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Abstract

Ribosome driven protein biosynthesis comprises four phases: initiation, elongation, termination 

and recycling. In bacteria, ribosome recycling requires ribosome recycling factor and elongation 

factor G, and several structures of bacterial recycling complexes have been determined. In the 

eukaryotic and archaeal kingdoms, however, recycling involves the ABC-type ATPase ABCE1 and 

little is known about its structural basis. Here we present cryo-EM reconstructions of eukaryotic 

and archaeal ribosome recycling complexes containing ABCE1 and the termination factor paralog 

Pelota. These structures reveal the overall binding mode of ABCE1 to be similar to canonical 

translation factors. Moreover, the iron-sulfur cluster domain of ABCE1 interacts with and 

stabilizes Pelota in a conformation that reaches towards the peptidyl transferase center, thus 

explaining how ABCE1 may stimulate peptide-release activity of canonical termination factors. 
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Employing the mechanochemical properties of ABCE1, a conserved mechanism in archaea and 

eukaryotes is suggested that couples translation termination to recycling, and eventually to re-

initiation.

Introduction

Recycling of ribosomes for a new round of translation initiation is an essential part of 

protein synthesis. In archaea and eukaryotes recycling has been shown to require the highly 

conserved and essential ABC-type ATPase ABCE1 (Rli1p in Saccharomyces cerevisiae with 

46.7% identity to aABCE1 in Pyrococcus furiosus)1–4. ABCE1 can dissociate ribosomes 

into subunits either after canonical termination by release factors (RFs)4 or after recognition 

of stalled ribosomes by mRNA surveillance factors such as Pelota (Dom34p in S. cerevisiae, 
aPelota in P. furiosus)5. Crystal structures of archaeal ABCE1 (aABCE1) revealed two 

nucleotide binding domains (NBDs) in a typical head-to-tail orientation as observed for 

most of the other members of the ABC protein family6–8. Additional unique structural 

features of ABCE1 proteins are a helix-loop-helix (HLH) motif, a highly conserved hinge 

domain and an iron-sulfur cluster domain (FeS) containing two [4Fe-4S]2+ clusters6,9.

In eukaryotes ABCE1 can be found associated with ribosomes and small ribosomal subunits, 

but also with RFs and initiation factors (eRF1, eIF2, eIF3 and eIF5)10,11. Notably, ABCE1 

physically interacts with eRF1 and directly influences its function in stop-codon recognition 

and peptidyl-tRNA hydrolysis12,13. During recycling ABCE1 can split post termination 

complexes (post-TCs) obtained with eRF1 and eRF3 into free 60S subunits and tRNA-and 

mRNA-bound 40S subunits4. A similar role for ABCE1 was found in an archaeal translation 

system in which ABCE1 together with aRF1 was shown to dissociate ribosomes into 

subunits upon ATP-binding8.

ABCE1 also acts together with the eRF1 paralog Pelota5. In S. cerevisiae, Dom34 and the 

eRF3 paralog Hbs1 were described as mRNA surveillance factors recognizing stalled 

elongating ribosomes14. Such stalls can occur on mRNAs with stable secondary structures, 

truncations or lacking a stop codon, so that further elongation or canonical termination is 

prevented. In the so-called no-go mRNA decay (NGD) or non-stop mRNA decay (NSD) 

pathways, such stalled ribosomes are recognized by Dom34 and Hbs1 (NGD, NSD)14 or by 

another eRF3 paralog Ski7 (NSD) eventually triggering mRNA degradation14–18. A cryo-

EM structure of a stalled ribosome bound to Dom34-Hbs1 shows that Dom34 occupies the 

ribosomal A site, whereas Hbs1 binds the ribosome similar to other translational GTPases, 

such as EF-Tu19. Dom34-Hbs1 alone displays ribosome dissociation activity and splits 

stalled reconstituted ribosomes that contain P-site peptidyl-tRNA20. In a mammalian system, 

however, ABCE1 is strictly required for ribosome disassembly of both programmed and also 

vacant ribosomes by Pelota and Hbs15. Taken together ABCE1 is likely the general 

ribosome recycling factor in archaea and eukaryotes. In contrast to the analogous bacterial 

system, however, ABCE1 acts not only after canonical RF-dependent termination but also 

after Pelota-dependent recognition of stalled ribosomes.

It is not known how ABCE1 functions on the ribosome in concert with Pelota or RFs, and 

how the mechanochemical properties of ABCE1 are employed for ribosome recycling. To 
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address these questions, we determined cryo-EM structures of eukaryotic and archaeal 

recycling complexes containing Pelota and ABCE1.

Cryo-EM reconstruction and model of Pelota-ABCE1-ribosome complexes

Recycling complexes were obtained by in vitro reconstitution of the 70S and 80S ribosomes 

with purified Pelota and ABCE1 orthologs. For the generation of a yeast (S. cerevisiae) 80S 

ribosome-Dom34-Rli1 complex we used ribosome nascent chain complexes (RNCs) stalled 

by an mRNA with a synthetic stem-loop (SL)14,21, a complex used previously for an 80S-

Dom34-Hbs1 cryo-EM reconstruction19. For archaeal (P. furiosus) 70S-aPelota-aABCE1 

complexes, 70S ribosomes were purified from a translation extract22. Simultaneous 

ribosome binding of Pelota and ABCE1 in the presence of non-hydrolysable ADPNP was 

shown by pelleting assays in the yeast and the archaeal system (Suppl. Fig. 1a, b). Notably, 

aABCE1-dependent splitting of archaeal ribosomes was not detectable with ADPNP, but 

strictly required ATP (Suppl. Fig. 1c, d).

Using cryo-EM in combination with single particle analysis we determined the structures of 

the SL-RNC-Dom34-Rli1 complex from yeast and the 70S-aPelota-aABCE1 complex from 

P. furiosus. Computational sorting was performed to generate homogeneous populations of 

ribosomal complexes containing Pelota, ABCE1 and P-site tRNA. The resolution of the final 

maps was determined to be 7.2 Å for the yeast complex and 6.6 Å for the archaeal complex 

(Suppl. Fig. 2). In both reconstructions we observed density for Pelota in the ribosomal A 

site, for ABCE1 in the GTPase translation factor binding site, and for tRNA in the P site 

(Fig. 1a, 1b). Additional E-site tRNA density is present in the archaeal ribosome. Both 

reconstructions are remarkably similar to each other with respect to conformation and the 

ribosomal interaction patterns of the ABCE1 and Pelota orthologs. Using available crystal 

structures we could unambiguously assign and position the individual domains of Pelota - 

divided into N-terminal domain (NTD), central domain (ce) and C-terminal domain (CTD) - 

and ABCE1 - divided into the N-terminal iron sulfur cluster domain (FeS), NBD1 

containing a HLH motif, NBD2 and the hinge domain (Fig. 1c; Suppl. Fig. 3).

Strikingly, the two electron dense [4Fe-4S]2+ clusters of ABCE1 can be clearly resolved as 

distinct spheres at high contour levels in both maps validating the positioning of crystal 

structures in the EM maps (Fig. 1d). For molecular analysis we used the crystal structure of 

the yeast 40S subunit23, the model of the yeast 80S ribosome24,25 and, in addition, we built a 

homology-based molecular model of the archaeal 70S ribosome.

Ribosome-ABCE1 interaction

ABCE1 binds to ribosomes in the intersubunit space, where canonical translational GTPases 

such as EF-Tu, EF-G/eEF2 or Hbs1 also interact with the ribosome (Fig. 2a)19,26–29. 

ABCE1 excludes these factors from binding at the same time, and we thus conclude that 

dissociation of Hbs1 or aEF1α, or in case of termination, eRF3 or aEF1α, has to precede 

ABCE1 binding. Similar to these GTPases, the ATPase ABCE1 contacts the small ribosomal 

subunit, specifically rRNA helices h5, h8, h14 and h15 (Suppl. Table 1, 2). The h5-h15 

region interacts with domain II of the translational GTPases, whereas the h8-h14 junction is 

the most proximal region to the GTPase switch regions30,31 (Suppl. Fig. 4). Interestingly, the 

Becker et al. Page 3

Nature. Author manuscript; available in PMC 2019 November 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



same regions are contacted by ABCE1 via two specific, up to now unexplained, structural 

features of ABCE1-type ABC-ATPases. The HLH motif of ABCE1 contacts the h5-h15 

junction, whereas the hinge region establishes extensive contacts to the h8-h14 junction. In 

contrast to translational GTPases that engage in close interaction with the sarcin-ricin-loop 

of H95 (SRL), contacts of ABCE1 to the large subunit are essentially limited to L9 in both 

species. Despite the overall striking similarity between Rli1 and aABCE1 in their ribosome 

interaction mode, additional minor contacts are present in the yeast complex: Rli1 contacts 

rpS6e and rpS24e on the small subunit, and, on the large subunit, rpP0 and a small region of 

the SRL (H95) which is different from the binding region of translational GTPases (Fig. 2b, 

c). Unexpectedly, the FeS cluster domain of ABCE1 does not directly bind the ribosome but 

instead interacts with Pelota only. These interactions are conserved between yeast and 

archaea. In summary, ABCE1 establishes multiple contacts with both small and large 

ribosomal subunits as well as with the release factors (and their paralogs) and these 

interactions involve all domains of ABCE1. Such tight recognition provides a rationale for 

direct mechanochemical coupling of ATP driven conformational changes in ABCE1 with 

structural changes in the ribosome that are critical for termination and release.

ABCE1 stabilized conformational switch of Pelota

The FeS domain of ABCE1 binds to the CTD of Pelota and we observe a large-scale 

conformational change in the central domain and CTD compared to the Dom34 structure in 

the Hbs1-bound state19 (Fig. 3). By contrast, the NTD of Pelota is essentially unchanged in 

these two structures where they are located in the A site contacting rRNA helices h18, h28, 

h31, h34, and h44 and additionally the ribosomal protein rpS30 in yeast. The β3-β4 loop 

reaches deeply into the A site and at the current resolution we observe additional contacts of 

this loop of aPelota to the ribosomal protein S5 (Suppl. Fig. 3c). The most dramatic 

rearrangements, however, occur in the central domain of both Pelota orthologs: the central 

domain of Dom34 bound to Hbs1 in the yeast ribosome is tightly packed against Hbs119, 

very similar to the domain arrangement in a crystal structure of an aPelota-aEF1α 
complex32 (Fig. 3b); in the presence of ABCE1, however, the central domain of Dom34 or 

aPelota is rotated by approximately 140 degrees towards the P-site tRNA (Suppl. Movie 1, 

2). In this conformation it establishes numerous new contacts to rRNA in domain IV and V 

of the large subunit (Suppl. Table 1, 2). The positively charged loop β10-α3 directly contacts 

the P-site tRNA acceptor stem and the ribosomal protein L10e in archaea. In the closely 

related RF1 proteins, this loop contains the GGQ motif that is essential for catalyzing the 

hydrolysis of peptide from peptidyl-tRNA33,34. When modeling ribosome-bound eRF1 on 

the basis of the Pelota conformation observed in the presence of ABCE1, the GGQ motif of 

eRF1 would be ideally positioned to interact with the CCA-end of the P-site peptidyl-tRNA 

in the peptidyl transferase center (Fig. 3c). This may explain how ABCE1 can stimulate 

termination activity in vivo and in vitro12,13.

Since the CTD of Pelota establishes the only contact site to ABCE1 via the FeS cluster 

domain, the interaction surface is rather small (440 Å2) compared to that between ribosome-

bound Dom34 and Hbs1 trapped in the GTP state (1940 Å2)19. In the ABCE1-bound 

conformation, the CTD is rotated downwards by approximately 15 degrees together with a 

movement of the ribosomal stalk base (H43-H44, rpL12), similar to that induced by eEF2 
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binding (Suppl. Fig. 5)28,29. Both the stalk base and the CTD of Dom34 move closer 

towards the SRL (H95) and a strong contact between the CTD of Dom34 (helix α7) and the 

SRL is established (Fig. 3d). Very similar conformations of the stalk base, as well as of the 

central domain and CTD, were observed for aPelota on the archaeal ribosome, although 

some molecular details of domain fold and ribosome interaction pattern also differ between 

Dom34 and aPelota. Interestingly, helices α5, α6 and α7 that link the central domain and 

the CTD of aPelota establish one long alpha helix with a kink between α5 and α6 in the 

presence of aABCE1 that reaches from the SRL (H95) deeply into the A site (Fig. 3e).

In summary, in both species the presence of ABCE1 stabilizes an alternative conformation 

of Pelota on the ribosome, primarily affecting the central domain that reaches through the A 

site to contact the P-site tRNA. An analogous behavior of the closely related RFs would 

ideally position the conserved GGQ-loop for catalyzing peptidyl-tRNA hydrolysis.

Mechanochemical activity of ABCE1 on the ribosome

Typically, ABC proteins generate mechanochemical work by nucleotide driven clamp like 

motions of the two NBDs: in the apo- or ADP-bound state, NBDs adopt an open 

conformation often linked to a higher affinity for the given substrate of the ABC enzyme. 

ATP binding triggers a closed state, by binding to Walker A and B motifs of one NBD and 

the opposing conserved LSGGQ-loop (signature motif) of the other NBD that coordinates 

the γ-phosphate of ATP for subsequent hydrolysis35. ATP-binding or subsequent ATP-

hydrolysis lead to a “power stroke” that usually causes concomitant conformational changes 

in connected domains or binding partners.

To analyze the mechanochemical function of ABCE1 in ribosome splitting we compared the 

ribosome-bound conformation of ABCE1 with the open ADP-bound form as observed in the 

crystal6–8 and with a model for the closed ATP-bound state (Fig. 4a). The model for the 

closed state is derived by individually superimposing the NBDs of ABCE1 to NBDs 

crystallized in the ATP bound state36. Interestingly, neither the open nor the closed model 

can be easily modeled into the electron density in the reconstructions. In both 

reconstructions, we observe an intermediate, half-open state of the two NBDs: NBD2 rotates 

by approximately 17 degrees towards NBD1 and the FeS cluster domain. However, an 

additional upward movement by 8 Å of NBD2 would be required in order to obtain the fully 

closed conformation where the signature motif of one NBD domain contacts the nucleotide 

binding domain pocket of the other NBD domain (Suppl. Movie 3). Notably, in the observed 

half-open state of ABCE1 we find a contact between the NBD2 domain and the FeS cluster 

domain, which is not seen in the crystal structures of the open state. Adoption of the fully 

closed ATP-bound conformation would therefore require a substantial shift of the FeS 

cluster domain, also of about 8 Å (Fig. 4a) to avoid a steric clash. While the limited 

resolution of the reconstruction doesn’t allow for any conclusions regarding the nature of the 

bound nucleotide, the conformations of the individual lobes within the NBD1 and NBD2 

domains more closely resemble those of the ADP-bound crystal structures. The similarity of 

the “intermediate” conformation in both reconstructions suggests that binding to the 

ribosome induces an allosteric change in ABCE1, perhaps related to allosteric control of 

ABC transporter by substrate binding37.
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The finding that ATP hydrolysis4,5 is required for full splitting activity strongly suggests that 

ABCE1 indeed has to undergo a conversion from the observed half-open pre-splitting 

conformation to the fully closed ATP state in order to efficiently dissociate ribosomes. 

Therefore, we analyzed the effect of ATP-dependent NBD domain closure by superimposing 

the half-open ribosome-bound state of ABCE1 with the model for the closed-state. ABCE1 

in the closed conformation would not sterically clash with the ribosomal subunits to induce 

splitting. One possibility is that the small and large ribosomal subunits follow the trajectory 

of NBD1 and NBD2 of ABCE1, respectively. In this case the ribosomal subunits would 

sufficiently rotate away from each other so as to affect the inter-subunit bridges and, thus, 

the overall ribosome stability (Fig. 4b).

It is more likely, however, that the transition of ABCE1 through the closed conformation 

triggers an allosteric cascade affecting Pelota: The FeS cluster domain of ABCE1 contacts 

the NBD2 domain already in the half-open state and has to follow the movement of the 

NBD2 during closure. This conformational change of the FeS cluster domain towards the 

intersubunit space is likely to be transmitted to Pelota via the close interaction with its CTD. 

A shift of the CTD would in turn be transmitted to both the NTD and the central domain of 

Pelota. These Pelota domains establish a network of contacts with the small and the large 

ribosomal subunit as well as with the P-site tRNA (Fig. 4c). Numerous mutations indeed 

underline the functional importance of these domains for the activity of Pelota (Suppl. Table 

1, 2). A conformational shift can be easily envisaged to cause dissociation of the ribosome 

by destabilizing inter-subunit bridges and the P-site tRNA. A function of the FeS cluster 

domain of ABCE1 as a structural bolt to remodel Pelota by transmitting ATP induced 

changes from the NBDs is in good agreement with the finding that deletion of this domain 

abolishes splitting activity8. Enhanced stability of the domain provided by the FeS cluster 

may be required in the transmission of ABCE1’s mechanochemical power for ribosome 

splitting.

Although employing an entirely different cast of characters, this scenario is structurally 

reminiscent of bacterial ribosome recycling by ribosome recycling factor (RRF) and EF-G. 

In this case, an EF-G-based GTP-dependent conformational switch positions RRF to clash 

with the small ribosomal subunit, inevitably promoting subunit dissociation8 (Fig.4d, e).

Conclusion

Taken together we provide a structural basis and a universal mechanistic model for 

eukaryotic and archaeal ribosome recycling in which ABCE1 actively coordinates rescue (or 

translation termination) with recycling and re-initiation (Fig. 5):

In the first stage, the recognition stage, the sensing factors Pelota (for rescue) or RF1 (for 

termination) are delivered to stalled ribosomes or pre-termination complexes by EF-Tu like 

GTPases. In the next step, the GTPase dissociates to allow ABCE1 binding to the ribosome. 

ABCE1 interacts with the C-terminal domain of Pelota (or of RF1s in termination) to 

stabilize the extended conformation of the central domain. In the case of translation 

termination, the GGQ motif of RF1 will be positioned proximal to the CCA-end of the P-site 

tRNA to catalyze peptide release; in the case of ribosome rescue, the central domain will be 
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tightly accommodated proximal to the peptidyl transferase center. Subsequently, in both 

cases, ABCE1 triggers ribosome disassembly into subunits by a power stroke upon NBD 

domain closure and ATP hydrolysis5. Our biochemical and structural data suggest a 

universal role of ATP hydrolysis in the mechanism of ABCE1-driven recycling. The 

conformational switch of ABCE1 could cause either a direct disruption of the ribosomal 

intersubunit bridges or, more likely, further conformational changes via an allosteric cascade 

from the FeS cluster domain of ABCE1 to the central domain and NTD of Pelota. In the 

archaeal system ABCE1 remains bound to the small ribosomal subunit after splitting8 and it 

has been also found on the small subunit in eukaryotes10,11. Notably, ribosome recycling is 

coupled in eukaryotes with re-initiation when initiation factors such as eIF3, eIF1 and eIF1A 

bind the small ribosomal subunit as recycling is completed38. An initial recruitment of eIF3 

to the 80S ribosome may even occur directly via ABCE1 interaction with the eIF3 subunit 

eIF3j (Hcr1p in yeast), even before recycling is completed13,39,40. In contrast, the analogous 

bacterial recycling system consisting of RRF and EF-G acts only after termination is 

completed and the participation of initiation factors is less clear41. In conclusion, the 

archaeal and eukaryotic kingdoms have maintained an extremely conserved general 

ribosome recycling system with an ABC-type ATPase at the core: the mechanochemical 

properties of ABCE1 are employed through a still somewhat enigmatic FeS cluster domain. 

This domain triggers an allosteric cascade that actively coordinates translation termination 

or rescue with recycling12, and eventually with re-initiation. It remains a puzzle as to why a 

complex FeS cluster domain is apparently employed for a structural role only and has not 

been replaced by a simpler structure over billions of years of evolution. Thus, it is highly 

desirable to seek deeper insight into additional functions of ABCE1 in processes such as 

translation initiation and ribosome assembly.

Methods Summary

Programmed yeast SL-RNCs were prepared from cell-free extracts as described19,42. 

Archaeal ribosomes were purified from cell free extracts22 by sucrose density centrifugation. 

Ribosome binding partners (Dom34, aPelota, ABCE1, aRF1 and aIF6) were expressed in E. 
coli or S. cerevisiae (Rli1) and purified using affinity chromatography. Ligands were 

reconstituted in vitro with SL-RNCs or 70S ribosomes, and binding was analyzed by SDS-

PAGE after pelleting of ribosome-bound fractions. Splitting activity was monitored in 

sucrose gradients using UV-profiles. For cryo-EM, yeast and archaeal recycling complexes 

were vitrified and data were collected on a Titan Krios electron microscope (FEI Company). 

Single particle analysis and 3D reconstruction was done using the SPIDER software 

package43. Homology models were generated using HHPRED44 and MODELLER45.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: The ribosome-bound Pelota-ABCE1 complex
(a, b) Cryo-EM reconstructions of the eukaryotic SL-RNC-Dom34-Rli1 and the archaeal 

70S-aPelota-aABCE1 complex at 7.2 Å and 6.6 Å resolution, respectively. Extra densities 

were observed for Dom34/aPelota and Rli1/aABCE1 in the canonical factor binding site as 

well as for P-site tRNA, E-site tRNA and mRNA. The upper section represents side views, 

the lower section top views, where large and small subunits were cut. (c) Homology model 

for ribosome-bound Pelota and ABCE1 in transparent density. The individual domains are 

color-coded as in the schematic representation of domain organization. N-terminal Domain 

(NTD), central domain (ce) and C-terminal domain (CTD) are indicated; FeS indicates iron-

sulfur cluster domain; NBD1 and 2 indicate nucleotide binding domain 1 and 2; HLH 

indicates helix-loop-helix motif; H1 and H2 indicates hinge 1 and hinge 2 domain. (d) Zoom 

on the FeS domain of aABCE1. The density for the two [4Fe-4S]2+ is displayed in red mesh 

at high contour level.
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Fig. 2: Interaction of Pelota and ABCE1 with the ribosome.
(a) Comparison of the SL-RNC-Dom34-Rli1 cryo-EM map with the SL-RNC-Dom34-Hbs1 

and the 80S-eEF2 maps. Views are as in Fig. 1a and 1b. (b, c) Interactions of ABCE1 with 

the eukaryotic (b) and the archaeal (c) ribosome. The view is indicated by a thumbnail. The 

domain color code is as in Fig. 1c.
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Fig. 3: Domain movements in Pelota and eRF1
(a) Comparison of the ribosome-bound Dom34 conformation in complex with Hbs1 (top 

section) and Rli1 (lower section). (b) Comparison of the aPelota-aEF1α crystal structure32 

with the ribosome-bound aPelota in complex with aABCE1. The central domain of Pelota 

swings out towards the P-site tRNA. (c) Models for eRF1 before and after the suggested 

movement of the central domain. (d) Conformation of the Dom34 CTD and the stalk base 

rRNA (H43-H44) when bound to Hbs1 (yellow) and to Rli1 (blue). rRNA conformation 

without factors bound is shown in grey. (e) In aPelota three separate small helices refold into 

a long α-helix during movement of the central domain bridging the CTD and the central 

domain.
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Fig. 4: Mechanochemical activity of ABCE1 on the ribosome
(a) Crystal structure of the open (ADP-bound) aABCE1, the cryo-EM structure of the 

ribosome-bound aABCE1 and homology model of the closed (ATP-bound) aABCE1 

including schematic drawings. An asterisk indicates a contact between NBD2 and the FeS 

domain of aABCE1. (b) Ribosomal subunits may be dissociated by following the trajectory 

of aABCE1 domain closure upon ATP-binding. (c) Interactions of the aPelota NTD and 

central domain within the ribosome. (d) ABCE1 domain closure could lead to an allosteric 

cascade with the FeS domain acting as a bolt on the CTD of Pelota to rearrange the NTD 

and central domain of Pelota. This mechanism would be analogous to the splitting reaction 

in bacteria by RRF and EF-G as depicted in (e).
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Fig. 5: Scheme of archaeal and eukaryotic ribosome recycling bridging termination with 
initiation.
A translational GTPase (Hbs1/aEF1α/eRF3) delivers the factor, which recognizes stalled 

ribosomes (Pelota) or pre-termination complexes (eRF1/aRF1). After GTP hydrolysis, the 

GTPase dissociates and ABCE1 can bind. ABCE1 induces or stabilizes the swung-out 

conformation of Pelota (or RF1), which would lead to peptide release in case of termination. 

Ribosome splitting is induced after ATP-binding to ABCE1 and hydrolysis. In eukaryotes 

initiation factors can bind during the splitting reaction coupling ribosome recycling with re-

initiation. After splitting ABCE1 stays associated with the small ribosomal subunit.
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