site of Plautia stali intestine virus
Wilson, J.E., Powell, M.J., Hoover, S.E., and Sarnow, P. (2000b).responsible for binding with ribosomes. Nucleic Acids Res. 31,
Naturally occurring dicistronic cricket paralysis virus RNA is regu-2434–2442.
lated by two internal ribosome entry sites. Mol. Cell. Biol. 20, 4990–

Ogle, J.M., Murphy, F.V., Tarry, M.J., and Ramakrishnan, V. (2002).
4999.

Selection of tRNA by the ribosome requires a transition from an
Wimberly, B.T., Brodersen, D.E., Clemons, W.M., Jr., Morgan-War-open to a closed form. Cell 111, 721–732.
ren, R.J., Carter, A.P., Vonrhein, C., Hartsch, T., and Ramakrishnan,

Pestova, T.V., and Hellen, C.U. (2003). Translation elongation after
V. (2000). Structure of the 30S ribosomal subunit. Nature 407,

assembly of ribosomes on the Cricket paralysis virus internal ribo-
327–339.

somal entry site without initiation factors or initiator tRNA. Genes
Yusupov, M.M., Yusupova, G.Z., Baucom, A., Lieberman, K., Ear-Dev. 17, 181–186.
nest, T.N., Cate, J.H., and Noller, H.F. (2001). Crystal structure of

Pestova, T.V., Hellen, C.U., and Shatsky, I.N. (1996). Canonical
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