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Abstract

Structural understanding of eukaryotic translation lags behind that of translation on bacterial

ribosomes. Here we present two subnanometer-resolution structures of S. cerevisiae 80S ribosome

complexes formed with either one or two tRNAs, bound in response to an mRNA fragment

containing the Kozak consensus sequence. The ribosomes adopt two globally different

conformations, related to each other by the rotation of the small subunit. Comparison with

bacterial ribosome complexes reveals that the global structures and modes of intersubunit rotation

of the yeast ribosome significantly differ from those in the bacterial counterpart, most notably in

the regions involving the tRNA, small ribosomal subunit and conserved helix 69 of the large

ribosomal subunit. The structures provide insight into ribosome dynamics implicated in tRNA

translocation and help elucidate the role of the Kozak fragment in positioning an open reading

frame during translation initiation in eukaryotes.

Introduction

Translation of genetic information to protein sequence is performed by ribosomes in all

organisms. Whereas the functional sites of the ribosome, such as the decoding center and the

peptidyl transferase center, are universally conserved, there are substantial differences
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between bacterial and eukaryotic translation, as reflected in distinct mechanisms of

initiation, termination and ribosome recycling (Aitken and Lorsch, 2012; Dever and Green,

2012).

Translation initiation plays an important role in gene expression regulation in homeostasis,

cell stress, development and disease (Sonenberg and Hinnebusch, 2009). In bacteria,

translation initiation depends on three initiation factors, and results in the formation of a 70S

ribosome complex with initiator tRNAfMet bound in the P site in response to the AUG codon

(Myasnikov et al., 2009). The Shine-Dalgarno sequence upstream of the open reading frame

(Dalgarno and Shine, 1973) forms base-pairing interactions with the complimentary anti-

Shine-Dalgarno region of the ribosomal 16S RNA. Formation of this specific contact results

in positioning of the downstream AUG start codon in the P site of the small 30S subunit,

thus determining the open reading frame of the mRNA for translation (Kaminishi et al.,

2007; Korostelev et al., 2007; Yusupova et al., 2006). By contrast, initiation in eukaryotes

depends on at least a dozen initiation factors (Aitken and Lorsch, 2012). An mRNA region

termed the Kozak consensus sequence flanking the AUG start codon is required for efficient

translation initiation (Kozak, 1986). The context around the start codon is thus considered

critical for selection of the correct AUG start codon among several possible AUG

trinucleotides at the 5′ end of an mRNA. Although the Kozak sequence is variable among

groups of eukaryotes, in vertebrates the sequence is strongly biased toward containing

purines at positions −3 and +4, relative to A+1 of the AUG start codon (Cavener and Ray,

1991). Mutation of a purine to pyrimidine at position −3 was shown to have the most

detrimental effect on the efficiency of translation, compared to mutations at other positions

(Kozak, 1986). In non-vertebrate eukaryotes, the most stringent requirement is that a

nucleotide at position −3 is a purine, whereas the conservation and functional importance of

the identity of the nucleotide at position +4 is less pronounced (Cavener and Ray, 1991).

Despite suggestions that there is some analogy of the Kozak consensus and Shine-Dalgarno

sequences based on their location, the Kozak sequence likely does not act by forming base

pairing interactions with 18S ribosomal RNA. First, variability of the Kozak sequence

among eukaryotes does not correlate with the high conservation of the eukaryotic 18S

ribosomal RNA. Second, the 3′ end of 18S rRNA of most species does not contain

sequences that would be strongly complementary to the Kozak consensus (Verrier and Jean-

Jean, 2000). Third, introducing complementarity between the untranslated 5′ region and the

3′ end of 18S rRNA leads to inhibition of translation rather than enhancement (Verrier and

Jean-Jean, 2000). As such, the molecular mechanism of the Kozak sequence function

remains unknown.

Upon initiation, elongation of the polypeptide chain takes place. The cycle of elongation is

accompanied by consecutive movement (translocation) of tRNAs and respective mRNA

codons from the A (aminoacyl-) to P (peptidyl-) to E (exit) site. In the studies of bacterial

ribosomes, significant progress has been made in structural and functional characterization

of translocation intermediates reflecting the key steps of translocation. Upon peptidyl

transfer from the peptidyl-tRNA to aminoacyl-tRNA, translocation occurs in two

consecutive steps. These are (1) the movement of the acceptor arms of the peptidyl- and

deacyl-tRNAs from the A and P sites into the P and E sites on the large subunit (resulting in

tRNAs adopting hybrid A/P and P/E conformations) followed by (2) movement of the
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anticodon stem loops into the P and E sites on the small subunit, catalyzed by elongation

factor G (in bacteria) or eEF-2 (in eukaryotes). Crystallographic and electron cryo-

microscopy (cryo-EM) structures as well as solution experiments helped establish that

during translation the ribosome undergoes large-scale conformational changes. The most

pronounced is the intersubunit rotation (Frank and Agrawal, 2000) coupled with formation

of hybrid states by tRNAs (Ermolenko et al., 2007; Moazed and Noller, 1989; Spiegel et al.,

2007). The ribosome adopts a non-rotated state when tRNAs are located in the classical A, P

and E sites. The small subunit rotates relative to the large subunit by ~9 degrees when

tRNAs adopt hybrid A/P and P/E states. Importantly, the ribosome and tRNAs fluctuate

spontaneously between the non-rotated (classical) and rotated (hybrid) states, independent of

elongation factors, emphasizing that formation of translocation intermediates is an inherent

property of the ribosome (Cornish et al., 2008). In addition to intersubunit rotation, large-

scale intrasubunit rearrangements take place, including: (a) rotation of the head of the small

subunit (Guo and Noller, 2012; Ratje et al., 2010), which allows widening of the mRNA-

tRNA corridor between the P and E sites (Schuwirth et al., 2005), and (b) movement of the

L1 stalk, which interacts with the tRNA elbow as tRNA progresses from the P/E to E states

(Cornish et al., 2009; Fei et al., 2008).

Structural understanding of eukaryotic translation lags behind that of bacterial translation.

Some studies suggest that the dynamic behavior of eukaryotic ribosomes and tRNAs as well

as their structural details may differ from those of bacterial counterparts. Specifically, cryo-

EM reconstructions of vacant eukaryotic ribosomes revealed that eukaryotic ribosomes

predominantly adopt a rotated conformation, unlike vacant bacterial ribosomes, which

predominantly sample the non-rotated state (Cornish et al., 2008; Spahn et al., 2004).

Furthermore, the predominant conformations of eukaryotic ribosomes bound with

elongation factor eEF-2 and endogenous tRNA found near the E site (Anger et al., 2013)

differ from those of bacterial ribosomes bound with EF-G and tRNA sampling the hybrid

P/E states (Brilot et al., 2013; Frank and Agrawal, 2000; Pulk and Cate, 2013; Tourigny et

al., 2013; Zhou et al., 2013) or classical P state (Gao et al., 2009). To understand the

mechanism of translocation on eukaryotic ribosomes, a detailed structural reconstruction of

80S translocation intermediates is required. Whereas a number of tRNA- and elongation

factor eEF2-bound eukaryotic complexes have been visualized by cryo-EM, the structural

details of 80S ribosome dynamics and interactions with tRNA and mRNA remain poorly

characterized due to several reasons. These include insufficient resolution, compositional

heterogeneity of complexes containing endogenous mixtures of mRNA and tRNA, and until

recently the absence of a high-resolution crystal structure of the eukaryotic ribosome that

could be used for structural comparisons. A 3 Å crystal structure of the yeast 80S ribosome

in the absence of tRNA and mRNA was recently determined (Ben-Shem et al., 2011),

allowing for detailed model building and interpretation of cryo-EM structures. Concurrently,

pre-translocation mammalian ribosomes assembled with defined mRNA and tRNA were

visualized by cryo-EM at 9 to 10.6 Å resolution (Budkevich et al., 2011). The latter

structures revealed that in the presence of the A-site tRNA, the pre-translocation ribosome

adopts the rotated and non-rotated states, coupled with tRNAs adopting the hybrid and

classical states, respectively. The positions of the P and E-site tRNAs in the non-rotated

ribosome were reported to significantly differ from those in the bacterial ribosomes. It
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remained unclear, however, whether the A-site tRNA plays a role in inducing such

differences. In order to reconstruct the structural pathway of translocation on the 80S

ribosome, additional complexes are required to be visualized, including the post-

translocation ribosome containing tRNA in the P and E sites, as well as other tRNA-bound

intermediates that may bring insights in ribosome dynamics.

In this work, we present ~6 Å resolution cryo-EM structures for two compositionally

homogeneous tRNA-bound Saccharomyces cerevisiae 80S complexes formed with a

defined mRNA construct containing the S. cerevisiae Kozak consensus fragment.

Improvements in cryo-EM data classification (Lyumkis et al., 2013) and the use of the 80S

ribosome crystal structure (Ben-Shem et al., 2011) refined against our cryo-EM maps allow

us to present detailed structural models of the 80S•2tRNA and 80S•tRNA complexes.

Comparison of the 80S structures with those of the bacterial counterparts provides new

insights into the kingdom-specific structural aspects of translocation. In addition, our

structures bring new insights into the role of the Kozak fragment in positioning the open

reading frame on the ribosome. Specifically, the structures suggest that the Kozak sequence

works at least in part as a molecular ruler, allowing placement of the AUG codon in the P

site, due to interactions of the Kozak sequence elements with the conserved structures of the

small ribosomal subunit.

Results and Discussion

We have assembled S. cerevisiae 80S ribosome complexes in the presence of initiator

tRNAfMet and an mRNA fragment that includes an authentic S. cerevisiae Kozak fragment

preceding the AUG start codon, as described in Experimental Procedures. To ensure

compositional homogeneity, vacant ribosomes free of endogenous tRNA (Ben-Shem et al.,

2011) were purified prior to complex assembly. Cryo-EM classification of 80S particles

(Fig. S1) revealed two main 80S classes at ~6 Å resolution, accounting for nearly 60% of

particles (Fig. 1). The quality of both maps allowed interpretation of protein and RNA

secondary structure. In the core of the ribosome, which is most highly ordered, it is possible

to interpret phosphate backbone and individual bulged or stacked nucleotides. We used real-

space refinement to accurately fit the 3 Å crystal structure of S. cerevisiae ribosome into the

cryo-EM maps essentially as described (Koh et al., 2014) (Figs. 1C–D). Class I comprises

non-rotated 80S ribosomes, bound with two tRNA molecules, in the P and E sites

(80S•2tRNA; Fig. 1A). Class II represents rotated 80S ribosomes bound with a single tRNA

in the hybrid P/E state (80S•tRNA; Fig. 1B).

Structure of the non-rotated 80S ribosome bound with two tRNAs

The complex with two tRNAs bound in the P and E sites of the non-rotated ribosome

represents a post-translocation-like state, which to our knowledge has not been characterized

for eukaryotic ribosomes in detail. Comparison of our 80S•2tRNA ribosome structure with

the bacterial 70S ribosome bound with two tRNAs (Jenner et al., 2010) reveals two global

differences. First, the small subunit is significantly tilted relative to the large 60S subunit

(Fig. 2A). The tilt of the subunit as a whole places the head of the small 40S subunit by up

to 7 Å farther from the core of the large subunit than in the bacterial ribosome. The tilt is

coupled with displacement of the intersubunit bridge B1b (Yusupov et al., 2001) formed by
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the proteins S18 (S13 in bacteria) at the head of the 40S subunit and L11 (L5 in bacteria) at

the central protuberance of the large subunit (Fig. 2B). Here, the position of the central

protuberance, whose core is formed by 5S ribosomal RNA, relative to the core of the large

subunit is different from that in the bacterial ribosome. This protrusion of the central

protuberance as a whole results from eukaryote-specific expansion segments 31ES9

(stemming from helix 31), 38ES12 (stemming from helix 38, also known as the A-site

finger) and elongated helix 30 (Petrov et al., 2014). These extensions displace 5S ribosomal

RNA and the associated L11 toward the small subunit (Figs. 2B–C). In summary, the

addition of the eukaryote-specific ribosomal RNA expansion segments next to 5S rRNA

results in displacement of the central protuberance toward the small subunit, resulting in the

tilting of the latter.

The second significant difference between eukaryotic and bacterial ribosomes is in the

positions of the tRNAs in the classical P and E sites. In the yeast ribosome, the P-site tRNA

is located closer to the E site, whereas the E-site tRNA is closer to the P site (Fig. 2D). This

brings the elbows of tRNAs in the 80S complex ~15 Å closer together than in the bacterial

ribosome (Korostelev et al., 2006; Selmer et al., 2006). Our analysis of the kingdom-specific

structural differences suggests that the positioning of the P-site tRNA is influenced by the

placement of the central protuberance, with which the tRNA interacts via L11 (L5 in

bacteria) (Fig. 2C). In the E site, the elbow of the tRNA interacts with the L1 stalk (Fig. S2).

The difference in bacterial and eukaryotic E-site tRNA positions is likely caused by

differences in the L1 stalk structures (Petrov et al., 2014). The L1 stalk of the yeast ribosome

(Figs. S2A and S2B) lacks helix 78, which in bacterial ribosomes approaches small subunit

protein S11 (Figs. S2C and S2D). Because the contact between the L1 stalk and the small

subunit is absent in the non-rotated yeast ribosome, the L1 stalk and E-site tRNA elbow

adopt different positions than in the bacterial ribosome.

We also investigated whether the distinct global conformations of the yeast and bacterial

complexes are specific to the yeast ribosome or to the post-translocation-like state of the 80S

ribosome. To this end, we compared our structure with the ~10 Å resolution pre-

translocation-like rabbit 80S ribosomes, in which all the three tRNA sites are occupied by

tRNAs (Budkevich et al., 2011). We found that the positions of tRNAs in the P and E sites

of these complexes are nearly identical, indicating that the occupancy of the A site does not

influence the placement of the P and E tRNAs. The similar positions of tRNAs in the yeast

and mammalian ribosomes suggest that the tRNA positioning is conserved among

eukaryotes.

The relative positions of ribosomal functional centers in the A, P and E sites are nearly

identical in bacterial and eukaryotic ribosomes. Our observation of different tRNA positions

in the bacterial and eukaryotic ribosomes prompted us to look also for conformational

differences within the tRNAs that could account for different positioning of the tRNAs

relative to the similarly positioned functional centers. tRNAs are known to be highly

flexible, and their conformational dynamics are thought to be critical for tRNA translocation

through the ribosome, during which the acceptor arm and the CCA end sample different

conformations relative to the anticodon stem loop (Caulfield et al., 2011). Superposition of

tRNAs from our 80S structures with those of the bacterial 70S counterpart (Jenner et al.,
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2010) revealed that the classical P-site tRNA adopts nearly identical conformations. By

contrast, the E-site tRNA adopts significantly different conformations in the 70S and 80S

complexes. Specifically, the CCA end in the 80S complex is bent by ~20° relative to that in

the bacterial complex (Fig. 2E). The E-site tRNA interacts with the E site of the large

subunit (Fig. 2F), which in eukaryotes is compositionally and conformationally different

from that in bacteria. In bacterial tRNA-bound ribosomes, the CCA 3′ end of the tRNA

interacts with helix 82 of 23S rRNA and protein L28 (Korostelev et al., 2006; Selmer et al.,

2006). The two cytosines of the CCA trinucleotide form a system of stacked nucleotides

with the acceptor arm (Fig. 2G). In our structure of the non-rotated 80S ribosome, the CCA

end interacts with the conserved h82 (in the vicinity of C2765 and G2793) and with protein

L44e, which is structurally distinct from bacterial L28. In contrast to the bacterial E-site

tRNA structure, the penultimate nucleotide C75 of the tRNA appears unstacked from C74

and instead interacts with L44e in the vicinity of Tyr43 (Fig. 2F). In this conformation, the

3′ terminus of the tRNA and its interactions closely resemble those of a hairpin loop

mimicking the tRNA acceptor arm in the 3.1 Å crystal structure (Fig. 2H) of the archaeal

50S subunit (Schmeing et al., 2003), consistent with the phylogenetic conservation of L44e

between eukaryotes and archaea. In summary, the phylogenetic differences in the

composition of the E sites between bacteria and eukaryotes contribute to the diverged

conformations of the tRNA bound in the E site.

Structure of the rotated 80S ribosome bound with the P/E tRNA

Upon classification of cryo-EM images, the second most populated class contained a single

deacylated tRNA. Structural studies of bacterial ribosomes bound with a deacylated tRNA

have revealed a variety of inter- and intra-subunit rearrangements, providing important

insights into the dynamics of the 70S ribosome (Agirrezabala et al., 2012). This prompted us

to characterize the 80S•tRNA complex in detail. In the 80S•tRNA structure, the ribosome

adopts a single rotated conformation, in which the small subunit is rotated relative to that in

the 80S•2tRNAs complex by ~8.5° (Fig. 1B).

As in the analyses described above, we also compared the rotated 80S•tRNA ribosome and

the crystal structure of its bacterial counterpart (Dunkle et al., 2011). We found significant

differences in the positions of the small subunit, tRNA and helix 69 of the large subunit,

which forms an intersubunit bridge next to the decoding center of the small subunit. These

differences arise from the tilted position of the small subunit relative to the large subunit,

resulting from the interaction between the protruding central protuberance and the 40S head

(Fig. 3A). The tilt of the small subunit in the rotated ribosome is more pronounced than that

in the non-rotated structure (~6° vs. ~3°). The tilt results in shifted positions of tRNA

binding sites on the 40S subunit relative to the core of the 60S subunit in comparison to the

sites in bacterial ribosomes. Specifically, the anticodon stem loop of P/E tRNA and helix 69

(h69) of the rotated 80S ribosome are shifted together with the small subunit by almost 6 Å

toward to the E site in comparison with those in the bacterial ribosomes (Fig. 3B). The

rearrangement of h69 relative to the large subunit is thus coupled with the movement of the

small subunit, with which h69 forms intersubunit bridge B2a (Yusupov et al., 2001).
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We next asked whether the 80S ribosome with a single deacylated P/E tRNA is different

from the rotated rabbit 80S ribosome, in which two tRNAs are bound in the P/E and A/P

states, respectively. Superposition of the large subunit ribosomal RNAs revealed that the

global conformations of the yeast and mammalian ribosomes are similar, as well as the

position of the P/E tRNA. This indicates that the occupancy of the A/P hybrid state does not

affect the overall global conformation of the ribosome. The position of h69 in the

mammalian ribosome structure (Budkevich et al., 2011) appears to be different from that in

the yeast ribosome, perhaps due to the occupancy of the A site of the 40S subunit, which is

located near h69. It therefore remains to be clarified whether h69 moves passively as the

ribosome rearranges between the rotated and non-rotated states or is involved in A-site

tRNA repositioning in the course of translocation.

Intersubunit rotation of the 80S ribosome

To gain insights into the mechanism of rotation of the small subunit between the non-rotated

and rotated conformations, we compared our 80S•2tRNA and 80S•tRNA structures.

Superposition of the large ribosomal subunit rRNA reveals a ~8.5° rotation of the small

subunit, reminiscent of the range of rotation for bacterial ribosomes (Agirrezabala et al.,

2008; Julian et al., 2008). The axis of rotation (Fig. 3C) crosses the penultimate helix (h44),

similarly to that in the bacterial system (Korostelev and Noller, 2007). Notably, the position

of the rotation axis in the eukaryotic ribosome is distinct from that of the bacterial ribosome.

In particular, the tilt of the upper part of the small subunit caused by the protruded central

protuberance results in the tilt of the rotation axis by ~23° (Fig. 3C), indicating that the

detailed mode of rotation and rearrangement of intersubunit contacts is likely different in

bacterial and eukaryotic ribosomes. Visualization of additional intermediates of the

intersubunit rotation is required to further address the mechanism of intersubunit

rearrangements.

In summary, the comparison of the rotated and non-rotated eukaryotic ribosome complexes

with bacterial counterparts suggests that while the subunits of ribosomes from both

kingdoms undergo a large-scale rotation, the detailed mode of the rotation is different. Our

structures reveal kingdom-specific differences, including the previously unreported distinct

dynamics of helix 69, coupled with rearrangements of the small subunit. It is possible that in

the globally similar pathways of bacterial and eukaryotic tRNA and mRNA translocation,

the intermediates of ribosome rearrangements may be distinct between the two kingdoms. In

turn, the similarity between the E-site architectures of eukaryotic and archaeal ribosomes

suggests that the archaeal ribosomes and tRNAs sample the conformational states that are

similar to eukaryotic but distinct from bacterial ribosomes. These kingdom-specific

differences should be taken into account when parallels are drawn between the well-studied

bacterial and understudied archaeal and eukaryotic translation mechanisms.

Kozak sequence as a molecular ruler

The sequence context of the AUG start codon was shown to be of key importance for the

efficiency of translation initiation in eukaryotes and thus for the selection of the open

reading frame initiation (Kozak, 1986). Whereas the sequence requirements (Kozak

consensus) differ among eukaryotic species, the presence of a purine nucleotide at position
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−3 is the most stringent requirement in all eukaryotes (Cavener and Ray, 1991). Adenosine

is thought to occupy this position in more than 70% of mRNAs, and guanosine in more than

25% (Cavener and Ray, 1991). The structural role of this stringent requirement is not clear

as it could not be addressed by previous structural studies of the 80S complexes due to low

resolution and/or compositional heterogeneity of endogenous mRNA found in the ribosome.

In our work, we have used a fragment of mRNA, which contains an authentic S. cerevisiae

Kozak sequence AAAA (Hamilton et al., 1987) immediately upstream of the AUG codon.

The presence of the initiator tRNA base paired with the AUG codon at the 40S P site in our

maps indicates that the position of the mRNA fragment within the ribosome reflects that of a

tRNA-bound initiation state of the 80S ribosome.

The density for mRNA in the A, P and E sites is well resolved, allowing us to build and

refine an mRNA model at the three tRNA-mRNA binding sites of the 40S subunit. The

structures of mRNA are similar in the 80S•tRNA and 80S•2tRNA complexes. The three

nucleotides immediately preceding the AUG codon are located in the E site (Fig. 4A).

Density in the E site is characteristic of stacked nucleotides and contains sufficient detail to

identify phosphate groups. The positions and conformations of the nucleotides in the E site

(Fig. 4B) are similar to those found in the 3.1-Å resolution crystal structure of the bacterial

70S ribosome (PDB ID 3I8G) (Jenner et al., 2010), in which the mRNA in the E site was

well resolved (Fig. 4C). The similarity between our mRNA model and the mRNA in the

crystal structure of the 70S ribosome, as well as the stereochemically plausible packing of

nucleotides within the density suggest the following interactions. The adenosine of interest

(A-3) is positioned to form stacking interactions with the universally conserved G904 (G693

in E. coli) located at the tip of the hairpin loop 23 of the small ribosomal RNA. At the other

side, A-3 stacks on A-2, as suggested by the similar contact in the high-resolution structure

of the bacterial ribosome (Fig. 4C). The bases of A-3 and A-2 are positioned next to the

glycine-rich tip of a beta hairpin of protein S5 (amino acids 152–154, Fig. 4A). Our

structural model is consistent with results of biochemical experiments showing that the

nucleotide in position −3 cross-links with G904 (Demeshkina et al., 2000) and S5 (Pisarev et

al., 2006) in mammalian ribosomes.

Visualization of the AAA trinucleotide preceding the AUG codon provides insights into the

critical role that nucleotide A-3 plays in selecting an authentic start codon during initiation.

Interactions of a purine residue with G904 and S5 during initiation likely stabilize the

position of the mRNA in this region. Purine-purine stacking may provide up to 10-fold

stronger binding than pyrimidine-purine stacking (Friedman and Honig, 1995), suggesting

that a pyrimidine at −3 would result in less stable interactions with G904. Thus, the

conserved G904 of the 18S rRNA forms a stacking foundation to support the placement of

A-3 or G-3 in the E site, resulting in proper positioning of downstream nucleotides.

Interactions of S5 with A-3 may also contribute to stabilization of the Kozak sequence (Fig.

4A). Together, the three nucleotides in the E site likely act as a molecular ruler to position

the following AUG start codon in the P site, allowing the stable initiation complex to form.
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Experimental procedures

Vacant 80S ribosomes were purified from Saccharomyces cerevisiae strain W303 as

described (Ben-Shem et al., 2011). 80S ribosome complexes were assembled in the presence

of initiator E. coli tRNAfMet (ChemBlock) and an mRNA fragment

(AAAAAUGUAAAAAA, IDT) containing the start codon AUG (underlined) and adenosine

at position −3 (bold and underlined) characteristic for the S. cerevisiae Kozak fragment.

Cryo-EM imaging was performed essentially as previously described (Koh et al., 2014).

Image processing was performed essentially as described (Brilot et al., 2013; Grigorieff,

2007). The initial dataset consisted of 86866 particles. Particles belonging to the two

highest-resolution classes were refined using FREALIGN and optimal filtering (Sindelar

and Grigorieff, 2012). 25136 particles were extracted from the larger dataset for further

refinement to yield the reconstruction occupied with one tRNA. 23136 particles were

extracted from the larger dataset for further refinement to yield the reconstruction with two

tRNAs. The 80S•tRNA and 80S•2tRNA structures were independently refined against the

reconstructions (maps) employing stereochemically-restrained real-space refinement

essentially as described (Koh et al., 2014). Real-space R-factors are 0.2 for both refined all-

atom structures, indicating good fit of the models to the map. Details of ribosome sample

formation, cryo-EM data collection and processing, fitting and refinement of structural

models are described in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Yeast 80S ribosome adopts a non-rotated state in the presence of E and P-site

tRNAs

• Small subunit of the 80S ribosome bound with single P/E tRNA is rotated by

~8.5°

• Conformations of 80S ribosomes differ from bacterial 70S in respective states

• Conserved −3 purine of Kozak sequence helps position the AUG codon in the P

site
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Figure 1.
Cryo-EM maps of the ribosome bound with (A) two tRNAs and (B) single tRNA. Large 60S

subunit is shown in yellow-orange, small 40S subunit in cyan, E-site tRNA molecule in

blue, P-site tRNA molecule in red, hybrid P/E tRNA in purple. (C–D) Molecular structures

of the ribosome refined into the maps shown in panels A and B. Colors are as in panels A

and B. (E) Fourier shell correlation (FSC) curves for classes representing the 80S•2tRNA

and 80S•tRNA complexes (I and II, respectively). FSC calculated using automask3d and

FREALIGN for each class were generated as described (Experimental Procedures). For

convenience, the X-axis is labeled with spatial frequency Å−1 and with Å. The resolution
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stated in the text corresponds to a FSC = 0.143 cut-off value shown as a dotted line, for

FREALIGN-derived FSC.
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Figure 2.
Structural differences between tRNA-bound non-rotated 80S yeast ribosomes (this work)

and ribosomes from other kingdoms of life. (A) The tilt of the small subunit relative to the

large subunit, induced by eukaryote-specific expansion segments of 25S ribosomal RNA

and resulting in the shift of the head of the small subunit away from the core of the large

subunit by up to 7 Å. Ribosomal proteins are not shown for clarity. Comparison of the

position of 18S ribosomal RNA in the non-rotated 80S (this work) with that of 16S

ribosomal RNA in Thermus thermophilus 70S ribosome (Jenner et al., 2010) bound with two

tRNAs (PDB ID 3I9B) was obtained by structural alignment of 25S rRNA (yellow) and 23S

rRNA (not shown). (B) Displacement of bridge B1b, formed between the central

protuberance of the large subunit and head of the small subunit, in the 80S ribosome relative

to that in the 70S ribosome (gray). The superposition was achieved by structural alignment

of 25S rRNA of the 80S•2tRNA ribosome (this work) and 23S rRNA of T.th. 70S•2tRNA
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ribosome structure (Jenner et al., 2010). (C) Differences between the positions of P-site

tRNAs in the yeast (red) and Thermus thermophilus (gray) ribosome structures, induced by

different architectures of the central protuberance. The superposition was obtained as in

panel B, by aligning large-subunit rRNAs of corresponding structures (this work and Jenner

et al., 2010). (D) Conformational and positional differences between tRNAs bound to yeast

(red and blue, this work) and bacterial T. th. 70S ribosomes (gray; Jenner et al., 2010).

Positions of E- and P-site tRNAs were compared by structural alignment of small-subunit

rRNAs. (E) Conformational difference between E-site tRNAs bound to yeast (blue, this

work) and bacterial (gray; Jenner et al., 2010) ribosomes, obtained by structural alignment

of tRNA anticodon stem loops. (F–H) Conformations of the 3′-CCA terminus of E-tRNAs

bound to yeast (F, this work) and T. th. (G, Jenner et al., 2010) ribosomes, and an acceptor-

arm analog bound to the archaeal H. ma. 50S subunit (H, (Schmeing et al., 2003). Large

subunit is shown in yellow (rRNA) and orange (proteins), small subunit in cyan (18S) and

marine (proteins), E-site tRNA in blue, P-site tRNA in red, mRNA in green, eukaryote

specific elements of 25S rRNA in yellow-green. Elements of the 70S ribosome are shown in

grey when compared with those of the 80S ribosome.
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Figure 3.
Differences in the conformations of rotated yeast and bacterial ribosomes bound with P/E

tRNA. (A) The tilt of the small 40S subunit relative to the large 60S subunit, resulting in the

shift of the head of the small subunit away from the core of the 60S subunit by up to 15 Å.

Proteins are not shown for clarity. Comparison of the positions of 18S ribosomal RNA in the

rotated 80S ribosome (this work) with E. coli 16S ribosomal RNA (Dunkle et al., 2011) was

obtained by structural alignment of 25S rRNA (yellow) and 23S rRNA (not shown). (B)

Difference in positions of the tRNA, mRNA and helix 69 between the rotated yeast (this

work) and E. coli (Dunkle et al., 2011) ribosomes. The superposition was obtained by

structural alignment of large-subunit rRNA of the 80S and 70S complexes, respectively (not

shown). (C) Intersubunit rotation axes for yeast (brown) and E. coli (black) ribosomes. The

rotation axis for each ribosome was calculated in Chimera (Pettersen et al., 2004), using the

small subunit rRNA from non-rotated (bound with two tRNAs) and rotated (bound with

single tRNA) ribosome structures. The superposition of yeast and bacterial (Dunkle et al.,

2011) ribosome structures was obtained by structural alignment of large-subunit rRNAs.

Head and body domains of the small subunit, and the central protuberance (CP) of the large

subunit are labeled. 60S is in yellow and orange, 40S in cyan and marine, 70S in grey, 80S

rotation axis in brown, 70S rotation axis in black.
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Figure 4.
Interactions of mRNA with the E and P sites of the 40S subunit. (A) Fit of the molecular

structure of the 80S bound with single tRNA into cryo-EM density. (B) Interactions of

mRNA with the elements of the 40S subunit and the anticodon-stem loop of tRNA in the P

site (this work). (C) Interactions of mRNA in the 3.1 Å crystal structure of Thermus

thermophilus 70S ribosome (PDB ID 3I8G, Jenner et al., 2010). Small-subunit rRNA is in

cyan, mRNA in green, P/E-site tRNA in magenta, P-site tRNA in red, ribosomal proteins in

marine.
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