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Abstract

One of the most critical steps of protein biosynthesis is the coupled movement of mRNA, which encodes genetic
information, with tRNAs on the ribosome. In eukaryotes, this process is catalyzed by a conserved G-protein, the
elongation factor 2 (eEF2), which carries a unique post-translational modification, called diphthamide, found in all
eukaryotic species. Here we present near-atomic resolution cryo-electron microscopy structures of yeast 80S
ribosome complexes containingmRNA, tRNA and eEF2 trapped in different GTP-hydrolysis states which provide
further structural insights into the role of diphthamide in the mechanism of translation fidelity in eukaryotes.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

During protein synthesis, mRNA and tRNAmove in
a coordinated and accurate way along the ribosome.
In eukaryotes, this complex process of translocation is
ensured by a translational GTPase, elongation factor
2 (eEF2), which is homologous to bacterial elongation
factor EF-G [1]. According to structural and biochem-
ical experiments, after peptidyl transfer reaction, the
small ribosomal subunit (SSU) spontaneously rotates
relative to the large ribosomal subunit (LSU). This
rotation results in the movement of acceptor ends of
tRNAs on LSU to P and E site while leaving main
bodies of tRNAs bound to the A and P sites of SSU
(A/PandP/E hybrid states, respectively) (see a review
in Ref. [2]). In addition to this intersubunit ratcheting-
like motion, large conformational changes occur
inside SSU by itself. Thus, swivelling of the head
domain and rearrangement of the shoulder promote
r Ltd. All rights reserved.
furthermovement of tRNAs onSSU from their A and P
sites to the P and E sites. These rearrangements are
coordinated and catalyzed by eEF2, which hydrolyzes
GTP and controls the precise movement of mRNA
with tRNA through multiple intermediate states.
Main structural knowledge about dynamics of the

eukaryotic elongation cycle, in the presence of mRNA
and tRNA, has been provided by low to intermediate-
resolution cryo-electron microscopy (cryo-EM) recon-
structions that enabled the understanding of the major
conformational rearrangements responsible for guid-
ing the translocation process [3–5]. These snapshots
were captured in different GTP hydrolysis states and
suggested that eEF2 binds to a ratcheted ribosome as
was originally discovered in bacteria (see a review in
Ref. [2]). Notwithstanding, due to the limited resolu-
tions obtained by these reconstructions, a detailed
structural understanding of the mechanism by which
eEF2 catalyzes translocation in eukaryotes remained
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unclear. eEF2 is well conserved among eukaryotes
and it carries a unique post-translational modification,
covalently bound to a conserved histidine residue
(His699 in yeast) and called diphthamide, which
is absent in bacteria [6, 7]. Diphthamide is targeted
by at least two virulent toxins—diphtheria toxin and
Pseudomonas aeruginosa exotoxin A—which transfer
ADP ribose to the modification and inactivate eEF2
leading to cell death [7]. Diphthamide biosynthesis is
accomplished by a set of highly conserved proteins:
yeast strains lacking these enzymes display increased
mRNA frame-shifting, pointing to a crucial role of
the modification in protein synthesis fidelity [6].
Furthermore, in mammals, defects in the diphthamide
synthesis can lead to certain neurodegenerative
diseases [8]. Consequently, in order to better under-
stand how diphthamide regulates ribosomal translo-
cation, there is an evident need for structures at higher
resolution.
Here we present near-atomic resolution reconstruc-

tions, obtained by cryo-EM, of eukaryotic 80S
ribosomes, containing eEF2 in different hydrolytic
states, tRNA and mRNA, providing new insights into
the role that the eukaryotic-specific unique post-
translational modification diphthamide might have in
ensuring correct mRNA reading frame. This study has
enabled us to visualize in details the direct involve-
ment of diphthamide with the mRNA in the context of
translocating ribosomes.

Results and Discussions

Near-atomic resolution structures of ribosomes
in an intermediate step of translocation

To understand more deeply the role of diphthamide
in ribosomal translocation, we solved three near-
atomic resolution cryo-EM structures of yeast 80S/
tRNA/mRNA/eEF2 complexes trapped in different
GTP-hydrolysis states. “GMPPCP complex” was
formed using 80S ribosomes from Saccharomyces
cerevisiae, 24 nucleotides long mRNA containing 3
consecutive phenylalanine codons, cognate yeast
tRNAPhe

GAA, native eEF-2 from S. cerevisiae and
GMPPCP, a non-hydrolyzable analog of GTP. The
“GMPPCP complex” was reconstructed at 3.8 Å
(Figs. 1, 2a–e, and 3a–b; Supplement Figs. 1 and
2a). The second 80S complex, “AlF4

−/sordarin
Fig. 1. Reconstruction maps allowed to interpret features a
taken from the GTPase reaction center with eEF2, P/E tRNA an
intersubunit interface. eEF2, mRNA and tRNA are shown.
β-strands (shown in cartoon for proteins) are shown. (c) View
details of the structure fitted (shown as cartoon for proteins) int
of rRNA, β-strands and α-helices of the “AlF4

−/sordarin complex
high resolution features, as single-nucleotide bases (rRNA) and
better representation.
complex,” was formed by addition of GDP and
aluminium fluoride (AlF4

−) instead of GMPPCP. In
addition, we added the drug sordarin, which specifi-
cally targets fungal eEF2 preventing its release from
the ribosome [10]. Previously, it was shown that AlF4

−

mimics the γ-phosphate of GTP [11] during hydrolysis
in GTPases. Thus, GDP-AlF4

− presumably traps
80S ribosome-bound eEF-2 in a transition-like state
of GTP hydrolysis in the present complex. The “AlF4

−/
sordarin complex” was reconstructed at 3.7 Å
(Figs. 2f–i and 3c–d, and Supplement Figs. 1 and
2b). The third 80S ribosome complex, “GMPPCP/
sordarin complex,” was formed as it was described
above for “GMPPCP complex,” but in the presence of
sordarin. This complex was designed to provide
understanding of the drug when eEF2 is bound to
the ribosome in a GTP-like state. The “GMPPCP/
sordarin complex” was reconstructed at 4.30-Å
average resolution (Figs. 2j–m and 3e–f, and Supple-
ment Figs. 1 and 2c).
In order to obtain the most homogeneous popula-

tion for each complex,weperformedseveral rounds of
3D sorting. 3D refinement jobs in RELION [12], with or
without user-defined masks (Experimental proce-
dures, Supplement Fig. 1), thus cover the whole 80S
(along with eEF2, tRNA and mRNA), the SSU (along
with eEF2, tRNA and mRNA), or the LSU (along with
the most stable regions of the SSU at its intersubunit
side, eEF2, tRNA and mRNA), respectively. These
local refinements were performed to allow for better
alignment of the particles around the regions of
interest, leading to higher-resolution reconstructions
with a better-resolved ribosomal core (Fig. 1 and
Supplement Fig. 1). In spite of our efforts in improving
the resolution of our reconstructions, the local
resolution of eEF2, especially for domain IV, repre-
sents a real bottleneck and persisted in a range
between 4 and4.5Å (Supplement Fig. 1). High level of
flexibility of domain IV of eEF2 bound to the ribosome
was previously reported [3–5]. More generally, com-
pared to the 60S local resolution, it appears that eEF2
keeps a certain level of flexibility around the observed
global conformations. This is due to the fact that the
SSU adopts a continuum of subtle conformations
around its observed rotated state, which in turn
impacts the stability of eEF2, thus limiting the
resolutions of our complexes for the latter. Such a
continuumof the SSUmovements around an average
optimal position is a usual and persistent problem in
t high resolution. (a) Top view of the “GMPPCP complex”
d mRNA indicated. (b) View of the SSU from the 18S rRNA
In the zoomed-in square details of rRNA, α-helices and
of the LSU from the 25S rRNA intersubunit interface, with
o the density map. CP: central protuberance. (d–f) Zoom-in
” fitted into density. The overall quality of the map displays
side chains (proteins). Residues are shown as sticks for a



Fig. 2. Structural analysis of the three complexes representingan intermediate state of eEF2catalyzed translocation. (a) Top
view of Saccharomyces cerevisiae 80S ribosome in complex with eEF2 (red), P/E site tRNA (green) and mRNA (magenta).
(b, d, j) Close-up views of the decoding region for the three complexes analyzed in this study. The diphthamide modification of
eEF2 in the “GMPPCPcomplex” interactswith themRNA in position +4 (“inward” conformation) (b), while in the presence of the
drug sordarin, it points away from the DC (“outward”) (j). For the transition state complex (GDP +AlF4

−), diphthamide is adopting
an alternative conformation and it points again toward h44 on the SSU (f). SSU-focusedmap “AlF4

−/sordarin complex” has been
used for this representation, since it allowed for better interpretation of the density corresponding to eEF2 and diphthamide.
tRNA and part of domain IV of eEF2 are also shown into density for all the complexes. In panel j, themRNAwas represented in
ribbons to highlight the relativelymodest interpretability of themRNAdensity compared to the other two complexes, probably as
a consequence of the weak interaction with the diphthamide because of its very different conformation. (c, g, k) A section
through the eEF2 fitted into its density maps. The three analyzed complexes in this study are colored consistently but with
different tones in order to differentiate them from each other. tRNAs andmRNAs are shown as fitted into density. (d, e) Zoomon
the sordarin and the nucleotide-binding pockets, respectively, for the “GMPPCP complex.” (h, i) Same as panels d and e but for
the “AlF4

−/sordarin complex.” (l, m) Same as panels d and e but for the “GMPPCP/sordarin complex.” DPH, diphthamide.
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most of reported cryo-EM studies of various ribosomal
complexes. More extensive 3D particle sorting did not
solve the SSU flexibility issue, probably because of
the continuous nature of the subtle moments around
the observed conformation. However, as it is de-
scribed and supported by our figures herein, the
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quality of our maps is sufficient to resolve the different
conformations of the diphthamide modification and
provide insightful structural understanding of its
engagement in ribosomal translocation (Figs. 1–4,
and Supplement Figs. 3 and 4). Because of the
consistent limited resolution of eEF2 (comprised
between 4 and 4.5 Å) among our three complexes in
spite of their different global resolutions, which is due
to their inherent flexibility, we did not attempt
improving the resolution by collecting more data.
Our reconstructions reveal that the tRNAbinds in the

P/E hybrid state, by superposition with the structure of
a rotated 80S•tRNA ribosome [13] (PDB: 3j77) (Fig. 1,
2a, and 3, and Supplement Fig. 5a). However, we
observe a more extended anti-clockwise head swivel-
ling of ~9.5° (http://rna.ucsc.edu/rnacenter/erodaxis.
py) [14] (Supplement Fig. 5b), similar to the yeast
Fig. 3. Diphthamide interactions within the reported translo
(a, c, e) Transverse sections of the cryo-EM maps of the “G
(e) ribosomal complexes. (b, d, f) Atomic model of the DC from
the interacting network of diphthamide. In the “GMPPCP comp
mRNA in position +4, while the conserved residues of the DC
h44. The presence of sordarin induces the diphthamide to ado
(f)]. This in turn induces A1756 to flip-out as for interacting wit
mRNA/2tRNAs (Jenner et al. [9]). When GTP is hydrolyzed, but
domain IV and the DC residues rearrange in an intermediate co
the sugar-backbone of A1755/56 and it is facing to the mRNA i
of green), the diphthamide-containing loop of eEF2 (tones of r
and the tip of H69 (tones of cyan) are indicated. DPH, diphtha
80S/eEF2complex in the presenceof Taura syndrome
virus (TSV) IRES (PDB: 5juu; Supplement Fig. 5b),
where the SSU is proposed to be fully rotated [15]. To
obtain the closest to physiologically relevant in vitro
complexes, we did not use any A-site tRNA-stabilizing
drug (see a review in Ref. [2]), such as aminoglyco-
sides or tuberactinomycins. The accommodation of
tRNA in the P/E hybrid state is mainly driven by the
ratchet-like subunit rotation (RSR) that we and others
observed [3]. Although our mRNA construct was
designed to accommodate a tRNA in the A-site, we
did not observeanydensity for it in our reconstructions.
This is likely due to the low affinity that deacylated
tRNA has for the A-site, and to the fact that the
simultaneous binding of A-tRNA and eEF2 in GTP-like
state to the ribosome results in a highly dynamic
and transient state [16]. Structural comparison with
cating 80S complexes at different GTP-hydrolytic states.
MPPCP” (a), “AlF4

−/sordarin” (c) and “GMPPCP/sordarin”
the different reported translocating complexes, highlighting
lex” (b), the diphthamide interacts with the sugar moiety of
(A1755 and A1756) are both flipped-in the minor groove of
pt the “inward” conformation [“GMPPCP/sordarin complex”
h the mRNA, similarly to what observed for bacterial 70S/
the γ-phosphate has not been released yet, the tip of eEF2
nformation (d). In this case, the diphthamide interacts with
n position +4. The mRNA (tones of magenta), tRNA (tones
ed), the decoding SSU rRNA nucleotides (tones of yellow)
mide.

http://rna.ucsc.edu/rnacenter/erodaxis.py
http://rna.ucsc.edu/rnacenter/erodaxis.py


Fig. 4. Proposed mechanism of action of diphthamide during ribosomal translocation in eukaryotes. Ribosomal
translocation involves the concerted movement of mRNA and tRNA along the ribosome. The SSU plays a major role in this
mechanism through overall rotation (ratcheting) and movement of the head domain (swivelling). eEF2 is the main actor in
catalysis of these steps. Our data suggest that eEF2 is not only doing so. We observe that a complex network of
interactions involving the mRNA, the DC residues and the diphthamide, depending on the hydrolytic state and the
presence or absence of the inhibitor sordarin, is formed upon eEF2 binding (Fig. 3). The “GMPPCP” and “AlF4

−/sordarin”
complexes are relevant for understanding, into more details, the structural role of the unique modification diphthamide (I).
Even in the presence of eEF2, the head domain of the SSU is a flexible entity that can undergo spontaneous fluctuations,
which in turn might lead to the slippage of mRNA (eEF2 is represented in shadow for clarity) (a). The structure we obtain
reveals that eEF2 might prevent the head domain to back-rotate by binding directly to the mRNA via diphthamide, and
more specifically at the residue in +4 position (b). In turn, this interaction might keep the correct reading frame of the mRNA
and allow for the loading of the correct aminoacylated-tRNA once translocation has finished (c). However, when
diphthamide is not expressed or the tip of domain IV is not properly folded (II), it has been shown biochemically that −1
frameshifting events occur with higher frequency [6]. Thus, most likely, the deficient eEF2 is not able to prevent back-
rotation of the head of the SSU (d), which in turn might cause mRNA frameshift and load the non-correct aminoacylated-
tRNA or introduce premature stop codons (e, f).
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bacterial 70S/tRNA/mRNA/EF-G complexes in the
presence of GMPPCP (PDB: 4v90 and 4v9H) also
confirmed that our structures are representatives of
intermediate states of translocation [17, 18] (Supple-
ment Fig. 6). We also found that in our complexes, a
further displacement of ~7 Å of the tRNA elbow takes
place, coupled with amovement of the L1-stalk toward
the LSU (Supplement Fig. 6a). This state likely
corresponds to one of the first intermediates of the
“unlocked” ribosome induced by eEF2 [15].
The binding of diphthamide to mRNA at position
+4 appears to be crucial for translation fidelity

The molecular mechanism by which diphthamide
participates in ribosomal translocation is highly com-
plex and the recent structures represent only one
hydrolytic state of eEF2 [15, 19]. Analysis of “GMPPCP
complex” shows that diphthamide of eEF2 is pointing
toward the mRNA path (“outward” state) and interacts
with its sugar-backbone moiety at position +4
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(Figs. 2b, 3b, and 4, and Supplement Figs. 3a–c and
4a). The position of the tip of domain IV, and
consequently of the diphthamide, relative to the
mRNA suggests that, when eEF2 is bound to the
80S ribosome in theGTP-like state, diphthamidemight
function as a “pawl” preventing slippage or frame-
shifting of mRNA, hence ensuring the fidelity of
translocation as proposed earlier, aswell as in bacteria
[3, 20, 21].
Intersubunit bridge B2a, mainly composed of the

top of helix 44 (h44) in the SSU and the apical loop
of helix 69 (H69) in the LSU [3, 22], plays a pivotal
role in ribosomal translocation [3]. In spite of the
fact that overall conformation of the B2a region
does not change significantly when compared to
bacteria (Supplement Fig. 6b), the close-up view of
the decoding nucleotides A1755/56 (A1492/93 in
Escherichia coli) of 18S rRNA and A2256 (A1913 in
E. coli) of 25S rRNA reveals several remarkable
rearrangements (Fig. 3). In the “GMPPCP complex,”
for instance, A1755andA1756 reside inside theminor
groove of h44 (flip-in) with A2256 of H69 located
outside of the groove and stabilized by interactions
with A1756 (Figs. 2b and 3b).
In the cryo-EM reconstruction of the “AlF4

−/sordarin
complex,” in which eEF2 is trapped in a transition-like
state after GTP hydrolysis (Figs. 2f and 3d, and
Supplement Figs. 2b and 4b), diphthamide points
toward the DCand interacts with the sugar-phosphate
backbone of decoding nucleotides A1755/56. In this
complex, A1756 is in a flipped-in intermediate
conformation as compared to the “GMPPCPcomplex”
(Fig. 3b, d, and Supplement Figs. 2a–b and 3d–f),
while A1755 adopts a different conformation. Both
residues of the decoding center (DC) create a network
of interactions with the tip of H69, precisely residue
A2256. The conformational change of A1755 likely
impedes A1756 to flip-in completely as seen for the
“GMPPCP complex” (Fig. 3).

Sordarin induces a different conformation of
diphthamide in the GTP-like state

Sordarin is known to bind to domain III of fungal
eEF2 (Fig. 2h and l) and suggested to prevent release
of eEF2 from the ribosome [10]. In the “GMPPCP/
sordarin complex,” diphthamide flips 180° toward
eEF2, adopting an alternative conformation, which
we termed “inward” (Figs. 2j and 3e–f, and Supple-
ment Figs. 2c and 3g–i), with A1756 that flips-out,
resembling the “pre-formed” unoccupied state of the
DC in bacteria [9, 17]. Particularly, the tip of H69 points
inside the DC, inducing the rearrangement of A1756
and most likely promoting the stacking of A2256
and A1755 (Figs. 2j and 3f). However, in contrast to
(i) prokaryotic 70S/mRNA/2tRNAs complex with
A-site unoccupied [9] and to (ii) pre-translocating
70S/mRNA/tRNA/EFG/GMMPCP complex [17, 18],
we observe an additional interaction between A1756
and the mRNA backbone at position +5 (Fig. 3f). Our
data suggest that sordarin impacts the conformation
of the tip of domain IVof eEF2, and in turn diphthamide
position, thus retaining the modification from interact-
ing closely with h44 and the mRNA. The binding of
sordarin constraints further eEF2 domain III, which in
turn influences diphthamide position (Figs. 2 and 3,
and Supplement Fig. 2c). This is in agreement with
previous studies, where sordarin was shown to
prevent domain III from moving away from the
GTPase activating center of the sarcin–ricin loop,
thereby avoiding dissociation of eEF2 from the
ribosome and reverse rotation of SSU [5, 15, 23]. As
it was indicated earlier, sordarin can stabilize one of
the intermediate states of eEF2 before and after
hydrolysis of GTP without interfering with its hydroly-
sis [10]. These findings support our interpretation of
the “AlF4

−/sordarin complex” structure, which most
likely reflects post-hydrolysis events of translocation.

Structural role of diphthamide in ribosomal
translocation in eukaryotes

Our reconstructions provide structural evidence of
howdiphthamidemight be responsible for regulation of
the molecular switch betweenmajor nucleotides of the
DC, thus playing an active role in controlling mRNA
movement on the ribosome. In addition, our recon-
structions reveal that the conserved protein uS12,
which also belongs to theDCand binds to domain III of
eEF2 [15], contacts the backboneofA1755andA1756
(Supplement Fig. 7a–c), likely stabilizing their confor-
mation, similarly to that for bacteria [17].
The knowledge of the structural implication of

diphthamide in the translocation of mRNA is very
limited, and reconstructions, obtained in the same
range of resolution as ours, are only available for 80S/
eEF2/viral-IRESs, in the presence of either GMPPCP
[19] or GDP + sordarin [15]. In the structure of yeast
80S/eEF2/GMPPCP/CrPV IRES (PDB code: 5it7)
[19], the diphthamide is interacting with the codon–
anticodon-likemoiety of PKI in a way that prevents the
decoding residues to bind the IRES. This is reminis-
cent of what we observed in the “GMPPCP complex,”
where the conserved A1755/56 of the DC is posi-
tioned inside theminor groove of h44. However, in the
fully rotated structure of 80S/eEF2/GDP/sordarin/TSV
IRES complex (PDB code: 5juu [15]), diphthamide is
pointing to the codon–anticodon-like helix of PKI,
occupying the hybrid ap/P position, and interacts with
the decoding residue A1756, similarly to what we
observe in the case of the “AlF4

−/sordarin complex.”
We can therefore deduce that the position of
diphthamide we observe in the presence of GDP +
AlF4

− can be attributed to as a post-hydrolytic state.
Finally, diphthamide in the “GMPPCP/sordarin” com-
plex adopts a very unusual conformation as its
position is not observed in any of the structures of
80S/eEF2/IRESs [15, 19].
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Conclusions

In the present study, we provide novel structural
evidence of the role of diphthamide in ribosomal
translocation in the presence of mRNA and tRNA
(Figs. 3 and 4). We suggest that this highly
conserved post-translational modification of eEF2
enhances the fidelity of translation by ensuring
correct reading frame of mRNA via direct interaction
with it and with the rRNA in the DC (Figs. 2 and 3,
and Supplement Fig. 4). These interactions might be
needed to avoid possible back rotation of the SSU
and/or mRNA slippage, which can result in mRNA
frame-shift and lead to errors in polypeptide chain
biosynthesis (Fig. 4) [24]. The interaction network
established between the diphthamide and the DC
appears to be dependent on the position of domain
IV of eEF2 that in turn is dependent on the nucleotide
state and other ligands such as sordarin. Appear-
ance of diphthamide in the course of evolution might
have been dictated by the more complex regulation
level of the eukaryotic ribosome compared to
bacteria [21], which required additional molecular
tools to ensure accuracy of translocation, in order to
avoid the spontaneous frame-shifting [24]. Although
the insights gained about the structural role of
diphthamide point toward its direct implication in
reading framemaintenance, we still require thorough
structural and functional investigations of other
intermediates to understand entirely the mechanism
of translocation and the full extent of the role played
by the diphthamide in this process.
Materials and Methods

Ribosome and eEF2 purification

The 80S ribosome was purified accordingly to the
previous protocol [22] with minor changes. One of the
modifications of the published protocol was the
addition of spermidine (2.5 mM) to sucrose density
gradients at the moment of gradients formation. To
overcome the problem of having stress protein factor
Stm1 [22], which binds tomajor actives sites of the 80S
ribosome upon stress condition employed during
ribosomes purification, we generated a new strain
lacking the gene encoding for Stm1. S. cerevisiae
strain JD1370-ΔStm1 was obtained from strain
JD1370 (MATa, ura3, leu2, pep4::HIS3, nuc1::LEU2,
stm1::TRP1, L_A [22]) by replacing stm1 gene with a
TRP1 marker. The TRP1 marker was PCR generated
using pBS2438 plasmid as a template, and TTTA
GAGGTGAAGTAGAAATAAACCAAGAAAGCATA
CACATTTTATTCTCAtccatggaaaagagaag and GTA
GAACACTGTTATTGGATTCTTTCAGTTGGAAT
TATTCATATATAAGGCtacgactcactataggg as
primers (capitalized are segments complementary to
stm1 gene locus). The isolation procedure of native
eEF2 was mainly based on the protocol described
earlier [7], where several steps were changed. Firstly,
we used fresh culture of yeast strain JD1370-ΔStm1
grown to an A600 of 2–3 and cells were lysed in a
microfluidizer. Secondly, instead of S-Sepharose,
source-Q and uno-Q ion-exchange columns, we
used SP-Sepharose, Q-Sepharose and mono-Q
columns and introduced a gel filtration with Superdex
200 as the final purification step.
The “GMPPCP complex” was formed in buffer G

[10 mMHepes–KOH, 5 mMMg(OAc)2, 40 mMKOAc,
10 mM NH4Cl (pH 7.5)]. The eEF2/GMPPCP mixture
was incubated for 30 min at room temperature before
the addition to themixture of 80S ribosomes (5mg/mL,
1.125 μM) with mRNA and tRNA added at 3-fold and
5-fold molar excesses, respectively, in two consecu-
tive steps of 15 min each at 30 °C. The mRNA
sequence used was (CAA)5UUUUUUUUU, while the
tRNA we employ was yeast tRNAPhe. The factor mix
was then incubated with the ribosomes, mRNA and
tRNA for 30min at 30 °C. The eEF2 factor was used at
3-fold excess over the ribosomes, and concentration
of GMPPCP was 0.25 mM. Following the last
incubation step, the mixture was sized on Superdex
200 columnequilibrated in buffer G [22]. The ribosome
complex was collected from the void volume, concen-
trated to 70 nM and used for preparation of the cryo-
EM grids.
Complexes “AlF4

−/sordarin” and “GMPPCP/
sordarin” were prepared in the similar way except
that in the latter, 0.1mMof sordarinwas preincubated
with the eEF2/GMPPCP mixture at room tempera-
ture for 30 min prior to the addition to the ribosome
mix. In the case of the “AlF4

−/sordarin complex,”GDP
was added to the eEF2 mix instead of GMPPCP at
a final concentration of 0.2 mM with sordarin kept at
0.1 mM. In order to create the AlF4

− group, AlCl3 and
NaF were added at final concentrations of 0.2 and
5 mM, respectively, to the eEF2/GDP/sordarin mix.
Both complexes were sized on Superdex 200 and
concentrated to 70 nM as described above.

Grids preparation and data collection parameters

The grids were prepared by applying 4 μL of each
complex at ~70 nM to 400 mesh holey carbon
Quantifoil 2/2 grids (Quantifoil Micro Tools). The
grids were blotted for 1.5 s at 4 °C, 100% humidity,
using waiting time 30 s, and blot force 4 (Vitrobot
Mark IV). The data acquisitions were performed
on a Titan Krios S-FEG instrument (FEI) operated at
300-kV acceleration voltage and at a nominal under-
focus of Δz = – 0.8 to – 4.5 μm using the second-
generation back-thinned direct electron detector
CMOS (Falcon II) 4096 × 4096 camera and automat-
ed data collection with EPU software (FEI). The
Falcon II camera was calibrated at nominal magnifi-
cation of 59,000×. The calibratedmagnification on the
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14-μm pixel camera is 127,272×, resulting in 1.1-Å
pixel size at the specimen level. The camera was set
up to collect 8 frames and frames 2 to 8 were aligned.
Total exposure was 1.5 s, with a dose of 60 e−/Å2 (or
3.5 e−/Å2 per frame).

Image processing

SCIPION [25–27] package was used for image
processing and 3D reconstruction. Optical Flow
algorithm integrated in Xmipp3 [28] was used for the
movie alignment of ~1196 images from the GMPPCP
complex, ~2030 images from the “AlF4

−/sordarin”
complex and ~3184 images for the GMPPCP/sordarin
complex. CTFFIND4 [29] was used for the estimation
of the contrast transfer function of an average image of
the whole stack. The frame image motion for all three
image data sets was corrected using Optical Flow (OF
[27],). In the case of the “AlF4

−/sordarin complex” data
set, in addition to OF [27], we corrected the whole
frame image motion using Motion_Corr [30] before
particle picking/extraction and3Dclassification,with no
significant improvement on the resolution and the level
of eEF2 interpretation. Particles were selected in
SCIPION [31]. Approximately 150,000 particles were
selected for the “GMPPCPcomplex,”156,000particles
for the “AlF4

−/sordarin complex” and 320,000 particles
for the “GMPPCP/sordarin complex.”RELION [12]was
used for particle sorting through 3D classification via
SCIPION, (please refer to Supplement Fig. 1 for
particle sorting details for all three complexes).
Selected classes were refined using RELION's 3D
autorefine and the final refined classes were then post-
processed using the procedure implemented in
RELION applied to the final maps for appropriate
masking, B factor sharpening and resolution validation
to avoid over-fitting [12], indicating an average
resolution of 4.0 Å for the “GMPPCP complex,” 3.9 Å
for the “AlF4

−/sordarin complex” and 4.4 Å for the
“GMPPCP/sordarin complex” (Supplement Fig. 1 and
Supplement Table 1). We afterward created two
different masks: first mask focused on the SSU
(including the tRNA, mRNA and eEF2) and a second
mask focused on the LSUwith the most stable regions
of the SSU at the intersubunit side (including h44 and
the P-site, tRNA, mRNA and eEF2). These masks
were used for 3D auto-refine jobs in RELION [12]. The
resulting reconstructions were then post-processed for
automatic B-factor sharpening. The FSC curves
corresponding to all the reconstructions performed in
this work are shown in Supplement Fig. 1. The best
resolutions obtained for the LSU-focused maps are
3.8, 3.7 and 4.3 Å for the “GMPPCP,” “AlF4

−/sordarin”
and “GMPPCP/sordarin” complexes, respectively.

Segmentation and display of density maps

The cryo-EM maps were segmented by UCSF
Chimera [32] using the SEGGERmodule [33]. All the
segments counting fewer than 1000 voxels were
discarded.

Local resolution measurement of the cryo-EM
map

RESMAP [34] was used to estimate the local
resolution of the cryo-EM reconstruction. The reso-
lution was represented as a variable color scale
using UCSF Chimera [32].

Model building and validation

The yeast 80S crystal structure (PDB: 4V88), the
structure of eEF2 in GTP-like state bound to the
ribosome (PDB: 2P8W) and the crystal structure of
tRNAPhe (PDB: 1EHZ) were initially docked as rigid
bodies into the cryo-EM maps using Chimera [32].
Iterative cycles of manual building using Coot [35] and
refinement (global and local) by phenix.real_space_
refine [36] of the atomic coordinates were performed
to improve the quality of the model and the fit into the
electron density. RNA geometry was locally fixed
using Erraser [37], from the Rosetta suite. The
structures were finally validated using Molprobity
[38] and the correlation coefficients were calculated
using phenix.map_model_cc [36]. All the figures for
the manuscript were prepared using Pymol (The
PyMOL Molecular Graphics System, Version 1.7
Schrödinger, LLC.).

Accession numbers

The cryo-EM maps and atomic coordinates have
been deposited in the EMDB and Protein Data Bank
under accession codes EMD-0049 and PDB ID
6GQV, EMD-0048, EMD-0055 and PDB ID 6GQB
and EMD-007 and PDB ID 6GQ1 for “GMPCPC
complex,” “AlF4

−/sordarin complex” and “GMPPCP/
sordarin complex,” respectively.
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