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ATP-binding cassette (ABC) proteins drive fundamental biological 
processes such as membrane transport, genome maintenance, and 
protein biosynthesis1–4. All ABC systems feature two nucleotide-bind-
ing domains (NBDs), which form sandwich-like nucleotide-binding 
sites (NBSs) for two ATP molecules. Conformational dynamics of 
NBDs are believed to allosterically induce structural changes in adja-
cent domains or subunits. The ribosome-recycling factor ABCE1 is 
one of the most conserved proteins in evolution and is essential for 
life in Archaea and Eukarya4–8. The twin-ATPase protein is equipped 
with a unique N-terminal iron–sulfur (FeS) cluster domain9,10, which 
contains two [4Fe-4S]2+ clusters and is connected to the core protein 
by a characteristic antiparallel β-sheet called the cantilever arm along 
with a flexible linker, the cantilever hinge. Additionally, ABCE1 con-
stitutes a helix–loop–helix (HLH) motif and a bipartite architecture 
of hinge 1 and hinge 2 domains that mediate interaction of the NBDs 
with the ribosome11–13. ABCE1 has a crucial function in splitting 
80S ribosomes into small 40S and large 60S subunits after translation 
termination14,15. It also rescues stalled ribosomes on truncated or 
secondary-structure-containing no-go mRNAs during mRNA sur-
veillance and reactivates hibernating ribosomes15–17.

For splitting, ABCE1 acts in concert with the termination factor eRF1 
or its homologous rescue factor Pelota (Dom34p in yeast)14–18. Pre-split-
ting 80S–ABCE1 complexes obtained by translation stalling or termina-
tion inhibition have been observed by cryo-EM11–13. These complexes 
carry either eRF1 or Pelota in the ribosomal A-site, which is already in 
close contact with the FeS cluster domain of the bound ABCE1. In the 
presence of ATP, these complexes proceed to splitting, and ABCE1 is 
released from the post-splitting complex, most likely after ATP hydrolysis,  

because it is bound to 40S in the presence of non-hydrolyzable  
ATP-analog adenylyl-imidodiphosphate (AMP-PNP)14,18. Nevertheless, 
the exact timing and role of ATP binding and hydrolysis in the two NBSs 
is still elusive, and the ATP-driven conformational transitions of ABCE1 
between the pre- and post-splitting states are unknown.

Apart from these functions, ABCE1 controls reinitiation in 3′ 
untranslated mRNA regions19,20 and is supposed to play a role in 
assembling initiation complexes21–23. In Drosophila melanogaster and 
Saccharomyces cerevisiae, 40S–ABCE1 complexes were shown to associ-
ate with initiation factors eIF2, eIF5, and the multiprotein complex eIF3 
(refs. 21–24). The latter has been proposed to act as a main interaction 
platform for initiation factors. Taken together, currently available data 
suggest that ABCE1 links not only termination and recycling, but also 
recycling and initiation7.

Here, we determined the structures of 40S–ABCE1 post-splitting com-
plexes that were reconstituted in vitro from purified components or isolated 
as native 40S–ABCE1 initiation complexes. Cryo-EM structures of these 
complexes show ABCE1 in a conformation distinct from pre-splitting  
complexes with a rotated FeS cluster domain and the NBDs in a closed, 
nucleotide-occluded conformation. Together with biochemical and 
mutational analyses, these structures provide fresh insights into the split-
ting mechanism and involvement of ABCE1 in translation initiation.

RESULTS
Post-splitting complex reconstituted by facilitated splitting
The transient state after splitting was efficiently captured by a ‘facili-
tated splitting’ approach under conditions that allowed splitting of 80S 
ribosomes by ABCE1 at low magnesium and high potassium levels and 
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Structure of the 40S–ABCE1 post-splitting complex in 
ribosome recycling and translation initiation
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The essential ATP-binding cassette protein ABCE1 splits 80S ribosomes into 60S and 40S subunits after canonical termination  
or quality-control-based mRNA surveillance processes. However, the underlying splitting mechanism remains enigmatic.  
Here, we present a cryo-EM structure of the yeast 40S–ABCE1 post-splitting complex at 3.9-Å resolution. Compared to the  
pre-splitting state, we observe repositioning of ABCE1’s iron-sulfur cluster domain, which rotates 150° into a binding pocket  
on the 40S subunit. This repositioning explains a newly observed anti-association activity of ABCE1. Notably, the movement 
implies a collision with A-site factors, thus explaining the splitting mechanism. Disruption of key interactions in the post-splitting 
complex impairs cellular homeostasis. Additionally, the structure of a native post-splitting complex reveals ABCE1 to be part  
of the 43S initiation complex, suggesting a coordination of termination, recycling, and initiation. 
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trapping of the post-splitting state in the presence of the AMP-PNP (see 
Online Methods). This approach bypasses the AMP-PNP-dependent 
arrest of the pre-splitting state11,12,14,15 and thereby enables populations 
of 40S subunits with ABCE1, which are specifically stabilized in the post-
splitting state. The 40S–ABCE1 post-splitting complex was harvested by 
sucrose density gradient centrifugation under conditions promoting the 
reassociation of ribosomal subunits to 80S complexes (Supplementary 
Fig. 1). We observed that ABCE1–AMP-PNP is stably bound to the 40S 
subunit and displays anti-association activity, which in turn allowed the 
preparation of a highly enriched 40S–ABCE1 fraction.

The reconstituted and purified post-splitting complex was subjected 
to single-particle cryo-EM analysis. After 2D and 3D classification 
(Supplementary Fig. 2) and masking of the flexible head region of 
the 40S subunit, we obtained a structure of the 40S–ABCE1 post-
splitting complex at an average resolution of 3.9 Å according to the 
gold-standard criteria (Table 1 and Supplementary Fig. 3). Local 
resolution was between 3.5 and 4.5 Å for the 40S body, the ABCE1 
FeS cluster domain, and NBS I, but it was lower for NBS II and flex-
ible regions such as the 40S head. We built, refined, and validated a 
molecular model based on known structures of ABCE1 and the 40S 
ribosomal subunit (Fig. 1 and Supplementary Fig. 3).

The structure showed that ABCE1 binds the 40S subunit at a site 
used by other translation factors, for example, eRF3 or Hbs1, eEF1A, 
eEF2, or eIF5B12,25–29 (Fig. 1a). We found the NBDs of ABCE1 repo-
sitioned with NBD1, the HLH, and the hinge regions (H1 and H2) 
contacting the 18S rRNA and the ribosomal protein eS24. Compared 
to the pre-splitting state, the FeS cluster domain is dramatically  

rearranged and binds to a pocket formed by uS12 and rRNA helices h5 
and h44. This interaction site has recently been identified by chemi-
cal cross-linking and MS in the archaeal post-recycling complex30. 
Notably, the NBDs are in a closed conformation, and both NBSs 
clearly occlude a bound nucleotide.

Nucleotide-binding domains are closed with two occluded 
nucleotides
So far, ABCE1 has been observed only in the free, ADP-bound open 
conformation10,18 or in an intermediate, semi-closed 80S-associ-
ated pre-splitting state. In the structures of the pre-splitting state, 
the nucleotide occupancy in either NBS is unclear11–13. Compared 
to the pre-splitting state, the post-splitting state shows a rotation of 
NBD2 toward NBD1 (Fig. 2a). This rotation results in a full clo-
sure of the two NBSs and occlusion of two nucleotides (Fig. 2a and 
Supplementary Video 1). In the post-splitting state, the phosphates 
and the ribose of the bound nucleotides are coordinated by the 
Walker A and B motifs as well as the C-loops of the opposing NBDs  
(Fig. 2b–d). In NBS I, density is clearly present for an AMP-PNP–Mg 
moiety and we observe π–π stacking of the adenosine base with a 
tyrosine residue (Tyr87) in the A-loop (Fig. 2b). Moreover, critical 
residues in the C-loop of NBD2, the Walker A motif of NBD1, and 
the Q-loop of NBD1 are well defined by the density and adopt similar 
conformations to those observed in structures of other ABC pro-
teins in the NBD-closed state31,32. Clear density for a bound nucle-
otide was also present in NBS II, but the local resolution was lower 
(Supplementary Fig. 2c). Yet based on the structure of AMP-PNP-
bound BtuCD32, we were able to build a model for NBS II that shows  
a similar arrangement of the Walker A motif and the C-loop to that  
in NBS I (Fig. 2d). In addition to the canonical motifs forming the 
NBSs in ABC proteins, we identified the conserved Phe366 of NBD2 
as contributing to the coordination of the nucleotide ribose moi-
ety. Taking these observations together, in the post-splitting state,  
we observe the NBDs of ABCE1 fully closed with two occluded nucle-
otides. The hallmark residues involved in ATP binding are in a con-
formation comparable to the one observed in canonical ABC-type 
ATPases (Fig. 2d and Supplementary Video 1).

Apparently, ABCE1 remains bound to the 40S subunit with both 
NBSs in a closed state only in the presence of non-hydrolyzable 
ATP analogs, but not in the presence of ATP as demonstrated previ-
ously14,18,21,22. This indicates that ATP hydrolysis still has to occur 
and may be required for release of ABCE1 from the 40S subunit. 
In agreement with this idea, ATP- and GTPase assays with ABCE1 
in the presence of 40S ribosomes revealed a weak stimulation  
(2–3-fold) of nucleotide hydrolysis (Supplementary Fig. 4; source 
data in Supplementary Data Set 1).

Ribosome binding of ABCE1 and FeS cluster domain repositioning
The most striking reorganization from the pre- to the post-splitting 
state is the repositioning of the FeS cluster domain on the ribosome 
by rotation of 150° around a flexible linker (cantilever hinge) into a 
binding cleft formed by the rRNA helices h5–h15 and h44 and the 
ribosomal protein uS12 (Fig. 1b and Supplementary Video 1). This 
interaction is established by salt bridges between basic residues of the 
FeS cluster domain and the rRNA (Fig. 3a,b) as well as by a hydropho-
bic contact between Pro30 of ABCE1 and Ile52 of uS12 (Fig. 3c). In 
addition, the HLH motif as well as the hinge 1 and 2 motifs of ABCE1 
form contacts with the rRNA (Figs. 1c and 3d–f). Notably, these 
ABCE1–rRNA interactions largely differ from those that occur in  
the pre-splitting state: while hinge 2 still contacts the junction between 
h8 and h14 by Arg573 (Fig. 3e), which plays a role in the activation of  

Table 1 EM data collection, refinement, and validation statistics
40SBODY–ABCE1  

(EMD 4071,  
PDB 5LL6)

ABCE1  
(EMD 4071,  
PDB 5LL6)

Data collection

 Number of particles 101,000

 Pixel size (Å) 1.084

 Defocus range (µm) −0.8 to −2.5

 Voltage (kV) 300

 Electron dose (e−/Å−2) 28

Refinement

 Model resolution (Å) 4.0 4.0

 Map-sharpening B factor (Å2) −96.9 −96.9

 Average B factor (Å2) 131.6 130.6

 FSCaverage 0.82 0.71

Model composition

 Non-hydrogen atoms 55,263 4,645

 Protein residues 3,431 578

 RNA bases 1,325 –

R.m.s. deviation

 Bond lengths (Å) 0.0114 0.0283

 Bond angles (°) 1.41 2.49

Validation

 MolProbity score 2.16 2.98

 Clashscore (all atoms) 4.87 15.41

 Good rotamers (%) 97.78 94.15

Ramachandran plot

 Favored (%) 85.74 82.23

 Outliers (%) 3.66 3.48

Validation (RNA)

 Correct sugar puckers (%) 95.1 –

 Good backbone conformations (%) 62.0 –
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translational GTPases33, hinge 1 moves closer to the 40S subunit toward 
the base pair A51-U440 forming the h5–h15 junction (Fig. 3f). In the 
pre-splitting state, this A–U base pair also interacts with the HLH 
motif, which rearranges to establish a new contact with h15 (U440) by 
Ser150 (Fig. 3d,f and Supplementary Video 1). The contact between 
the C-terminal helix of eS24 and NBD1 (Gln262) is maintained  
in pre- and post-splitting states in yeast, but differs significantly 
between yeast and human, in which it is found in 90° rotated confor-
mation (Fig. 3g).

Notably, the cantilever hinge, which forms an α-helix in the pre-
splitting complex, is unwound in the post-splitting state. (Fig. 4a,b  
and Supplementary Fig. 5). This unwinding establishes a new 
intramolecular contact between the cantilever hinge and NBD1 by 
a side chain–backbone interaction between the conserved residues 
Tyr301 and Asn78. The new position of the FeS cluster domain is 
stabilized by a number of contacts to the rRNA (h5 and h44) and 
uS12 (Pro30), and particularly by the contact between the conserved 
Arg7 of the cantilever arm and helix h5 of the rRNA (Fig. 4b and 
Supplementary Video 1).

The post-splitting state is essential for cellular homeostasis
To address the physiological significance of the 40S–ABCE1 struc-
ture, we tested whether substitution of key interaction residues of 
the FeS cluster domain and NBD1 in the post-splitting state could 
impair the function of ABCE1 in vitro or in vivo. Importantly,  
our in vitro ‘facilitated splitting’ assay allows us to assess the anti- 
association activity (inhibition of 40S–60S rejoining) of wild-type (wt) 

and mutant ABCE1. To this end, we analyzed the ribosomal subunit 
(40S and 60S) to monosome (80S) ratio in ribosome profiles. In the 
presence of AMP-PNP, wt ABCE1 shows anti-association activity, as 
in the case of anti-association factor eIF6 (Fig. 4c and Supplementary 
Fig. 1)34. Strikingly, substitution of Arg7, Pro30, or Tyr301 with alanine 
impaired the anti-association activity of ABCE1, as indicated by high 
levels of 80S ribosomes and a low subunit-to-monosome ratio as com-
pared to those occurring with 80S ribosomes alone or with wt ABCE1 
but no addition of AMP-PNP. In contrast, ABCE1 mutants with alanine 
substitution of His95, which is not involved in stabilizing FeS cluster 
domain contacts, and Asn78, which is only interacting with Tyr301 via 
its backbone, still exerted full anti-association activity (Fig. 4c).

The ABCE1 mutants that showed anti-association activity were 
analyzed for growth defects in vivo by means of a plasmid shuffling 
assay, in which the endogenous ABCE1 gene (RLI1) was chromo-
somally deleted and substituted by plasmid-encoded wt or mutant 
ABCE1. Surprisingly, cells expressing ABCE1 carrying single alanine 
substitutions for Arg7, Pro30, and Tyr301 were still viable, whereas 
a double substitution of Arg7 and Tyr301 was lethal (Fig. 4d). In 
order to examine if these alanine substitutions impact ribosome 
splitting, we overexpressed epitope-tagged wt and mutant ABCE1 
and recorded ribosome profiles (Supplementary Fig. 6a). We 
observed a significant increase of the 80S ribosome population in 
cells expressing alanine mutants of Arg7, Pro30, and Tyr301 as com-
pared to wt ABCE1. In addition, we observed a strongly increased 
enrichment of mutant ABCE1 protein in the 80S ribosome fraction 
(Supplementary Fig. 6b).
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FeS cluster
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Figure 1 Overall structure of the 40S–ABCE1 post-splitting complex. (a) Structure of the 40S–ABCE1 post-splitting complex in front and side views 
with ribosomal proteins in teal, rRNA in gray, ABCE1 with domains colored as indicated in the schematic in c, and AMP-PNP in green. (b) Movement of 
the FeS cluster domain by 150° rotation from the pre-splitting state (PDB 4CRM; ref. 12; transparent) to the post-splitting state (brown). The body of 
ABCE1 (lacking the FeS cluster domain) in the pre-splitting state is shown in gray. (c) Interactions of ABCE1 with the small 40S ribosomal subunit.  
The FeS cluster domain interacts with h5, h44, and uS12, and the HLH and hinge domains form contacts to rRNA (h5–h15 and h8–h14) and to eS24. 
The two NBDs are closed with two AMP-PNP molecules occluded.
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The physiological relevance is underlined by the partial or complete loss 
of anti-association activity of ABCE1 in vitro that confirms a stabilizing 
role of the three proposed interaction residues. In addition, a lethal pheno-
type is observed for the double substitution of Arg7 and Tyr301 to alanine. 
Moreover, enrichment of interaction variants (Arg7, Pro30, and Tyr301) 
of ABCE1 on 80S ribosomes points toward an impaired splitting activity 
that may be explained by a lack of stabiliation in the post-splitting state 
or by a compromised conformational freedom of the FeS cluster domain. 
Similarly, enriched 80S ribosomal fractions were observed upon impair-
ment of ABCE1 activity or translational stalling in vivo20–22,35, strongly 
indicating that these ABCE1 interaction variants are defective in ribosome 
splitting and accumulate as 80S–ABCE1 pre-splitting complexes.

The native 40S–ABCE1 post-splitting complex
To complement our observations, we decided to use affinity-tagged 
ABCE1 to purify native ABCE1-containing 40S complexes from yeast 
cells cultivated in logarithmic growth phase. In the presence of AMP-
PNP we isolated complexes that, in addition to ABCE1, also contained 
initiation factors eIF1A and eIF2 and subunits of eIF3 as identified by 
MS (Supplementary Fig. 7a,b). Cryo-EM analysis showed that 63% 
of the particles contained ABCE1 in a conformation indistinguishable 
from that observed in the sample reconstituted in vitro (Supplementary 
Fig. 7c,d). Moreover, we identified several three-dimensional sub-
classes with characteristic density for the initiator tRNA (tRNAi) in 
the P-site and one class with additional density for eIF1A in the A-site 
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Figure 2 Conformational transition of NBSs of ABCE1 from pre-splitting to post-splitting state. (a) Free state of ABCE1 (PDB 3BK7; ref. 10); intermediate, 
semi-closed pre-splitting state bound to 80S ribosomes (PDB 4CRM; ref. 12); and 40S-bound fully closed post-splitting state, with nucleotides shown in 
green. Conformational transitions from 80S ribosome-bound pre-splitting state to 40S subunit-bound post-splitting state are represented by vectors  
displayed as rods. Length and color of the rods denote the r.m.s. deviation distance between the two Cα atoms as indicated in the scale bar above 
(superimposed on the 40S subunit). NBD closing is exemplified by a helix in NBD2 (residue 500–516 in yeast ABCE1), with rotation angles of  
0°, 22°, and 50° for open, semi-closed, and closed states, respectively. Models were superimposed onto NBD1, and the pivot point is indicated by a  
white circle. (b,c) Isolated densities with models of NBS I (b) and NBS II (c) with AMP-PNP occluded by Walker A and Walker B motifs, C-, and Q-loops.  
Side chains not visible in the map are colored white for NBS I or omitted for NBS II. Isolated densities of the AMP-PNP and the π–π stacking of Tyr87  
(A-loop of NBS I) with the adenosine base are shown in the boxes below. For NBS I, densities are low-pass filtered to 3.9 Å and displayed at 6 σ. For NBS II, 
maps are low-pass filtered at 4.5 Å and displayed at 4.5 σ. (d) Model and schematic representation (inlet) of both NBSs occluding two AMP-PNP (green)  
in the post-splitting state. In all panels, the conserved motifs of ABC-ATPases are colored as follows: Walker A, red; Walker B, light pink; C-loop, magenta;  
Q-loop, blue. Tyr87 in the A-loop of NBS I (cyan) forms a π–π stacking with the base of the nucleotide. Notably, no A-loop motif is present in NBS II.
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(Supplementary Fig. 7d–f). We did not observe any clear density for 
eIF2 or eIF3, which apparently dissociate under the chosen freezing 
conditions. Difference maps between the in vitro reconstituted and the 
native 40S–ABCE1 complexes not only confirmed the presence of eIF1A 
and tRNAi, but also demonstrated an identical conformation of ABCE1 
in the native and the in vitro reconstituted complexes. Thus, the EM 
reconstructions of the native 40S–ABCE1 complexes corroborate the 
reconstructions of the reconstituted complex. Moreover, the presence of 
initiation factors in native 40S–ABCE1 complexes support the idea of a 
principal role of ABCE1 in the formation of initiation complexes.

DISCUSSION
The FeS cluster domain is an ancient prosthetic group involved in 
various cellular processes36. In this work we describe the FeS cluster 
domain of ABCE1 as a mechanical device for dissociation of ribos-
omal subunits. Despite an extreme displacement from the pre- to the 
post-splitting state, the structure of the FeS cluster domain of ABCE1 
remains essentially unchanged (r.m.s. deviation 0.87 Å). Hence, the 
FeS cluster domain serves as a compact and very rigid entity. To exam-
ine how the transition from the pre- to the post-splitting state may 
result in subunit dissociation, we examined the potential transition 
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Figure 3 Interactions between the 40S subunit and ABCE1 in the post-splitting state. (a) Electrostatic surface potential of the FeS cluster domain 
(blue, positive; red, negative) bound to the 40S subunit, positive charges face toward the phosphate backbone of the rRNA (h44 and h5–h15).  
(b) Zoom on the cantilever β-sheet displaying the contact of Arg7 (brown) to the phosphate backbone of h5. The density map is shown as gray mesh  
at the 3.5 σ level. (c) Zoom on the interaction between the Pro30 (FeS cluster domain) and Ile52 of uS12. Density is shown as mesh at 3.5 σ.  
(d) Close-up view on the HLH motif contacting the backbone of U440 in h15 (mesh; 4.7 σ). (e) Zoom on hinge 2 interactions with the h8–h14 
junction (formed by A156 and A416). Density is shown as mesh at 3.8 σ. Arg573 likely stacks to A416 via a cation–π interaction. A second 
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trajectory of the FeS cluster domain from pre- to post-splitting state. 
Based on our findings, ribosome splitting can be divided into two 
phases (corresponding to the two arrows in Fig. 5). In the first phase, 
the FeS cluster domain is in contact with the C-terminal domain of 
eRF1 or Pelota, located in the A-site11–13, and pushes these factors into 
the intersubunit space upon closure of the two NBDs. The A-site fac-
tors, eRF1 or Pelota, likely act as a ‘molecular wedge’ and destabilize 
intersubunit bridges. In agreement with this idea, the presence of an 
A-site factor was shown to be essential for splitting activity of ABCE1 
(refs. 14–18). In the second phase, once the A-site factor and the 60S 
subunit are unlocked, the FeS cluster domain can complete its transi-
tion by fully rotating into its new interaction site on the 40S subunit 
(Supplementary Video 2)30. In this position, ABCE1 is stabilized by 
new contacts to the 40S subunit, preventing 60S reassociation through 
steric hindrance. The intersubunit bridge B5, which is formed in 80S 
ribosomes between the 60S protein uL14 and the 40S rRNA helix h44, 
would clash with the FeS cluster domain, thus explaining the observed 
anti-association property of ABCE1 (Fig. 5 and 6).

In conclusion, we propose a model for ribosome recycling based 
on our near-atomistic structure of the post-splitting complex (Fig. 6).  
The recycling process is initiated by recognition of ribosomal pre-
termination complexes or stalled ribosomes by eRF1–eRF3 or 
Pelota–Hbs1, respectively, followed by dissociation of the GTPase 
factor, eRF3 or Hbs1, and binding of ABCE1. ATP binding to the 
pre-splitting complex and closure of the NBDs push the FeS cluster 
domain toward the A-site factors eRF1 or Pelota, which are in turn 
forced into the intersubunit space. After splitting, reassociation of 
the 60S and 40S subunits is prevented by the translocated FeS cluster 

domain now clashing with uL14 of the 60S subunit. ABCE1 remains 
transiently bound to the 40S subunit, a state that can be trapped  
in vitro and in vivo using AMP-PNP.
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This mechanistic model is in agreement with our in vitro and  
in vivo analysis of ABCE1 mutants (Fig. 4c,d and Supplementary  
Fig. 6), in which substitutions of key interacting residues of the FeS 
cluster domain impair the formation of a post-splitting complex. 
Strikingly, in Drosophila, mutation of a conserved proline correspond-
ing to Pro30 in our study is lethal at the larval stage. Our structure 
suggests that this substitution weakens the interaction of the FeS 
cluster domain to uS12. In addition, substitutions in hinge 1 and the 
HLH motif of Drosophila ABCE1 result in reduced wing size37, an 
effect presumably resulting from impaired 40S subunit interaction. 
This underlines the importance of the post-splitting state in cellular 
homeostasis, embryogenesis, and morphogenesis.

The structure of the 40S–ABCE1 post-splitting complex provides 
the first example of an asymmetric twin-ABC-type ATPase system in 
a fully closed, nucleotide-occluded state. Nevertheless, the question 
remains how termination, recycling, and initiation are connected via 
the ATPase cycle of the two asymmetric NBSs of ABCE1 (ref. 18). On 
the basis of existing biochemical data and structures of ABCE1 in free, 
pre-splitting, and post-splitting states, we can derive the following 
working model on the nucleotide hydrolysis cycle. Free ABCE1 has 
low intrinsic ATPase and GTPase activity14,15,18, which is strongly 
stimulated by ATP occlusion in NBS II18 and binds to pre-termina-
tion complexes containing eRF1, Dom34, or Pelota14,15. In agree-
ment with the working model for other ABC systems1,3,4, closure of 
NBDs by ATP occlusion leads to a ‘power stroke’, which is required 
for ribosome splitting in the case of ABCE1. In fact, our structures 
show that this closed state must exist during the process of ribosome 
splitting (Fig. 5).

After binding to pre-termination complexes, ABCE1 must adopt the 
closed state occluding two NTP moieties to initiate ribosome splitting. 
We speculate that NTP hydrolysis in NBS I might drive ribosome splitting 
because it is in direct contact with the FeS cluster domain and its ATPase 
is hyperstimulated upon ATP occlusion in NBS II. Similar to other dis-
assembly machines38,39, ribosome splitting may be dependent on mul-
tiple rounds of NTP binding, occlusion, and hydrolysis. It is likely that, 
in the post-splitting structure, we trapped a late 40S-bound intermediate 
of the splitting process, in which both NBSs are occluded by nucleotides, 
suggesting that a final ATP hydrolysis event will release ABCE1 from 
40S subunits. Indeed, we observe a slight ATPase stimulation of ABCE1 
upon addition of 40S subunits, supporting our hypothesis. However, 
future experiments will need to elaborate the exact order and timing of  

ATP binding, occlusion, and hydrolysis events during the ribosome 
splitting and further downstream processes.

We suggest that ABCE1 might also play a role in translation  
initiation due to its presence in 43S initiation complexes together  
with canonical initiation factors (Fig. 6). The structure of native 
post-splitting complexes obtained after co-purification of transla-
tion initiation factors using tagged ABCE1 suggests that a transient 
ABCE1-containing pre-initiation complex exists in cells. Notably, a 
comparison of our 40S–ABCE1 post-splitting complex to structures 
of 48S initiation complexes implies that ABCE1 is in proximity to 
the peripheral domains of eIF3 in the intersubunit space40. Thus, 
our structure provides a plausible architectural scenario for a role 
of ABCE1 during 43S or 48S initiation-complex assembly, linking 
ribosome recycling and translation initiation. However, the exact role 
of ABCE1 in translation initiation will require further investigation.

METHODS
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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of the GTPases eRF3 or Hbs1, ABCE1 binds to these A-site factor-containing complexes in an intermediate, semi-closed conformation. Splitting may 
be promoted in two steps. First, closure of the NBDs drives the FeS cluster domain toward the A-site factor. This leads to an immediate force exerted 
on eRF1 or Pelota, acting as a wedge to destabilize the intersubunit bridges. Second, once the 40S subunit is idle, reassociation of the 60S subunit 
is blocked, since the FeS cluster domain adopts a position that prevents formation of intersubunit bridge B5 between uL14 and h44 of the 18S rRNA. 
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ONLINE METHODS
Strains and plasmids. We used the S. cerevisiae BY4741 strain (MATa his3∆1 
leu2∆0 met15∆0 ura3∆0) for 80S ribosome preparation. C-terminally His6-
tagged ABCE1 (ABCE1–H6) was expressed in the INVSc1 strain (MATa/MATα 
his3∆1/his3∆1 leu2/leu2 trp1-289/trp-289 ura3-52/ura3-52, Invitrogen), which 
was transformed with the pYes2-ABCE1–H6 plasmid (kindly provided by R. 
Green, Department of Molecular Biology and Genetics, Johns Hopkins University 
School of Medicine)15. For plasmid shuffling the diploid strain CEN.PK744 
(MATa/MATα his3∆1/his3∆1 leu2-3,112/leu2-3,112 trp1-289/trp1-289 MAL2-
8C/MAL2-8CSUC2/SUC2 ura3-52/ura3-52 RLI1/rli1::KanMX4) was transformed 
with pRS426-ABCE1 [URA3] and selected on SCD −URA. After tetrad dissection, 
the haploid yeast strain CEN.MG1-9B (MATa his3∆1 leu2-3,112 trp1-289 MAL2-
8CSUC2 ura3-52 rli1::KanMX4 + pRS426-ABCE1) was isolated where the essential 
ABCE1 gene (RLI1) was deleted by KanMX4 and substituted by pRS426-ABCE1 
expressing wild-type (wt) ABCE1 under the control of the endogenous promoter. 
Plasmids pRS423-ABCE1 [HIS] and pRS426-ABCE1 [URA] were cloned by 
amplification of ABCE1 gene with primers in the promoter and terminator region 
and integrated into the vector via restriction sites SalI and SmaI (5′-GGGCGA
ATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTG 
CCCGCGGCTCCCGCAGAATCTAATCATTAAGCTTGACTAG-3′, 5′-GCT 
CCACCGCG GTGGCGGCCGCTCTAGAACTAGTGGATCCCCCGGGC 
TGCTAAACTGGAGTACGGATCACCGAAGAGGAGG-3′). For tandem  
affinity purification of 40S–ABCE1 complexes, the TAP-tagged ABCE1 yeast  
strain was used (SC1900, MATa leu2-3, 112 trp1-289 ade2 arg4 ura3-52  
rli1::TAP-KlURA3, EUROSCARF).

Ribosome preparation. The S. cerevisiae BY4741 strain was grown in YPD  
media to an OD600 of 1.2, harvested, and resuspended in lysis buffer (20 mM 
HEPES-KOH, pH 7.5, 500 mM KCl, 25 mM MgCl2, 4 mM β-mercaptoethanol (2-
ME)). Cells were lysed by disruption (Cell Disrupter, Constant Systems Ltd) at 1.5-
MPa pressure, cleared at 20,000 × g for 10 min, and loaded on a 10–50% sucrose 
density gradient in lysis buffer and centrifuged using a SW41 rotor (Beckman 
Coulter) at 200,000 × g for 4 h. 80S fractions were collected and pelleted using 
the TLA110 rotor (Beckman Coulter) at 417,000 × g for 2 h. Ribosome pellets 
were resuspended in storage buffer (50 mM Tris-OAc, pH 7.0, 50 mM NH4Cl,  
5 mM Mg(OAc)2, 2 mM spermidine, 25% (v/v) glycerol, 5 mM 2-ME) and frozen 
in liquid nitrogen. 40S subunits were prepared by standard techniques using 
puromycin treatment41.

Facilitated splitting assay and reconstitution of the post-splitting complex. 
The assay was developed based on the anti/reassociation assay to test binding 
of the anti-association factor eIF6 to large ribosomal 60S subunits34. ABCE1 
and mutants R7A, P30A, N78A, H95A, and Y301A were expressed in INVSc1 
yeast cells and purified as described with minor modifications15. 80S ribosomes 
were mixed with ten molar excess of ABCE1 and 0.5 mM AMP-PNP in splitting 
facilitating buffer (20 mM HEPES-KOH, pH 7.4, 515 mM KCl, 2 mM MgCl2,  
1 mM dithiothreitol (DTT)), and incubated for 20 min at 25 °C. The sample was 
diluted 1:0.7 with reassociation buffer (20 mM HEPES-KOH, pH 7.4, 100 mM 
KCl, 25 mM MgCl2, 1 mM DTT) and incubated for 20 min at 25 °C, cooled down 
to 4 °C, loaded onto 10–30% sucrose density gradient in grid buffer (20 mM 
HEPES-KOH, pH 7.4, 100 mM KOAc, 5 mM MgCl2, 2 mM DTT) and centrifuged 
at 200,000 × g for 4 h in a SW41 rotor (Beckman Coulter). In the case of sample 
preparation for cryo-EM, 1 mM MgCl2 and 500 mM KCl were used in splitting 
facilitating buffer, sample was loaded onto 10–50% sucrose density gradient and 
40S fractions were collected and re-buffered in grid buffer by using PD-10 column 
(GE Healthcare). The sample was diluted in grid buffer and used for cryo-EM.

Preparation of native post-splitting complexes. Cells were grown in YPD media 
to an OD600 of 1.5. The cells were spun down and washed with 1% KCl at 4 °C 
then incubated for 15 min at 25 °C in 10 mM DTT, 100 mM Tris pH 8.0, and 
finally resuspended in lysis buffer (50 mM Tris-OAc, pH 7.5, 15 mM Mg(OAc)2, 
50 mM KOAc, 1 mM DTT, 300 nM AMP-PNP, 300 nM GMP-PNP, 500 nM PMSF, 
1 pill cOmplete EDTA-free Protease Inhibitor Cocktail per 50 ml buffer). The cell 
suspension was processed in a cell disruptor at 1.5 MPa and the lysate was spun 
in a SS-34 rotor (ThermoFisher) at 27,000 × g for 15 min to remove cell debris.  
The lysate was clarified in a Type 45 Ti rotor (Beckman Coulter) for 20 min at 
119,000 × g. The cleared lysate was incubated with IgG Sepharose 6 FastFlow 

beads (GE Healthcare) for 1 h at 4 °C. The beads were washed with TAP buffer 
(50 mM Tris-OAc, pH 7.5, 15 mM Mg(OAc)2, 50 mM KOAc, 1 mM DTT, 500 nM 
PMSF, 1 pill cOmplete EDTA-free Protease Inhibitor Cocktail per 50 ml buffer). 
For elution, the beads were incubated with AcTEV protease (Invitrogen) in TAP 
buffer for 90 min at 4 °C. The eluate was loaded onto 5–30% sucrose density 
gradient in TAP buffer and centrifuged in a SW41 rotor (Beckman Coulter) for 
15 h at 56,000 × g. 40S fractions were collected and sucrose was removed using a 
PD-10 column (GE Healthcare). The sample was then used for cryo-EM.

Plasmid shuffling assay. CEN.MG1-9B strain was transformed with pRS423-
ABCE1 [HIS3] plasmid (cloned as described for pRS426-ABCE1 and mutated by 
single-site directed mutagenesis) coding for wt and mutated ABCE1 and selected 
on −URA and −HIS medium. In order to force the strain to survive only in the 
presence of pRS423-ABCE1, cells were selected on −HIS and 5-FOA, resulting 
in a strain in which ABCE1 (RLI1) is deleted, wt plasmid is toxic, and growth of 
the strain is only dependent on the plasmid expressing mutated ABCE1. Growth 
and survival were checked by growth studies in a serial dilution assay.

Ribosome profile analysis. The CEN.MG1-9B strain was transformed with 
pRS423-TDH3-ABCE1-HA [HIS3] (pUJ2) coding for HA-tagged wt and mutant 
ABCE1 under the control of the strong TDH3 promoter and selected on −HIS 
and −URA. Cells were grown to an OD600 of 1.5, resuspended in RiboA buffer 
(20 mM HEPES-KOH, pH 7.4, 100 mM KOAc, 2.5 mM Mg(OAc)2, 2 mM DTT) 
and disrupted by glass beads. The lysate was cleared at 20,000 × g for 10 min 
and adjusted by addition of RiboA buffer to an A260 of 10. 300 µl were loaded 
on a 10–50% sucrose density gradient in RiboA buffer and centrifuged for 14 h  
at 50,000 × g at 4 °C. The ribosome UV profile was recorded and the gradi-
ent was collected in fractions of 600 µl. Fractions were precipitated by addition  
of 7% (w/v) trichloroacetic acid and 0.02% (w/v) sodium deoxycholate and  
centrifuged at 15,000 × g for 5 min. Pellets were resuspended in SDS-PAGE  
loading buffer with additional 750 mM Tris-OAc, pH 8.0 and analyzed by  
SDS-PAGE and immunoblot against the HA-tag (primary antibody: anti-HA 
(Abcam, [HA.C5], cat. no. ab18181); secondary antibody: anti-mouse IgG, HRP 
conjugate (Promega, cat. no. W4021)) of ABCE1.

NTPase assay. NTPase activity of ABCE1 was analyzed by formation of 32Pi 
upon hydrolysis of γ-32P-labeled GTP as previously described14,15. Stimulation 
was assayed by incubating 0.066 µM ABCE1, 0.25 µM Dom34, 0.12 µM 40S or 
vacant 80S ribosomes, 0.1 mM ATP, 0.1 mM GTP and 0.8 µM [γ-32P]GTP in  
10 µl at 30 °C for 0, 5, 10, 20, and 30 min in NTPase buffer (20 mM Tris-HCl, pH 
7.5, 100 mM KCl, 2.5 mM MgCl2, 0.25 mM spermidine, 2 mM DTT). 1 µl aliquots 
were spotted on polyethylene imine cellulose thin layer chromatography plates 
and resolved by 0.8 M LiCl and 0.8 M acetic acid. Release of 32Pi was monitored 
by autoradiography.

Electron microscopy and image processing. The reconstituted 40S–ABCE1 
complex was obtained after facilitated splitting as described above with minor 
modifications. Freshly prepared samples were adjusted to 1.5 A260 (50 nM 40S 
ribosomes) and applied to 2-nm pre-coated Quantifoil R3/3 holey carbon sup-
ported grids. Data were collected on a Titan Krios TEM (FEI Company) equipped 
with a Falcon II direct electron detector at 300 keV under low dose conditions 
of about 2.4 e−/Å2 per frame for 10 frames (plus 4 e−/Å2 pre-exposure) resulting 
in a dose of 28 e−/Å2 in total. We used the software EM-TOOLS (TVIPS) and a 
defocus range of −0.8 to −2.5 µm (underfocus) (Table 1). Magnification settings 
resulted in a pixel size of 1.084 Å/pixel. Original image stacks were summed 
and corrected for drift and beam-induced motion at micrograph level using 
MotionCor2 (ref. 42). The contrast transfer function parameters and resolution 
range of each micrograph were estimated by GCTF (http://www.mrc-lmb.cam.
ac.uk/kzhang/).

In the case of the reconstituted 40S–ABCE1 complex, only micrographs 
showing a clear signal below 4 Å resolution were used. All 2D and 3D classifica-
tions and refinements were performed with RELION-2 (ref. 43) after automated 
particle picking by Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/). 
2D reference-free classification was performed to screen for particle quality 
(Supplementary Fig. 2b); non-ribosomal particles as well as poorly resolved 
2D classes were discarded. 518,000 particles from good classes were selected for 
3D refinement. Notably, the first 3D reconstructions displayed a distortion in 
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one direction resulting from preferred orientation of 40S particles on the carbon-
coated grid and also misalignment. We performed two subsequent rounds of 3D 
classification in order to omit poorly aligned and distorted particles and to enrich 
40S subunits with ABCE1 bound. First, the whole data set was classified into  
4 classes: classes 1 and 2 contained poorly resolved and distorted 40S ribosomes, 
whereas classes 3 and 4 showed well-resolved 40S ribosomes with a strong ABCE1 
density. Classes 3 and 4 were joined (401,000 particles) for a second round of 3D 
classification. Here, we used a mask for the well-resolved 40S body including 
ABCE1 and excluded the highly flexible 40S head, which impaired the alignment. 
Four out of five classes (299,000 particles in total) showed a strong distortion and 
were discarded. The best resolved class (102,000 particles) showed a well resolved 
40S body with stoichiometric occupancy of ABCE1. This final volume was refined 
to 3.9 Å according to the “gold standard” criterion (FCS = 0.143), corrected for the 
modulation transfer function of the Falcon 2 detector and sharpened by applying 
a negative B-factor automatically estimated by RELION-2. Local resolution was 
calculated from 3.5 to 8.5 Å in steps of 0.5 Å using ResMap44.

The native 40S–ABCE1 data set was chiefly processed in the same way as the 
reconstituted sample using MotionCor2, GCTF, Gautomatch and RELION-2. 2D 
classes displaying non-ribosomal particles as well as the fatty acid synthetase (FAS) 
were discarded. After 3D refinement of 131,000 particles, 3D classification was 
performed. In the first round three classes (63.0%, 82,000 particles) showed a clear 
density for ABCE1 and two of them presented additional extra density emerg-
ing from the P-site. These two classes were combined (43.5%, 57,000 particles)  
and subjected to an additional round of classification. Here, four out of five classes 
only differ in the appearance of density in the P-site. One class displayed addi-
tional density in the position where eIF1A is located. This class (17.6%, 9,500 
particles) was refined to a final resolution of 14 Å according to the gold standard 
criterion (FSC = 0.143).

Model building. For molecular interpretation, we used the crystal structure of the 
yeast 40S ribosomal subunit (PDB 4V88)45 and generated homology models of 
ABCE1 based on the crystal structures of archaeal ABCE1 and known structures 
of the closed state of other ABC transporters (MalK31, BtuCD32, MJ0796 (ref. 46)). 
Models were initially fitted into the electron density using UCSF Chimera47 and 
jiggle-fitted using Coot48,49. Because of flexibility (Supplementary Fig. 2b), the 
local resolution (Supplementary Fig. 3a) of the 40S head was significantly lower 
compared to the 40S body. Thus, only the model of the 40S body with ABCE1 
(40SBODY–ABCE1, see Table 1) was used for subsequent model refinement. First, 
the 40SBODY–ABCE1 model was subjected to real-space refinement in PHENIX50. 
Afterwards, the model was further subjected to reciprocal space refinement using 
REFMAC (v5.8)51 and restraints generated by ProSMART and LIBG as previously 
shown48,52. To avoid overfitting, refinement weights were carefully estimated as 

described53. FSCaverage was monitored throughout the refinement and the final 
model was validated using MolProbity54. Cross-validation against overfitting was 
performed as described52,53. Figures were created with the PyMOL Molecular 
Graphics System (Version 1.7.4, Schrödinger, LLC) and with UCSF Chimera. The 
ABCE1 model of the post-splitting state could be fit as rigid body into the native 
40S–ABCE1 complex without further adjustments. eIF1A (blue) as well as tRNAi 
(green) could be identified by rigid body fitting of 43S and 48S initiation complex 
structures (eIF1A from 4UER, ref. 55; tRNAi from 3JAP, ref. 40).

Data availability. EM density maps are deposited in the EMDB (reconstituted 
40S–ABCE1 complex, EMD-4071; native reconstituted 40S–ABCE1 complex, 
EMD-3452), and the coordinates or EM-based models are deposited in the 
Protein Data Bank (post-splitting complex: 5LL6). Primary data are available 
upon request from the corresponding authors.
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Supplementary Figure 1 

Preparation of 40S–ABCE1 post-splitting complex. 

a, Outline of the facilitated splitting approach: 80S ribosomes were dissociated under high potassium (500 mM) and low magnesium 
(1 mM) conditions, followed by AMP-PNP-dependent ABCE1 binding to the 40S subunit. Under re-association conditions (low 
potassium and high magnesium concentration (100 mM and 20 mM), free 40S subunits were allowed to rejoin with free 60S subunit. A 
representative profile of four individual preparations is shown. b, In ribosome profiles, the 40S–ABCE1 complex only appears in the 40S 
fraction if AMP-PNP is present and ABCE1 is added under splitting-facilitating conditions. c, Pooled 40S ribosomal fractions show 
stoichiometric binding of ABCE1 to 40S subunits as analyzed by SDS-PAGE. 
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Supplementary Figure 2 

Raw cryo-EM data and classification of the reconstituted 40S–ABCE1 complex. 

a, Representative micrograph showing 40S–ABCE1 particles. b, Representative 2D classes predominantly showing various side views 
of the 40S subunits. c, 3D classification scheme. After 2D classification and removal of non-ribosomal particles, the dataset was refined 
and subjected to 3D classification in RELION-2. The dataset was initially classified into four classes: class 1 and 2 contained poorly 
resolved and distorted 40S ribosomes whereas Class 3 and 4 showed well-resolved 40S ribosomes with a strong ABCE1 density. 
These classes were joined for a second round of 3D classification (five classes) using a mask excluding the highly flexible 40S head. 
Four out of five classes showed either a strong distortion which is likely a result of orientation bias or poor alignment and were 
discarded. The best resolved class 1 showed a strong ABCE1 density and a well resolved 40S body and was used for the refinement 
yielding a map at 3.9 Å resolution. 
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Supplementary Figure 3 

Cryo-EM structure of the reconstituted 40S–ABCE1 complex and assessment of resolution. 

a, Cryo-EM density of the 40S–ABCE1 complex and isolated ABCE1 low-pass filtered at 3.9 Å showing the 40S subunit (grey), and 

ABCE1 (red), as well as local resolution as calculated by ResMap. The ResMap plots show a range from maximum 3.5 Å to 8.5 Å in the 
periphery. It is to note, in ABCE1, the FeS cluster domain and NBD1 are well resolved whereas resolution in NBD2 and peripheral 

regions of ABCE1 is slightly decreased. Maps are contoured at 3.5 . b, FSC plot shows the 3.9 Å average resolution of the map 

according to the “gold standard” criterion (FSC = 0.143; top) and FSC curves calculated between the cryo-EM map and the final models 
(bottom) as calculated by REFMAC. Values are plotted for the model versus the final map (FSCaverage, black), for the model that was 
refined into the first half-map and FSC calculated either for the same map (model vs first half-map, orange) or for the second half-map 
(model vs second half map, blue). c, Density snapshots of isolated ABCE1 (contoured as indicated in the panels) with the fitted model 

shown in three orientations. Below, selected areas are shown illustrating the quality of the map (side chain densities in the -helices 

forming the HLH motif; a separated -sheet in NBD1 and a -sheet with resolved bulky side chains in hinge 2). Domains are colored as 

indicated in the schematic panel. 
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Supplementary Figure 4 

NTPase stimulation of ABCE1 by 40S subunit. 

a, Hydrolyzed γ-
32

P-GTP resulted in released 
32

Pi that was separated by thin layer chromatography and quantified by autoradiography. 
b, Time traces of 

32
Pi formation were normalized to GTP only and time point 0 min and analyzed by a linear fit. NTP hydrolysis by 

ABCE1 was stimulated by addition of 40S subunits. c, Corrected GTPase activity of ABCE1 only shows stimulation by 3-fold upon 

addition of 40S subunit. Data derived from the slope in panel b are given as mean ± s.e.m. (n = 5). 
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Supplementary Figure 5 

Dynamic conformation of the cantilever hinge. 

In the pre-splitting state (left, 3JAH)
13

, the cantilever hinge (CL) forms an α-helix, which is unwound in the ABCE1 post-splitting state 

(right). Isolated densities are low-pass filtered at 3.9 Å (contoured at 5 ) and shown with the respective models. b, In the post-splitting 

state, the FeS cluster domain is mainly stabilized by two interactions of the cantilever arm: the backbone of Asn78 interacts with Tyr301 

of NBD1. Density of the ABCE1 post-splitting complex was low-pass filtered at 3.9 Å (contoured at 5 ). 

 

13 Brown, A., Shao, S., Murray, J., Hegde, R.S. & Ramakrishnan, V. Structural basis for stop codon recognition in eukaryotes. 
Nature 524, 493-496 (2015). 
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Supplementary Figure 6 

Ribosome profiles from cells expressing wild-type and mutant ABCE1. 

a, Lysates from cells expressing wild-type and mutant ABCE1 were subjected to 10-50% sucrose density gradient centrifugation and 

A260 profiles were recorded. Compared to wild-type (wt, black), the relative amount of 80S ribosome was strongly increased in the 
alanine mutants R7A, P30A and Y301A. b, SDS-PAGE and immunoblotting of the gradient fractions using an anti-HA antibody to probe 
for tagged ABCE1. Wild-type ABCE1 was mainly found in the top fractions or bound to 40S subunits, while the mutants R7A, P30A, and 
Y301A were enriched on 80S ribosomes. 
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Supplementary Figure 7 

Preparation and cryo-EM of the native 40S–ABCE1 complex. 

a, The TEV-eluate of affinity purified tandem-affinity tagged ribosome–ABCE1 complexes was applied to a 5-30% sucrose density 
gradient and the A260 profile was recorded. b, Fractions containing 40S subunits and ABCE1 were pooled and analyzed by SDS-PAGE. 
Proteins were identified by mass spectrometry. Notably, in addition to ABCE1 and 40S proteins (RPS), the complex also contains 

components of the 43S pre-initiation complex (eIF2  and eIF2 , eIF3c and eIF3j) together with the fatty acid synthase as a common 

contaminant of 40S preparations. c, Samples were subjected to cryo-EM and single-particle analysis. The fatty acid synthase could be 
easily sorted out during 2D classification. d, After refinement, 3D classification was performed in RELION-2. In the first round three 
classes (63%) show a clear density for ABCE1 and two of them showed additional extra density emerging from the P-site. These 
classes (43.5%) were joined for a second round of classification. Here, four of five classes only differ in the appearance of the density in 
the P-site, which most likely represents initiator tRNA (tRNAi) in various positions. One class, however showed additional density in the 
position where eIF1A is located. This class (17.6%; 9,500 particles) was refined to a final resolution of 14 Å (e) according to the “gold 
standard” criterion (FSC = 0.143). The model of ABCE1 in the post-splitting state was fitted as rigid body without further adjustments 
into the ABCE1 density. eIF1A (blue) as well as tRNAi (green) could be identified by rigid body fitting of 43 and 48S-initiation complex 
structures (eIF1A from 4UER, ref. 55, tRNAi taken from 3JAP, ref. 40). f, A difference map was calculated between the native (left) and 
the in vitro reconstituted 40S–ABCE1 maps (middle). The difference map was superimposed to the in vitro reconstituted 40S–ABCE1 

map (contoured at 3.5 ). Notably, significant difference between the two maps (left and middle) occurred in the region of initiator tRNA 

(tRNAi) and eIF1A. No conformational differences were observed for ABCE1. 

40 Llacer, J.L. et al. Conformational differences between open and closed states of the eukaryotic translation initiation complex. Mol. 
Cell 59, 399-412 (2015). 

55 Aylett, C.H. et al.  Structure of a yeast 40S–eIF1–eIF1A–eIF3–eIF3j initiation complex. Nat. Struct. Mol. Biol. 22, 269-271 (2015). 
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