
University of Massachusetts Medical School University of Massachusetts Medical School 

eScholarship@UMMS eScholarship@UMMS 

University of Massachusetts Medical School Faculty Publications 

2020-12-29 

Structural basis for +1 ribosomal frameshifting during EF-G-Structural basis for +1 ribosomal frameshifting during EF-G-

catalyzed translocation [preprint] catalyzed translocation [preprint] 

Gabriel Demo 
University of Massachusetts Medical School 

Et al. 

Let us know how access to this document benefits you. 
Follow this and additional works at: https://escholarship.umassmed.edu/faculty_pubs 

 Part of the Molecular Biology Commons, Nucleic Acids, Nucleotides, and Nucleosides Commons, and 

the Structural Biology Commons 

Repository Citation Repository Citation 
Demo G, Loveland AB, Svidritskiy E, Gamper HB, Hou Y, Korostelev AA. (2020). Structural basis for +1 
ribosomal frameshifting during EF-G-catalyzed translocation [preprint]. University of Massachusetts 
Medical School Faculty Publications. https://doi.org/10.1101/2020.12.29.424751. Retrieved from 
https://escholarship.umassmed.edu/faculty_pubs/1867 

Creative Commons License 

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License. 
This material is brought to you by eScholarship@UMMS. It has been accepted for inclusion in University of 
Massachusetts Medical School Faculty Publications by an authorized administrator of eScholarship@UMMS. For 
more information, please contact Lisa.Palmer@umassmed.edu. 

https://escholarship.umassmed.edu/
https://escholarship.umassmed.edu/faculty_pubs
https://arcsapps.umassmed.edu/redcap/surveys/?s=XWRHNF9EJE
https://escholarship.umassmed.edu/faculty_pubs?utm_source=escholarship.umassmed.edu%2Ffaculty_pubs%2F1867&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/5?utm_source=escholarship.umassmed.edu%2Ffaculty_pubs%2F1867&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/935?utm_source=escholarship.umassmed.edu%2Ffaculty_pubs%2F1867&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/6?utm_source=escholarship.umassmed.edu%2Ffaculty_pubs%2F1867&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1101/2020.12.29.424751
https://escholarship.umassmed.edu/faculty_pubs/1867?utm_source=escholarship.umassmed.edu%2Ffaculty_pubs%2F1867&utm_medium=PDF&utm_campaign=PDFCoverPages
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Lisa.Palmer@umassmed.edu


Structural basis for +1 ribosomal frameshifting during EF-G-catalyzed 

translocation 

Gabriel Demo1,2, Anna B. Loveland1, Egor Svidritskiy1, Howard B. Gamper3, Ya-Ming Hou3, 

Andrei A. Korostelev1,* 

 

1RNA Therapeutics Institute, Department of Biochemistry and Molecular Pharmacology, UMass Medical School, 

Worcester, MA, USA  

2Central European Institute of Technology, Masaryk University, Kamenice 5, Brno, 625 00, Czech Republic 

3Department of Biochemistry and Molecular Biology, Thomas Jefferson University, Philadelphia, PA, USA 

 

*Correspondence: andrei.korostelev@umassmed.edu 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABSTRACT 

Frameshifting of mRNA during translation provides a strategy to expand the coding 

repertoire of cells and viruses. Where and how in the elongation cycle +1-frameshifting occurs 

remains poorly understood. We captured six ~3.5-Å-resolution cryo-EM structures of ribosomal 

elongation complexes formed with the GTPase elongation factor G (EF-G). Three structures 

with a +1-frameshifting-prone mRNA reveal that frameshifting takes place during translocation 

of tRNA and mRNA.  Prior to EF-G binding, the pre-translocation complex features an in-frame 

tRNA-mRNA pairing in the A site. In the partially translocated structure with EF-G, the tRNA 

shifts to the +1-frame codon near the P site, whereas the freed mRNA base bulges between the 

P and E sites and stacks on the 16S rRNA nucleotide G926. The ribosome remains 

frameshifted in the nearly post-translocation state. Our findings demonstrate that the ribosome 

and EF-G cooperate to induce +1 frameshifting during mRNA translocation. 
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INTRODUCTION 

To accurately synthesize a protein, the ribosome maintains the mRNA reading frame by 

decoding and translocating one triplet codon at a time1. Concurrent ~25 Å movement of the 

mRNA and tRNAs is catalyzed by the conserved translational GTPase EF-G in bacteria (EF2 in 

archaea and eukaryotes)2,3. After formation of a peptide bond, the peptidyl-tRNA and deacylated 

tRNA move from the A and P sites to the P and E sites, respectively. This translocation requires 

spontaneous and large-scale (~10°) inter-subunit rotation of the ribosome4,5. Despite 

pronounced rearrangements of subunits and extensive motions of tRNA and mRNA at each 

elongation cycle, the ribosome maintains the correct reading frame through hundreds of 

codons6,7.  

Nevertheless, change of the reading frame, termed frameshifting, is common in viruses, 

bacteria and eukaryotes, where it enables the expansion of the coding repertoire and regulation 

of gene expression8. During frameshifting, the translating ribosome switches to an alternative 

reading frame, either in the forward (+; i.e. skipping one or more mRNA nucleotides) or reverse 

(–; i.e. re-reading one or more mRNA nucleotides) direction. This work focuses on +1 

frameshifting (+1FS), which is important for gene expression in various organisms. For example, 

in bacteria, it regulates expression of the essential release factor 29,10. In eukaryotes, +1FS 

regulates metabolite-dependent enzyme expression11 and leads to pathological expression of 

huntingtin12. +1FS can be amplified by dysregulation of ribosome quality control 

mechanisms13,14, and it is being exploited to synthetically expand the coding repertoire of 

genomes by inserting non-natural amino acids via a tRNA that can perform +1FS15. Because 

+1FS occurs during the dynamic stage of protein elongation, its molecular mechanism has 

remained challenging to study. 

Here we address this challenge by using cryo-EM to visualize +1FS on one of the most 

+1FS-prone mRNA sequences in the bacterial genome. The mRNA sequences CC[C/U]-[C/U]16 
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induce +1FS due to imbalances in tRNA concentrations17,18, lack of tRNA post-transcriptional 

modifications19-21, or nucleotide insertions in the anticodon loop of tRNAs22-24. Under normal 

growth conditions, CC[C/U]-[C/U] sequences in E. coli can induce +1FS up to ~1%25, exceeding 

the average frequency of spontaneous frameshifting on other sequences by two orders of 

magnitude26. In vitro, mRNA CC[C/U]-N (N = A, C, G, U) sequences are even more prone to 

+1FS, achieving 70% efficiency21. The CC[C/U]-N sequences code for proline (Pro) and are 

decoded by two isoacceptors of tRNAPro with the anticodon UGG or GGG21. The isoacceptor 

tRNAPro(UGG) is essential for cell growth and has the ability to read all four Pro codons27. 

Studies have proposed that +1FS by tRNAPro(UGG) can occur during one of the three stages of 

the elongation cycle: (1) decoding of a slippery sequence when the tRNA binds to the ribosomal 

A site28-30; (2) EF-G-catalyzed translocation of the tRNA from an in-frame position at the A site to 

the +1-frame position in the P site25; or (3) stalling of the tRNA in the P site after translocation 

and/or EF-G dissociation25,31-34. Crystal structures of anticodon-stem-loops (ASLs) of +1FS-

prone tRNAs in the A site29,35-37, formed in the absence of elongation factors, argue against the 

mechanism of +1FS during decoding, showing that steric hindrance in the decoding center 

prevents tRNA from slippage. Yet, the dynamics of the ribosome allow sampling of different 

structures, which may evade crystallization (e.g. refs38,39). Thus, the possibility of 

rearrangements of a frameshifting complex at all three elongation stages remain to be explored. 

To distinguish among these three possible mechanisms, it is necessary to capture ribosomal 

translocation complexes that are formed with full-length aminoacyl-tRNAs and EF-G on a +1FS-

prone mRNA.  

To visualize the structural mechanism of +1FS, we determined cryo-EM structures of 

70S complexes with full-length native E. coli tRNAPro(UGG) and EF-G, and compared the 

structures containing a non-frameshifting “control” mRNA with those containing a +1FS-prone 

mRNA. Unlike the ASLs of +1FS tRNAs that were used in previous studies29,35-37 and contained 

an extra nucleotide next to the anticodon40, native E. coli tRNAPro(UGG) has a canonical 
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anticodon loop. We first formed two pre-translocation 70S complexes, containing a non-

frameshifting mRNA codon: C1CA-A4, or the frameshifting codon: C1CC-A4, in the A site. Each 

complex was prepared with fMet-tRNAfMet in the P site and Pro-tRNAPro(UGG) was delivered by 

EF-Tu•GTP to the A site. To capture EF-G-catalyzed translocation states, we then added EF-G 

with the non-hydrolyzable GTP analog GDPCP (5'-guanosyl-β,γ-methylene-triphosphate) to 

each pre-translocation complex and performed single-particle cryo-EM analyses (Methods). We 

used maximum-likelihood classification of cryo-EM data, which allows separation of numerous 

functional and conformational states within a single sample41-43. Our data classification revealed 

three elongation states in each complex (Figures S1 and S2): (1) pre-translocation structures 

with tRNAPro in the A site (I: non-frameshifting, and I-FS: frameshifting); (2) “mid-translocation” 

EF-G-bound structure, with tRNAPro near the P site (II and II-FS); and (3) nearly fully 

translocated EF-G-bound state with tRNAPro in the P site (III and III-FS). Comparison of the non-

frameshifting and frameshifting structures reveals that the ribosome is pre-disposed for +1FS 

before translocation, and that frameshifting is accomplished by the mid-translocation stage of 

EF-G-catalyzed translocation. 

 

RESULTS AND DISCUSSION 

Pre-translocation frameshifting structure I-FS adopts an open 30S conformation 

Decoding of mRNA occurs on the non-rotated ribosome, in which peptidyl-tRNA 

occupies the P site and the aminoacyl-tRNA is delivered by EF-Tu to the A site44-46. Universally 

conserved 16S ribosomal RNA nucleotides of the decoding center G530, A1492 and A1493 (E. 

coli numbering) interact with the codon-anticodon helix, resulting in the closure of the 30S 

domain47, which stabilizes the cognate aminoacyl-tRNA during decoding48,49. Peptidyl transfer 

results in a deacylated tRNA in the P site and the peptidyl-tRNA in the A site, preparing the 
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ribosome for translocation6,46. Thus, the closure of the 30S domain is a signature of canonical 

decoding at the A site.  

We formed pre-translocation complexes by delivering Pro-tRNAPro with EF-Tu•GTP to 

the ribosomal A site containing the non-frameshifting CCA-A or frameshifting CCC-A motifs 

(Figure 1). Cryo-EM data classification reveals differences between the non-frameshifting and 

frameshifting complexes (Figure 1). While particle populations are similar (~11% and ~12%, 

respectively), consistent with comparable efficiency of decoding of both mRNA sequences21, the 

resulting cryo-EM maps report different conformations of the 30S subunit. The non-frameshifting 

Structure I features a canonical closed 30S subunit with G530, A1492 and A1493 in the ON 

state48, interacting with the backbone of the cognate codon-anticodon helix (Figures 1B-C). 

G530 contacts A1492, resulting in a latched decoding center. This conformation is nearly 

identical to that in other cognate 70S complexes7,50,51. By contrast, the frameshifting Structure I-

FS with the U34-C3 wobble pair features an open 30S conformation (Figures 1E-F), in which 

the shoulder domain is shifted away from the body domain. This open conformation resembles 

transient intermediates of decoding captured by cryo-EM39,48,49. Here, G530 (at the shoulder) is 

retracted by ~2 Å from the ON position, shifting away from A1492 (at the body) and from the 

backbone of G35 of tRNAPro (Figure 1F). Thus, the decoding-center triad is disrupted and 

provides weaker support for the codon-anticodon helix than in the non-frameshifting structure 

(Figure 1C). Structure I-FS therefore reveals that although the codon-anticodon helix is in the 

normal 0-frame (Figure 1E), the U34-C3 wobble pairing shifts the 30S dynamics equilibrium 

toward the open 30S conformation. 

 

mRNA frame is shifted in the EF-G-bound structures II-FS and III-FS 

After peptidyl transfer, the pre-translocation 70S undergoes a thermally driven 

spontaneous  rotation of the 30S subunit relative to the 50S subunit, allowing the tRNA acceptor 
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arms to shift within the 50S subunit and adopt the hybrid A/P and P/E states52. EF-G•GTP binds 

to the rotated state5,6,45,53,54. Spontaneous reverse rotation of the 30S subunit in the presence of 

EF-G causes synchronous translocation of tRNA ASLs and mRNA codons within the 30S 

subunit, resulting in P/P and E/E states upon completion of the rotation55. Previous structures of 

70S•2tRNA•EF-G complexes captured 30S in rotation states that ranged from ~10 degrees to 0 

degrees53,56-58, revealing early (rotated) and late (non-rotated) stages of translocation. They 

show that domain IV of EF-G binds next to the translocating peptidyl-tRNA and sterically hinders 

its return to the A site on the 30S subunit upon reverse subunit rotation5,54,59. 

 

Figure 1. Cryo-EM structures of pre-translocation 70S formed with fMet-tRNAfMet (P site) and Pro-tRNAPro 

(A site). (A) Overall view of the 70S structure with non-frameshifting mRNA (CCA-A; Structure I). Weaker 

density in the E site than in the A and P sites suggests partial occupancy of E-tRNA (Methods). (B) Cryo-

EM density (gray mesh) for codon-anticodon interaction between non-frameshifting mRNA and tRNAPro in 

the A site of Structure I. The view approximately corresponds to the boxed decoding center region (DC) in 

panel A. The map was sharpened with a B-factor of -80 Å2 and is shown at 2.5 σ. (C) Decoding center 

nucleotides G530 (in the shoulder region) and A1492-A1493 (in the body region) stabilize the codon-

anticodon helix in Structure I. (D) Overall view of the 70S structure with the slippery mRNA (CCC-A; 

Structure I-FS). Weaker density in the E site than in the A and P sites suggests partial occupancy of E-

tRNA (see Methods). (E) Cryo-EM density for codon-anticodon interaction between the slippery mRNA 

codon and tRNAPro in Structure I-FS. The map was sharpened with a B-factor of -80 Å2 and is shown at 

2.5 σ. (F) Partially open conformation of the 30S subunit due to the shifted G530 (in the shoulder region) 
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in Structure I-FS relative to that in Structure I (16S shown in gray). Structural alignment was obtained by 

superposition of 16S ribosomal RNAs (rRNAs). 

 

Our cryo-EM structures reveal two predominant translocation states with EF-G•GDPCP: 

the partially rotated state (~5°) and the nearly non-rotated state (~1°; relative to the non-rotated 

pre-translocation structure I) (Figures 2 and 3). The non-frameshifting structures II and III 

closely resemble previously described mid-translocated57,58 (Figures 2A-C) and post-

translocated56 structures (Figures 3A-B) formed with antibiotics. In the partially rotated state, the 

head of the 30S subunit is swiveled by ~16°, so the 30S beak is closer to the 50S subunit 

(Figure 2A). The head swivel is coupled with tRNA ASL and mRNA translocation on the small 

subunit, allowing gradual translocation first relative to the 30S body then 30S head60. In the 

head-swiveled Structure II, dipeptidyl fMet-Pro-tRNAPro is between the A and P sites of the 30S 

subunit (Figure 2B). Specifically, the anticodon nucleotide U34 is ~4 Å away from the P site of 

the body domain. Yet, the anticodon remains near the A site of the head domain due to the 

movement of the head in the direction of translocation. The acceptor arm is in the P site of the 

50S subunit. Thus, the tRNA conformation is similar to the previously described chimeric ap/P 

conformation57 (denoting the anticodon at the A site of the 30S head and near the P site of the 

30S body (ap), and the acceptor arm in the P site of the 50S subunit (P)).  
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Figure 2. Cryo-EM structures of mid-translocation states formed with EF-G•GDPCP. (A) Overall view of 

mid-translocation Structure II with the non-frameshifting mRNA. (B) Cryo-EM density (mesh) of the non-

frameshifting tRNAPro and mRNA codon near the P site. The map is sharpened by applying the B-factor of 

-80 Å2 and is shown with 2.5 σ. (C) Interaction of the EF-G loop I (Ser509-Gly51, red) with the codon-

anticodon helix (space-filling surface and cartoon representation). (D) Overall view of mid-translocation 

Structure II-FS with the frameshifting mRNA. (E) Cryo-EM density of the frameshifting tRNAPro and mRNA 

codon near the P site. The map is sharpened by applying the B-factor of -80 Å2 and is shown with 2.5 σ. 

Note the unpaired and bulged C1 nucleotide in the mRNA, also shown in panel I. (F) Interaction of the EF-

G loop I (Ser509-Gly510) with the codon-anticodon helix of the frameshifting mRNA (compare to panel 

C). (G) Differences in positions of tRNAPro (green) and tRNAfMet (orange) in the frameshifting structure II-

FS relative to those in the non-frameshifted structure II (gray). (H) Adjustment of loop II of EF-G (red) to 

accommodate the shifted position of tRNAPro (green) in the frameshifting structure II-FS relative to those 

in structure II (gray). Structural alignments were performed by superposition of 16S rRNAs. (I) Close-up 

view of cryo-EM density for bulged C1 in Structure II-FS (also shown in panel E). 

 

The nearly non-rotated Structure III features a small head swivel (~1°) and dipeptidyl-

tRNA in the P site (Figures 3A-B and S3), resembling the non-rotated post-translocation 

ribosome56. Both the dipeptidyl-tRNAPro and the deacylated tRNAfMet are base-paired with their 

respective mRNA codons in the P and E sites, respectively. In both structures II and III, domain 

IV of EF-G interacts with the anticodon stem-loop of the dipeptidyl-tRNA and the proline CCA 
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codon (Figures 2B-C and 3B), consistent with the role of EF-G in stabilizing the codon-

anticodon helix during translocation57,61 and after arrival of the codon-anticodon helix at the P 

site56.   

In contrast to the non-frameshifting complex, EF-G•GDPCP mediates frameshifting on 

the frameshifting mRNA. In the mid-translocated Structure II-FS, the dipeptidyl-tRNAPro (Figure 

S3B) pairs with the mRNA in the +1-frame (C2CA4) between the A and P sites of the 30S 

subunit (Figures 2D-F). Here, clearly resolved density demonstrates base-pairing of U34 of 

tRNAPro with A4 of the mRNA (Figure 2E). The neighboring deacylated tRNA fMet is bound to the 

AUG codon near the E site. Thus, +1 frameshifting results in a bulged mRNA nucleotide C1 

between the E and P sites (Figures 2E, 2G, 2I). C1 is sandwiched between the guanosine of the 

AUG codon and G926 of 16S rRNA. This stabilization allows mRNA compaction and 

accommodation of four mRNA nucleotides in the E-site, which normally accommodates three 

nucleotides7. Due to frameshifting, tRNAfMet and tRNAPro are shifted away from each other; they 

are moved by 3 Å and 4 Å from their positions in the non-frameshifting Structure II, respectively 

(Figure 2G). The shift of tRNAPro is compensated by the shift of loop II of EF-G, whereas the rest 

of domain IV is placed similarly to that in the non-frameshifting complex (Figure 2H).  

Previous crystallographic work suggested that the 16S rRNA nucleotides C1397 and 

A1503, which flank the A and E sites, respectively, prevent mRNA slippage by interacting with 

the bases of translocating mRNA58,61,62. These two nucleotides are part of the central region of 

the 30S head that is stabilized by numerous interactions, such as the conserved 1399-1504 

Watson-Crick base pair formed by nucleotides neighboring the “stoppers” C1397 and A1503. 

Our structures indicate that the positions and conformations of this head region, including 

C1397 and A1503, are nearly identical in the non-frameshifting Structure II as in the 

frameshifted Structure II-FS (Figure S4). Thus, the compact and frameshifted mRNA can be 
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accommodated in the ribosomal mRNA tunnel during elongation without perturbing the 

conformations of the head nucleotides.   

 

Figure 3. Cryo-EM structures of near post-translocation states formed with EF-G•GDPCP. (A) Overall 

view of the near-post-translocation Structure III with the non-frameshifting mRNA. (B) Cryo-EM density 

(mesh) of the non-frameshifted tRNAPro and mRNA codon at the P site. The map was sharpened by 

applying the B-factor of -80 Å2 and is shown at 2.5 σ.  (C) Overall view of the near post-translocation 

Structure III-FS with the frameshifting mRNA. (D) Cryo-EM density (mesh) of the frameshifted tRNAPro 

and mRNA codon at the P site. The map was sharpened by applying the B-factor of -80 Å2 and is shown 

at 2.5 σ. (E) Comparison of mRNA and tRNA positions in the nearly translocated frameshifted (colored, 

III-FS) and non-frameshifted (gray, III) complexes. (F) Positions of loop II of EF-G (red) and tRNAPro 

(green) in the Structures III-FS and III (gray). Structural alignments were performed by superposition of 

16S rRNAs. 

 

In the nearly translocated non-rotated Structure III-FS (Figure 3C), the frameshifted CCA 

codon and dipeptidyl-tRNAPro are in the P site, while C1 and the AUG codon with the deacylated 

tRNAfMet are in the E site (Figure 3D). To accommodate C1 in the E site, the E-site AUG codon 

and the paired tRNAfMet are shifted by up to 3 Å (Figure 3E). Weak C1 density suggests that C1 

is detached from G926, which instead hydrogen-bonds with the phosphate group of the first 
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nucleotide of the P-site codon (Figures 3D-E). The P-site codon and tRNAPro are positioned 

nearly identically to those in the non-frameshifting Structure III (Figure 3F). Thus, the 

frameshifted mRNA and peptidyl-tRNA are placed at the canonical P-site position at the end of 

the translocation trajectory, preparing the ribosome for the next elongation cycle on the new +1-

frame of the mRNA.  

 

Mechanism of +1 frameshifting 

Cryo-EM structures in this work provide the long-sought snapshots of +1 frameshifting 

(Figure 4). The use of the native E. coli tRNA and visualization of EF-G-bound structures 

distinguishes this work from previous structural studies that were based on +1-frameshift 

suppressor tRNAs with an expanded anticodon loop29,34-37 or frameshifting-like complexes with a 

single tRNA34,63. To obtain a complete elongation complex with two tRNAs required for 

translocation, that would be prone to +1FS, we used a frameshifting mRNA sequence C1CC-A4 

and tRNAPro (UGG)21 in the A site. The frameshifting ribosome complex therefore contains a 

wobble U34-C3 pair upon binding of tRNAPro to the C1CC-A4 sequence (Structure I-FS). While 

the downstream A4 would have been a more favorable base-pairing partner for U34 of tRNAPro, 

there is no frameshifting upon decoding. Thus, the +1FS-prone pre-translocation complex 

maintains the 0-frame anticodon-codon pairing resembling that in canonical elongation 

complexes51 and crystal structures with suppressor tRNAs35-37. However, unlike the non-

frameshifting complex containing the U34-A3 base pair (Structure I) and unlike previous 

structures with suppressor tRNAs35-37, structure I-FS features an open 30S subunit, resembling 

transient decoding intermediates48,49. Here, G530 of 16S rRNA is shifted from its canonical 

position near the second base pair of the codon-anticodon helix47, thus possibly destabilizing 

the labile three-base-pair codon-anticodon helix. This structure appears pre-disposed for 

tRNAPro to slide from its near-cognate codon CCC to the cognate CCA codon in the +1-frame. 
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Limited space in the A site, however, restricts the codon-anticodon dynamics and prevents 

slippage in this pre-translocation state. In contrast, the mid-translocation complex with EF-G and 

the highly swiveled 30S head features tRNAPro base-paired with the C2CA4 codon near the P 

site of the body and A site of the head (Structure II-FS). This indicates that the ribosome 

switches to the +1-frame when tRNAPro and mRNA move from the decoding center, and that 

frameshifting is accomplished by the intermediate of EF-G-catalyzed translocation, at which the 

tRNA is nearly translocated along the 30S body. The complex remains frameshifted till the 

completion of translocation when tRNAPro is in the P site relative to both the body and head due 

to the reverse head swivel (Structure III-FS). Our work therefore suggests a structural 

mechanism, in which non-canonical pairing of the pre-translocation complex sets the stage for 

frameshifting by opening the 30S subunit and promoting frameshifting during EF-G-catalyzed 

translocation.  
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Figure 4. The mechanism of +1 frameshifting. (A) Schematic of canonical ribosomal translocation by EF-

G and ribosome rearrangements. (B) Schematic of ribosomal translocation by EF-G resulting in +1 

frameshifting. The second rows in panels A and B show local rearrangements of mRNA-tRNA and 

positions of the decoding-center nucleotide G530 and P-site nucleotide G926 of the 30S subunit. 

 

Our observation of the destabilization of the pre-translocation complex, and the EF-G-

bound frameshifting structures, is consistent with the high efficiency of +1 frameshifting on the 

CCC-A frameshifting codon motif shown in vitro21. Other frameshifting sequences exist, 

however, which contain fully complementary codon-anticodon interactions in the 0- and +1- 

frames, such as the CCC-C sequence decoded by tRNAPro (GGG)25,64. In these latter cases, the 

pre-translocation complex most likely samples a canonical closed 30S conformation, in which 
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the codon-anticodon helix is stabilized by the decoding center (as in Structure I). This frame 

stabilization must at least in part account for the lower efficiency of frameshifting on such 

sequences21,64. Nevertheless, the low frequency with which +1 frameshifting occurs with such 

sequences indicates that the tRNA-mRNA interactions can be stochastically destabilized during 

translocation, when the small subunit, tRNAs, and mRNA rearrange. Indeed, recent 70S 

structures obtained without EF-G demonstrate that mRNA frame destabilization occurs upon 

30S head swiveling. In a frameshift-like complex featuring a single tRNA and swiveled 30S 

head, the bulged nucleotide between the E and P site codons is stabilized by G92634, similarly 

to that in Structure II-FS. Furthermore, a recent crystal structure of a non-frameshifting complex 

with two tRNAs and swiveled 30S head revealed perturbation of the codon-anticodon 

interactions in the P site, despite full complementarity of the P-site tRNA with the 0-frame 

codon62. While tRNA-mRNA pairing is unstable during head swiveling, EF-G maintains the 

reading frame in non-frameshifting complexes by interacting with both the tRNA anticodon and 

mRNA codon along the translocation trajectory (Structures II and III). By contrast, in the 

frameshifting-prone complexes, EF-G fails to support the codon-anticodon interactions 

destabilized in the initial stages of translocation (such as CCC-A in this study) and allows 

slippage into the fully complementary sequences that can pair with tRNA in the +1-frame.  

 

METHODS 

Preparation of EF-G and ribosomal subunits 

The gene encoding full-length E. coli EF-G (704 aa, C-terminally His6-tagged) cloned into 

pET24a+ plasmid (Novagen, kanamycin resistance vector) was transformed into an E. coli 

BLR/DE3 strain. Cells with the plasmid were cultured in Luria-Bertani (LB) medium with 50 µg 

mL-1 kanamycin at 37 oC until the OD600 reached 0.7-0.8. Expression of EF-G was induced by 1 

mM IPTG (Gold Biotechnology Inc., USA), followed by cell growth for 9 hrs at 16 oC. The cells 
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were harvested, washed and resuspended in buffer A (50 mM Tris pH=7.5, 50 mM NH4Cl, 10 

mM MgCl2, 5% glycerol, 10 mM imidazole, 6 mM β-mercaptoethanol (βME), and a cocktail of 

protease inhibitors (complete Mini, EDTA-free protease inhibitor tablets, Sigma Aldrich, USA). 

The cells were disrupted with a microfluidizer (Microfluidics, USA), and the soluble fraction was 

collected by centrifugation at 18,000 rpm for 50 minutes and filtered through a 0.22 m pore 

size sterile filter (CELLTREAT Scientific Products, USA).  

EF-G was purified in three steps. The purity of the protein after each step was verified by 

12 % SDS-PAGE stained with Coomassie Brilliant Blue R 250 (Sigma-Aldrich). First, affinity 

chromatography with Ni-NTA column (Nickel-nitrilotriacetic acid, 5 ml HisTrap, GE Healthcare) 

was performed using FPLC (Äkta explorer, GE Healthcare). The soluble fraction of cell lysates 

was loaded onto the column equilibrated with buffer A and washed with the same buffer. EF-G 

was eluted with a linear gradient of buffer B (buffer A with 0.25 M imidazole). Fractions 

containing EF-G were pooled and dialyzed against buffer C (50mM Tris pH=7.5, 100 mM KCl, 

10 mM MgCl2, 0.5 mM EDTA, 6 mM βME, and the cocktail of protease inhibitors). The protein 

then was purified by ion-exchange chromatography through a HiPrep FF Q-column (20 mL, GE 

Healthcare; FPLC). After the column was equilibrated and washed with Buffer C, the protein 

was loaded in Buffer C and eluted with a linear gradient of Buffer D (Buffer C with 0.7 M KCl). 

Finally, the protein was dialyzed against 50 mM Tris pH=7.5, 100 mM KCl, 10 mM MgCl2, 0.5 

mM EDTA, 6 mM βME, and purified using size-exclusion chromatography (Hiload 16/600 

Superdex 200pg column, GE Healthcare). The fractions of the protein were pooled, buffer 

exchanged (25 mM Tris pH=7.5, 100 mM NH4Cl, 10 mM MgCl2, 0.5 mM EDTA, 6 mM βME, and 

5% glycerol) and concentrated with an ultrafiltration unit using a 10-kDa cutoff membrane 

(Millipore). The concentrated protein was flash-frozen in liquid nitrogen and stored at -80 oC.  

70S ribosomes were prepared from E. coli (MRE600) as described65, and stored in the 

ribosome-storage buffer (20 mM Tris-HCl (pH 7.0), 100 mM NH4Cl, 12.5 mM MgCl2, 0.5 mM 

EDTA, 6 mM βME) at -80°C. Ribosomal 30S and 50S subunits were purified using a sucrose 
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gradient (10-35%) in a ribosome-dissociation buffer (20 mM Tris-HCl (pH 7.0), 500 mM NH4Cl, 

1.5 mM MgCl2, 0.5mM EDTA, and 6 mM βME). The fractions containing 30S and 50S subunits 

were collected separately, concentrated and stored in the ribosome-storage buffer at -80°C. 

 

Preparation of charged tRNAs, and mRNA sequences 

E. coli tRNAfMet was purchased from Chemical Block and aminoacylated as described66.  

Native E. coli tRNAPro(UGG) (proM tRNA) was over-expressed in E. coli from an IPTG-

inducible proM gene carried by pKK223-3. Total tRNA was isolated using differential 

centrifugation67 and proM tRNA was isolated using a complementary biotinylated 

oligonucleotide attached to streptavidin-sepharose68 yielding approximately 40 nmoles proM 

tRNA from 1 liter of culture. E. coli tRNAPro (UGG) (10 µM) was aminoacylated in the charging 

buffer (50 mM Hepes pH 7.5, 50 mM KCl, 10 mM MgCl2, 10 mM DTT) in the presence of 40 µM 

L-proline, 2 µM prolyl-tRNA synthetase (ProRS), 0.625 mM ATP and 15 µM elongation factor 

EF-Tu (purified as described48). The mixture was incubated for 10 minutes at 37°C. To stabilize 

the charged Pro-tRNAPro and form the ternary complex for the elongation reaction 0.25 mM GTP 

was added to the mixture. The mixture was incubated for 3 minutes at 37°C. 

mRNAs containing the Shine-Dalgarno sequence and a linker to place the AUG codon in 

the P site were synthesized by IDT. The frameshifting mRNA contains the sequence 5'-GGC 

AAG GAG GUA AAA AUG CCC AGU UCU AAA AAA AAA AAA, and the non-frameshifting 

mRNA contains the sequence 5'-GGC AAG GAG GUA AAA AUG CCA AGU UCU AAA AAA 

AAA AAA. 

 

Preparation of 70S translocation complexes with EF-G•GDPCP 

70S•mRNA•fMet-tRNAfMet•Pro-tRNAPro(UGG)•EF-G•GDPCP complexes were prepared as 

follows, separately for the slippery and non-slippery mRNAs. In each, 0.33 µM 30S subunits (all 

concentrations specified for the final solution) were pre-activated at 42°C for 5 minutes in the 
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ribosome-reconstitution buffer (20 mM HEPES pH 7.5, 120 mM NH4Cl, 20mM MgCl2, 2 mM 

spermidine, 0.05 mM spermine, 6 mM βME). These activated 30S subunits were added with 

0.33 µM 50S subunits with 1.33 µM mRNA and incubated for 10 minutes at 37°C. 

Subsequently, 0.33 µM fMet-tRNAfMet was added and the solution was incubated for 3 minutes 

at 37°C, to form the 70S complex with the P-site tRNA.  

Pro-tRNAPro (UGG) (0.33 µM), EF-Tu (0.5 µM), and GTP (8.3 µM) were added to the 

solution and incubated for 10 minutes at 37°C to form the A-site bound 70S complex. Next, EF-

G (5.3 µM) and GDPCP (0.66 mM) were added and incubated for 5 minutes at 37°C, then 

cooled down to room temperature, resulting in 70S translocation complexes with EF-G•GDPCP.  

 

Cryo-EM and image processing 

QUANTIFOIL R 2/1 grids with the 2-nm carbon layer (Cu 200, Quantifoil Micro Tools) were 

glow discharged with 25 mA with negative polarity for 60 s in a PELCO easiGlow glow 

discharge unit. Each complex (2.5 μL) was separately applied to the grids. Grids were blotted at 

blotting force 9 for 4 s at 5°C, 95% humidity, and plunged into liquid ethane using a Vitrobot 

MK4 (FEI). Grids were stored in liquid nitrogen.  

For the frameshifting 70S•mRNA(CCC-A)•fMet-tRNAfMet•Pro-tRNAPro(UGG)•EF-G•GDPCP 

translocation complex, a dataset of 164,504 particles was collected as follows. A total of 2,591 

movies were collected on Titan Krios (FEI) microscope (operating at 300 kV) equipped with K2 

Summit camera system (Gatan), with -0.8 to -2.0 μm defocus. Multi-shot data collection was 

performed by recording four exposures per hole, using SerialEM69 with a beam-image shift, as 

described70. Coma-free alignment was performed using a built-in function. ‘Coma vs. Image 

Shift’ from the Calibration menu was used for dynamic beam-tilt compensation, based on image 

shifts for each exposure. Multi-shot configuration was selected from ‘Multiple Record Setup 

Dialog’ to dynamically adjust the beam tilt. Backlash-corrected compensation was applied to 

each stage movement at the target stage position to reduce mechanical stage drift. Each 
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exposure was acquired with continuous frame streaming at 36 frames per 7.2 s, yielding a total 

dose of 47.5 e-/Å2. The dose rate was 7.39 e-/upix/s at the camera. The nominal magnification 

was 130,000 and the calibrated super-resolution pixel size at the specimen level was 0.525 Å. 

The movies were motion-corrected and frame averages were calculated using all 36 frames 

within each movie after multiplying by the corresponding gain reference in IMOD71. During 

motion-correction in IMOD the movies were binned to pixel size 1.05 Å (termed unbinned or 

1×binned). cisTEM72 was used to determine defocus values for each resulting frame average 

and for particle picking. All movies were used for further analysis after inspection of the 

averages and the power spectra computed by CTFFIND4 within cisTEM. The stack and particle 

parameter files were assembled in cisTEM with the binnings of 1×, 2× and 4× (box size of 400 

for unbinned stack). Data classification is summarized in Figure S2. FREALIGNX was used for 

all steps of particle alignment, refinement and final reconstruction steps and FREALIGN v9.11 

was used for 3D classification steps73. Conversion of parameter file from FREALIGNX to 

FREALIGN for classification was performed by removing a column twelve which contains phase 

shift information (not applicable as no phase plate was used) and adding an absolute 

magnification value. Reverse conversion from FREALIGN to FREALIGNX for refinement was 

performed automatically by FREALIGNX. The 4x-binned image stack (164,504 particles) was 

initially aligned to a ribosome reference (PDB 5U9F)74 using 5 cycles of mode 3 (global search) 

alignment including data in the resolution range from 300 Å to 30 Å until the convergence of the 

average score. Subsequently, the 4x binned stack was aligned against the common reference 

resulting from the previous step, using mode 1 (refine) in the resolution range 300-18 Å (3 

cycles of mode 1). In the following steps, the 4x binned stack was replaced by the 2x binned 

image stack, which was successively aligned against the common reference using mode 1 

(refine), including gradually increasing resolution limits (5 cycles per each resolution limit; 18-12-

10-8 Å) up to 8 Å. 3D density reconstruction was obtained using 60% of particles with highest 

scores. Subsequently, the refined parameters were used for classification of the 2x binned stack 
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into 16 classes in 50 cycles using the resolution range of 300-8 Å. This classification revealed 

11 high-resolution classes, 3 low-resolution (junk) classes, and 2 classes representing only the 

50S subunit (Figure S2A). The particles assigned to the high-resolution 70S classes were 

extracted from the 2x binned stack (with > 50% occupancy and scores > 0) using 

merge_classes.exe (part of the FREALIGN distribution), resulting in a stack containing 109,094 

particles. Classification of this stack was performed for 50 cycles using a focused spherical 

mask between the A and P sites (30 Å radius, as implemented in FREALIGN). This sub-

classification into 8 classes yielded one high-resolution class, which contained both tRNAs and 

EF-G; and one high-resolution class, which contained 3 tRNAs (Structure I-FS). The map 

corresponding to an EF-G-bound translocation state had heterogeneous 30S features 

corresponding to a mixture of two states (with a highly swiveled and less-swiveled head 

conformations). The particles assigned to the high-resolution class with both tRNAs and EF-G 

were extracted from the 2x binned stack (with > 50% occupancy and scores > 0) using 

merge_classes.exe (part of the FREALIGN distribution), resulting in a stack containing 15,088 

particles. Classification of this stack was performed for 50 cycles using a 3D mask designed 

around the head of 30S subunit. This sub-classification into 2 classes yielded 2 high-resolution 

classes, which contained both tRNAs and EF-G but differed in 30S head rotation (Structure II-

FS and III-FS). Using subsequent sub-classification of each class into more classes did not yield 

additional structures. For the classes of interest (Structure I-FS, 12,108 particles; Structure II-

FS, 9,059 particles; Structure III-FS, 6,029 particles), particles with > 50% occupancy and 

scores > 0 were extracted from the 2x binned stack. Refinement to 6 Å resolution using mode 1 

(5 cycles) of the respective 1x binned stack using 95% of particles with highest scores resulted 

in ~3.2 Å (Structure I-FS), ~3.2 Å (Structure II-FS) and ~3.3 Å (Structure III-FS) maps 

(FSC=0.143).  

For the non-frameshifting 70S•mRNA(CCA-A)•fMet-tRNAfMet•Pro-tRNAPro (UGG)•EF-

G•GDPCP translocation complex, a dataset of 1,041 movies containing 62,716 particles was 
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collected and processed the same way as that for the frameshifting complex. All movies were 

used for further analysis after inspection of the averages and the power spectra computed by 

CTFFIND4 within cisTEM. The stack and particle parameter files were assembled in cisTEM 

with the binnings of 1×, 2× and 4× (box size of 400 for a unbinned stack). Data classification is 

summarized in Figure S1. FREALIGNX was used for all steps of particle alignment, refinement 

and final reconstruction steps and FREALIGN v9.11 was used for 3D classification steps 73 as 

described above. The 4x-binned image stack (62,716 particles) was initially aligned to a 

ribosome reference (PDB 5U9F)74 using 5 cycles of mode 3 (global search) alignment including 

data in the resolution range from 300 Å to 30 Å until the convergence of the average score. 

Subsequently, the 4x binned stack was aligned against the common reference resulting from 

the previous step, using mode 1 (refine) in the resolution range 300-18 Å (3 cycles of mode 1). 

In the following steps, the 4x binned stack was replaced by the 2x binned image stack, which 

was successively aligned against the common reference using mode 1 (refine), including 

gradually increasing resolution limits (5 cycles per each resolution limit; 18-12-10-8 Å) up to 8 Å. 

3D density reconstruction was obtained using 60% of particles with highest scores. The refined 

parameters were used for classification of the 2x binned stack into 8 classes in 50 cycles using 

the resolution range of 300-8 Å. This classification revealed six high-resolution classes, one low-

resolution (junk) class, and one class representing only 50S subunit (Figure S1A). The particles 

assigned to the high-resolution 70S classes were extracted from the 2x binned stack (with > 

50% occupancy and scores > 0) using merge_classes.exe (part of the FREALIGN distribution), 

resulting in a stack containing 41,382 particles. Classification of this stack was performed for 50 

cycles using a focused spherical mask between the A and P sites (30 Å radius, as implemented 

in FREALIGN). This sub-classification into eight classes yielded two high-resolution classes, 

which contained both tRNAs and EF-G (Structure II and III); and one high-resolution class, 

which contained 3 tRNAs (Structure I). For the classes of interest (Structure I, 4,263 particles; 

Structure II, 3,179 particles; Structure III, 4,612 particles), particles with > 50% occupancy and 
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scores > 0 were extracted from the 2x binned stack. Refinement to 6 Å resolution using mode 1 

(5 cycles) of the respective 1x binned stack using 95% of particles with highest scores resulted 

in ~3.4 Å (Structure I), ~3.5 Å (Structure II) and ~3.4 Å (Structure III) maps (FSC=0.143). In both 

Structures I and I-FS, E-tRNA density is weak, indicating partial E-site occupancy. This is similar 

to our previous observations39, where additional classification resulted in maps with the vacant 

and tRNA-bound E-site, however no other differences (i.e. in the occupancy of other sites, or 

ribosome conformations) were observed. To account for partial density, we have modeled E-site 

tRNA, as described in39.  

The maps (Structure I-FS, II-FS, III-FS, I, II and III) were filtered for structure refinements, 

by blocres and blocfilt from the Bsoft package75. Briefly, a mask was created for each map by 

low-pass filtering the map to 30 Å in Bsoft, then binarizing, expanding by 3 pixels and applying a 

3-pixel Gaussian edge in EMAN276. Blocres was run with a box size of 20 pixels for all maps. In 

each case, the resolution criterion was FSC with cutoff of 0.143. The output of blocres was used 

to filter maps according to local resolution using blocfilt. The optimal balance between high-

resolution and lower-resolution regions is achieved for blocfilt maps filtered with a constant B-

factor of -80 Å2 in bfactor.exe (part of the FREALIGN distribution). These B-factor sharpened 

maps were used for model building and structure refinements. Other B-factors were also used 

to interpret high-resolution details in the ribosome core regions. Fourier shell correlation (FSC) 

curves were calculated by FREALIGN for even and odd particle half-sets. 

 

Model building and refinement 

Reported cryo-EM structure of E. coli 70S•fMet-tRNAMet•Phe-tRNAPhe•EF-Tu•GDPCP 

complex (PDB 5UYM)48, excluding EF-Tu and tRNAs, was used as a starting model for 

structure refinement. The structure of EF-G from PDB 4V7D53 was used as a starting model, 

and switch regions were generated by homology modeling from PDB 4V9P77. The structure of 
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tRNAPro (UGG) was created by homology modeling (according to tRNAPro (UGG) sequence) 

using ribosome-bound tRNAPro (CGG) (PDB 6ENJ)78. 

Initial protein and ribosome domain fitting into cryo-EM maps was performed using 

Chimera79, followed by manual modeling using PyMOL80. The linkers between the domains and 

parts of the domains that were not well defined in the cryo-EM maps (e.g. loops of EF-G) were 

not modeled.   

All structures were refined by real-space simulated-annealing refinement using atomic 

electron scattering factors in RSRef81,82 as described83. Secondary-structure restraints, 

comprising hydrogen-bonding restraints for ribosomal proteins and base-pairing restraints for 

RNA molecules, were employed as described84. Refinement parameters, such as the relative 

weighting of stereochemical restraints and experimental energy term, were optimized to 

produce the stereochemically optimal models that closely agree with the corresponding maps. 

In the final stage, the structures were refined using phenix.real_space_refine85, followed by a 

round of refinement in RSRef applying harmonic restraints to preserve protein backbone 

geometry. The refined structural models closely agree with the corresponding maps, as 

indicated by low real-space R-factors and high correlation coefficients (Table S1). The resulting 

models have excellent stereochemical parameters, characterized by low deviation from ideal 

bond lengths and angles, low number of protein-backbone outliers and other robust structure-

quality statistics, as shown in Table S1. Structure quality was validated using MolProbity86. 

Structure superpositions and distance calculations were performed in PyMOL. To calculate 

the degree of the 30S body rotation or head rotation (swivel) between two 70S structures, the 

23S rRNAs or 16S rRNAs of the 30S body were aligned using PyMOL, and the angle was 

measured in Chimera. These degrees of rotation (30S body/subunit rotation and 30S head 

rotation) for Structures II, III, II-FS and III-FS are reported relative to the classical non-rotated 

Structures I and I-FS, respectively. Figures were prepared in PyMOL and Chimera79,80. PDB 

coordinates were deposited in RCSB and cryo-EM maps were deposited in EMDB. Structure I: 
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PDBID:7K50  EMDB:EMD-22669; Structure II: PDBID:7K51  EMDB:EMD-22670; Structure III: 

PDBID:7K52  EMDB:EMD-22671; Structure I-FS: PDBID:7K53  EMDB:EMD-22672; Structure 

II-FS: PDBID:7K54  EMDB:EMD-22673; Structure III-FS: PDBID:7K55  EMDB:EMD-22674. 

 

ACKNOWLEDGEMENTS 

We thank Chen Xu and Kangkang Song for grid screening and data collection at the cryo-EM 

facility at UMass Medical School; and members of the Korostelev laboratory for discussions and 

comments on the manuscript. This study was supported by LL2008 project, MEYS CR as a part 

of the ERC CZ program and by Czech Science Foundation, project no. 20-16013Y (to G.D.), by 

NIH Grants R35 GM134931 (to Y.M.H.) and R35 GM127094 (to A.A.K.).  

 

AUTHOR CONTRIBUTIONS 

Conceptualization: Y.M.H, A.A.K. Methodology: G.D., A.B.L., H.G, Y.M.H, A.A.K. Validation: 

G.D, A.A.K. Investigation: G.D., A.B.L., E.S. Resources: Y.M.H, A.A.K. Writing- Original Draft: 

G.D., A.A.K. Writing- Review and Editing: All; Visualization: G.D. Supervision: A.A.K. Funding 

Acquisition: G.D, Y.M.H, A.A.K.  

 

COMPETING INTERESTS: Authors declare no competing interests.  

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


REFERENCES 

1 Wen, J. D. et al. Following translation by single ribosomes one codon at a time. Nature 

452, 598-603, doi:10.1038/nature06716 (2008). 

2 Agrawal, R. K., Heagle, A. B., Penczek, P., Grassucci, R. A. & Frank, J. EF-G-

dependent GTP hydrolysis induces translocation accompanied by large conformational 

changes in the 70S ribosome. Nat Struct Biol 6, 643-647, doi:10.1038/10695 (1999). 

3 Spahn, C. M. et al. Domain movements of elongation factor eEF2 and the eukaryotic 

80S ribosome facilitate tRNA translocation. EMBO J 23, 1008-1019, 

doi:10.1038/sj.emboj.7600102 (2004). 

4 Frank, J. & Agrawal, R. K. A ratchet-like inter-subunit reorganization of the ribosome 

during translocation. Nature 406, 318-322, doi:10.1038/35018597 (2000). 

5 Cornish, P. V., Ermolenko, D. N., Noller, H. F. & Ha, T. Spontaneous intersubunit 

rotation in single ribosomes. Mol Cell 30, 578-588, doi:10.1016/j.molcel.2008.05.004 

(2008). 

6 Noller, H. F., Lancaster, L., Zhou, J. & Mohan, S. The ribosome moves: RNA mechanics 

and translocation. Nat Struct Mol Biol 24, 1021-1027, doi:10.1038/nsmb.3505 (2017). 

7 Jenner, L., Demeshkina, N., Yusupova, G. & Yusupov, M. Structural rearrangements of 

the ribosome at the tRNA proofreading step. Nat Struct Mol Biol 17, 1072-1078, 

doi:10.1038/nsmb.1880 (2010). 

8 Dinman, J. D. Control of gene expression by translational recoding. Adv Protein Chem 

Struct Biol 86, 129-149, doi:10.1016/B978-0-12-386497-0.00004-9 (2012). 

9 Craigen, W. J. & Caskey, C. T. Expression of peptide chain release factor 2 requires 

high-efficiency frameshift. Nature 322, 273-275, doi:10.1038/322273a0 (1986). 

10 Donly, B. C., Edgar, C. D., Adamski, F. M. & Tate, W. P. Frameshift autoregulation in the 

gene for Escherichia coli release factor 2: partly functional mutants result in frameshift 

enhancement. Nucleic Acids Res 18, 6517-6522, doi:10.1093/nar/18.22.6517 (1990). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 Rom, E. & Kahana, C. Polyamines regulate the expression of ornithine decarboxylase 

antizyme in vitro by inducing ribosomal frame-shifting. Proc Natl Acad Sci U S A 91, 

3959-3963, doi:10.1073/pnas.91.9.3959 (1994). 

12 Saffert, P., Adamla, F., Schieweck, R., Atkins, J. F. & Ignatova, Z. An Expanded CAG 

Repeat in Huntingtin Causes +1 Frameshifting. J Biol Chem 291, 18505-18513, 

doi:10.1074/jbc.M116.744326 (2016). 

13 Wolf, A. S. & Grayhack, E. J. Asc1, homolog of human RACK1, prevents frameshifting in 

yeast by ribosomes stalled at CGA codon repeats. RNA 21, 935-945, 

doi:10.1261/rna.049080.114 (2015). 

14 Simms, C. L., Yan, L. L., Qiu, J. K. & Zaher, H. S. Ribosome Collisions Result in +1 

Frameshifting in the Absence of No-Go Decay. Cell Rep 28, 1679-1689 e1674, 

doi:10.1016/j.celrep.2019.07.046 (2019). 

15 Chen, Y. et al. Controlling the Replication of a Genomically Recoded HIV-1 with a 

Functional Quadruplet Codon in Mammalian Cells. ACS Synth Biol 7, 1612-1617, 

doi:10.1021/acssynbio.8b00096 (2018). 

16 Yourno, J. & Tanemura, S. Restoration of in-phase translation by an unlinked 

suppressor of a frameshift mutation in Salmonella typhimurium. Nature 225, 422-426, 

doi:10.1038/225422a0 (1970). 

17 Sundararajan, A., Michaud, W. A., Qian, Q., Stahl, G. & Farabaugh, P. J. Near-cognate 

peptidyl-tRNAs promote +1 programmed translational frameshifting in yeast. Mol Cell 4, 

1005-1015, doi:10.1016/s1097-2765(00)80229-4 (1999). 

18 O'Connor, M. Imbalance of tRNA(Pro) isoacceptors induces +1 frameshifting at near-

cognate codons. Nucleic Acids Res 30, 759-765, doi:10.1093/nar/30.3.759 (2002). 

19 Urbonavicius, J., Qian, Q., Durand, J. M., Hagervall, T. G. & Bjork, G. R. Improvement of 

reading frame maintenance is a common function for several tRNA modifications. EMBO 

J 20, 4863-4873, doi:10.1093/emboj/20.17.4863 (2001). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 Waas, W. F., Druzina, Z., Hanan, M. & Schimmel, P. Role of a tRNA base modification 

and its precursors in frameshifting in eukaryotes. J Biol Chem 282, 26026-26034, 

doi:10.1074/jbc.M703391200 (2007). 

21 Gamper, H. B., Masuda, I., Frenkel-Morgenstern, M. & Hou, Y. M. The UGG Isoacceptor 

of tRNAPro Is Naturally Prone to Frameshifts. Int J Mol Sci 16, 14866-14883, 

doi:10.3390/ijms160714866 (2015). 

22 Sroga, G. E., Nemoto, F., Kuchino, Y. & Bjork, G. R. Insertion (sufB) in the anticodon 

loop or base substitution (sufC) in the anticodon stem of tRNA(Pro)2 from Salmonella 

typhimurium induces suppression of frameshift mutations. Nucleic Acids Res 20, 3463-

3469, doi:10.1093/nar/20.13.3463 (1992). 

23 Bossi, L. & Roth, J. R. Four-base codons ACCA, ACCU and ACCC are recognized by 

frameshift suppressor sufJ. Cell 25, 489-496, doi:10.1016/0092-8674(81)90067-2 

(1981). 

24 Bossi, L. & Smith, D. M. Suppressor sufJ: a novel type of tRNA mutant that induces 

translational frameshifting. Proc Natl Acad Sci U S A 81, 6105-6109, 

doi:10.1073/pnas.81.19.6105 (1984). 

25 Gamper, H. B., Masuda, I., Frenkel-Morgenstern, M. & Hou, Y. M. Maintenance of 

protein synthesis reading frame by EF-P and m(1)G37-tRNA. Nat Commun 6, 7226, 

doi:10.1038/ncomms8226 (2015). 

26 Jorgensen, F. & Kurland, C. G. Processivity errors of gene expression in Escherichia 

coli. J Mol Biol 215, 511-521, doi:10.1016/S0022-2836(05)80164-0 (1990). 

27 Nasvall, S. J., Chen, P. & Bjork, G. R. The modified wobble nucleoside uridine-5-

oxyacetic acid in tRNAPro(cmo5UGG) promotes reading of all four proline codons in 

vivo. RNA 10, 1662-1673, doi:10.1261/rna.7106404 (2004). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 Cummins, C. M., Donahue, T. F. & Culbertson, M. R. Nucleotide sequence of the SUF2 

frameshift suppressor gene of Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 79, 

3565-3569, doi:10.1073/pnas.79.11.3565 (1982). 

29 Prather, N. E., Murgola, E. J. & Mims, B. H. Nucleotide insertion in the anticodon loop of 

a glycine transfer RNA causes missense suppression. Proc Natl Acad Sci U S A 78, 

7408-7411, doi:10.1073/pnas.78.12.7408 (1981). 

30 Moore, B., Persson, B. C., Nelson, C. C., Gesteland, R. F. & Atkins, J. F. Quadruplet 

codons: implications for code expansion and the specification of translation step size. J 

Mol Biol 298, 195-209, doi:10.1006/jmbi.2000.3658 (2000). 

31 Qian, Q. et al. A new model for phenotypic suppression of frameshift mutations by 

mutant tRNAs. Mol Cell 1, 471-482, doi:10.1016/s1097-2765(00)80048-9 (1998). 

32 Jager, G., Nilsson, K. & Bjork, G. R. The phenotype of many independently isolated +1 

frameshift suppressor mutants supports a pivotal role of the P-site in reading frame 

maintenance. PLoS One 8, e60246, doi:10.1371/journal.pone.0060246 (2013). 

33 Farabaugh, P. J. Translational frameshifting: implications for the mechanism of 

translational frame maintenance. Prog Nucleic Acid Res Mol Biol 64, 131-170, 

doi:10.1016/s0079-6603(00)64004-7 (2000). 

34 Hong, S. et al. Mechanism of tRNA-mediated +1 ribosomal frameshifting. Proc Natl Acad 

Sci U S A 115, 11226-11231, doi:10.1073/pnas.1809319115 (2018). 

35 Fagan, C. E., Maehigashi, T., Dunkle, J. A., Miles, S. J. & Dunham, C. M. Structural 

insights into translational recoding by frameshift suppressor tRNASufJ. RNA 20, 1944-

1954, doi:10.1261/rna.046953.114 (2014). 

36 Maehigashi, T., Dunkle, J. A., Miles, S. J. & Dunham, C. M. Structural insights into +1 

frameshifting promoted by expanded or modification-deficient anticodon stem loops. 

Proc Natl Acad Sci U S A 111, 12740-12745, doi:10.1073/pnas.1409436111 (2014). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


37 Dunham, C. M. et al. Structures of tRNAs with an expanded anticodon loop in the 

decoding center of the 30S ribosomal subunit. RNA 13, 817-823, 

doi:10.1261/rna.367307 (2007). 

38 Fischer, N., Konevega, A. L., Wintermeyer, W., Rodnina, M. V. & Stark, H. Ribosome 

dynamics and tRNA movement by time-resolved electron cryomicroscopy. Nature 466, 

329-333, doi:10.1038/nature09206 (2010). 

39 Loveland, A. B., Demo, G. & Korostelev, A. A. Cryo-EM of elongating ribosome with EF-

Tu*GTP elucidates tRNA proofreading. Nature, doi:10.1038/s41586-020-2447-x (2020). 

40 Atkins, J. F. & Bjork, G. R. A gripping tale of ribosomal frameshifting: extragenic 

suppressors of frameshift mutations spotlight P-site realignment. Microbiol Mol Biol Rev 

73, 178-210, doi:10.1128/MMBR.00010-08 (2009). 

41 Abeyrathne, P. D., Koh, C. S., Grant, T., Grigorieff, N. & Korostelev, A. A. Ensemble 

cryo-EM uncovers inchworm-like translocation of a viral IRES through the ribosome. 

Elife 5, doi:10.7554/eLife.14874 (2016). 

42 Chen, B. & Frank, J. Two promising future developments of cryo-EM: capturing short-

lived states and mapping a continuum of states of a macromolecule. Microscopy (Oxf) 

65, 69-79, doi:10.1093/jmicro/dfv344 (2016). 

43 Nogales, E. & Scheres, S. H. Cryo-EM: A Unique Tool for the Visualization of 

Macromolecular Complexity. Mol Cell 58, 677-689, doi:10.1016/j.molcel.2015.02.019 

(2015). 

44 Voorhees, R. M. & Ramakrishnan, V. Structural basis of the translational elongation 

cycle. Annu Rev Biochem 82, 203-236, doi:10.1146/annurev-biochem-113009-092313 

(2013). 

45 Chen, J., Tsai, A., O'Leary, S. E., Petrov, A. & Puglisi, J. D. Unraveling the dynamics of 

ribosome translocation. Curr Opin Struct Biol 22, 804-814, doi:10.1016/j.sbi.2012.09.004 

(2012). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


46 Rodnina, M. V. Translation in Prokaryotes. Cold Spring Harb Perspect Biol 10, 

doi:10.1101/cshperspect.a032664 (2018). 

47 Ogle, J. M., Carter, A. P. & Ramakrishnan, V. Insights into the decoding mechanism 

from recent ribosome structures. Trends Biochem Sci 28, 259-266, doi:10.1016/S0968-

0004(03)00066-5 (2003). 

48 Loveland, A. B., Demo, G., Grigorieff, N. & Korostelev, A. A. Ensemble cryo-EM 

elucidates the mechanism of translation fidelity. Nature 546, 113-117, 

doi:10.1038/nature22397 (2017). 

49 Fislage, M. et al. Cryo-EM shows stages of initial codon selection on the ribosome by 

aa-tRNA in ternary complex with GTP and the GTPase-deficient EF-TuH84A. Nucleic 

Acids Res 46, 5861-5874, doi:10.1093/nar/gky346 (2018). 

50 Demeshkina, N., Jenner, L., Westhof, E., Yusupov, M. & Yusupova, G. A new 

understanding of the decoding principle on the ribosome. Nature 484, 256-259, 

doi:10.1038/nature10913 (2012). 

51 Selmer, M. et al. Structure of the 70S ribosome complexed with mRNA and tRNA. 

Science 313, 1935-1942, doi:10.1126/science.1131127 (2006). 

52 Moazed, D. & Noller, H. F. Intermediate states in the movement of transfer RNA in the 

ribosome. Nature 342, 142-148, doi:10.1038/342142a0 (1989). 

53 Brilot, A. F., Korostelev, A. A., Ermolenko, D. N. & Grigorieff, N. Structure of the 

ribosome with elongation factor G trapped in the pretranslocation state. Proc Natl Acad 

Sci U S A 110, 20994-20999, doi:10.1073/pnas.1311423110 (2013). 

54 Ling, C. & Ermolenko, D. N. Structural insights into ribosome translocation. Wiley 

Interdiscip Rev RNA 7, 620-636, doi:10.1002/wrna.1354 (2016). 

55 Ermolenko, D. N. & Noller, H. F. mRNA translocation occurs during the second step of 

ribosomal intersubunit rotation. Nat Struct Mol Biol 18, 457-462, doi:10.1038/nsmb.2011 

(2011). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


56 Gao, Y. G. et al. The structure of the ribosome with elongation factor G trapped in the 

posttranslocational state. Science 326, 694-699, doi:10.1126/science.1179709 (2009). 

57 Ramrath, D. J. et al. Visualization of two transfer RNAs trapped in transit during 

elongation factor G-mediated translocation. Proc Natl Acad Sci U S A 110, 20964-

20969, doi:10.1073/pnas.1320387110 (2013). 

58 Zhou, J., Lancaster, L., Donohue, J. P. & Noller, H. F. Crystal structures of EF-G-

ribosome complexes trapped in intermediate states of translocation. Science 340, 

1236086, doi:10.1126/science.1236086 (2013). 

59 Guo, Z. & Noller, H. F. Rotation of the head of the 30S ribosomal subunit during mRNA 

translocation. Proc Natl Acad Sci U S A 109, 20391-20394, 

doi:10.1073/pnas.1218999109 (2012). 

60 Ratje, A. H. et al. Head swivel on the ribosome facilitates translocation by means of 

intra-subunit tRNA hybrid sites. Nature 468, 713-716, doi:10.1038/nature09547 (2010). 

61 Zhou, J., Lancaster, L., Donohue, J. P. & Noller, H. F. How the ribosome hands the A-

site tRNA to the P site during EF-G-catalyzed translocation. Science 345, 1188-1191, 

doi:10.1126/science.1255030 (2014). 

62 Zhou, J., Lancaster, L., Donohue, J. P. & Noller, H. F. Spontaneous ribosomal 

translocation of mRNA and tRNAs into a chimeric hybrid state. Proc Natl Acad Sci U S A 

116, 7813-7818, doi:10.1073/pnas.1901310116 (2019). 

63 Hoffer, E. et al. Structural insights into mRNA reading frame regulation by tRNA 

modification and slippery codon-anticodon pairing. Elife 9, doi:10.7554/eLife.51898 

(2020). 

64 Gurvich, O. L. et al. Sequences that direct significant levels of frameshifting are frequent 

in coding regions of Escherichia coli. EMBO J 22, 5941-5950, doi:10.1093/emboj/cdg561 

(2003). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


65 Svidritskiy, E. & Korostelev, A. A. Conformational Control of Translation Termination on 

the 70S Ribosome. Structure 26, 821-828 e823, doi:10.1016/j.str.2018.04.001 (2018). 

66 Lancaster, L. & Noller, H. F. Involvement of 16S rRNA nucleotides G1338 and A1339 in 

discrimination of initiator tRNA. Mol Cell 20, 623-632, doi:10.1016/j.molcel.2005.10.006 

(2005). 

67 von Ehrenstein, G. Isolation of sRNA from intact Escherichia coli cells. Methods in 

Enzymology 12, 588-596 (1967). 

68 Yokogawa, T., Kitamura, Y., Nakamura, D., Ohno, S. & Nishikawa, K. Optimization of 

the hybridization-based method for purification of thermostable tRNAs in the presence of 

tetraalkylammonium salts. Nucleic Acids Res 38, e89, doi:10.1093/nar/gkp1182 (2010). 

69 Mastronarde, D. N. Automated electron microscope tomography using robust prediction 

of specimen movements. J Struct Biol 152, 36-51, doi:10.1016/j.jsb.2005.07.007 (2005). 

70 Svidritskiy, E., Demo, G., Loveland, A. B., Xu, C. & Korostelev, A. A. Extensive ribosome 

and RF2 rearrangements during translation termination. Elife 8, doi:10.7554/eLife.46850 

(2019). 

71 Kremer, J. R., Mastronarde, D. N. & McIntosh, J. R. Computer visualization of three-

dimensional image data using IMOD. J Struct Biol 116, 71-76, 

doi:10.1006/jsbi.1996.0013 (1996). 

72 Grant, T., Rohou, A. & Grigorieff, N. cisTEM, user-friendly software for single-particle 

image processing. Elife 7, doi:10.7554/eLife.35383 (2018). 

73 Grigorieff, N. Frealign: An Exploratory Tool for Single-Particle Cryo-EM. Methods 

Enzymol 579, 191-226, doi:10.1016/bs.mie.2016.04.013 (2016). 

74 Demo, G. et al. Mechanism of ribosome rescue by ArfA and RF2. Elife 6, 

doi:10.7554/eLife.23687 (2017). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


75 Cardone, G., Heymann, J. B. & Steven, A. C. One number does not fit all: mapping local 

variations in resolution in cryo-EM reconstructions. J Struct Biol 184, 226-236, 

doi:10.1016/j.jsb.2013.08.002 (2013). 

76 Tang, G. et al. EMAN2: an extensible image processing suite for electron microscopy. J 

Struct Biol 157, 38-46, doi:10.1016/j.jsb.2006.05.009 (2007). 

77 Pulk, A. & Cate, J. H. Control of ribosomal subunit rotation by elongation factor G. 

Science 340, 1235970, doi:10.1126/science.1235970 (2013). 

78 Huter, P. et al. Structural Basis for Polyproline-Mediated Ribosome Stalling and Rescue 

by the Translation Elongation Factor EF-P. Mol Cell 68, 515-527 e516, 

doi:10.1016/j.molcel.2017.10.014 (2017). 

79 Pettersen, E. F. et al. UCSF Chimera--a visualization system for exploratory research 

and analysis. J Comput Chem 25, 1605-1612, doi:10.1002/jcc.20084 (2004). 

80 The PyMOL Molecular Graphics System v. The PyMOL Molecular Graphics System 

(DeLano Scientific, Palo Alto, CA, USA, 2002). 

81 Chapman, M. S. Restrained real-space macromolecular atomic refinement using a new 

resolution-dependent electron density function. Acta Crystallogr. A 51, 69-80 (1995). 

82 Korostelev, A., Bertram, R. & Chapman, M. S. Simulated-annealing real-space 

refinement as a tool in model building. Acta Crystallogr D Biol Crystallogr 58, 761-767 

(2002). 

83 Svidritskiy, E., Brilot, A. F., Koh, C. S., Grigorieff, N. & Korostelev, A. A. Structures of 

yeast 80S ribosome-tRNA complexes in the rotated and nonrotated conformations. 

Structure 22, 1210-1218, doi:10.1016/j.str.2014.06.003 (2014). 

84 Korostelev, A. et al. Crystal structure of a translation termination complex formed with 

release factor RF2. Proc Natl Acad Sci U S A 105, 19684-19689, 

doi:10.1073/pnas.0810953105 (2008). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


85 Adams, P. D. et al. The Phenix software for automated determination of macromolecular 

structures. Methods 55, 94-106, doi:10.1016/j.ymeth.2011.07.005 (2011). 

86 Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular 

crystallography. Acta Crystallogr D Biol Crystallogr 66, 12-21, 

doi:10.1107/S0907444909042073 (2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 29, 2020. ; https://doi.org/10.1101/2020.12.29.424751doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.29.424751
http://creativecommons.org/licenses/by-nc-nd/4.0/


SUPPLEMENTARY TABLES AND FIGURES 

Table S1. Refinement statistics for cryo-EM structures of non-frameshifting and frameshifting complexes. 
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Magnification    130000x 130000x 130000x 130000x 130000x 130000x 

Voltage (kV) 300 300 300 300 300 300 

Electron exposure (e–/Å2) 47.5 47.5 47.5 47.5 47.5 47.5 

Defocus range (μm) 0.8-2.0 0.8-2.0 0.8-2.0 0.8-2.0 0.8-2.0 0.8-2.0 

Pixel size (Å) 0.525 0.525 0.525 0.525 0.525 0.525 

Symmetry imposed C1 C1 C1 C1 C1 C1 

Initial particle images (no.) 62,716 62,716 62,716 164,504 164,504 164,504 

Final particle images (no.) 4,263 3,179 4,612 12,108 9,059 6,029 

Map resolution (Å)*** 

    FSC threshold 

3.4 3.5 3.4 3.2 3.2 3.3 

       

Refinement       

Initial model used (PDB code) 5UYM 5UYM 5UYM 5UYM 5UYM 5UYM 

Model resolution (Å) 3.2 3.2 3.2 3.2 3.2 3.2 

Correlation Coefficient 

(cc_mask)* 

0.829 0.791 0.807 0.842 0.815 0.800 

Real space R-factor † 0.224 0.250 0.242 0.224 0.244 0.256 

Map sharpening B factor (Å2) -80 -80 -80 -80 -80 -80 
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Model composition* 

    Non-hydrogen atoms 

    Protein residues 

    RNA residues 

    Mg2+/GDPCP 

 

149700 

5944 

4811 

0/0 

 

153371 

6629 

4732 

1/1 

 

153371 

6629 

4732 

1/1 

 

149698 

5944 

4811 

0/0 

 

153369 

6629 

4732 

1/1 

 

153369 

6629 

4732 

1/1 

B factors (Å2)* 

    Protein 

    RNA 

 

146.4 

146.4 

 

165.9 

152.0 

 

169.4 

161.1 

 

139.6 

135.1 

 

145.1 

133.1 

 

152.5 

144.1 

R.m.s. deviations*,§ 

    Bond lengths (Å) 

    Bond angles (°) 

 

0.010 

1.125 

 

0.012 

1.252 

 

0.011 

1.224 

 

0.009 

1.100 

 

0.011 

1.170 

 

0.012 

1.261 

 Validation** 

    MolProbity score 

    Clashscore 

    Poor rotamers (%)    

 

2.64 

19.22 

1.87 

 

     2.84 

25.11 

2.08 

 

2.73 

21.37 

1.88 

 

2.55 

17.92 

1.52 

 

2.68 

21.23 

1.79 

 

2.81 

22.90 

2.19 

 Ramachandran plot** 

    Favored (%) 

    Allowed (%) 

    Disallowed (%) 

 

85.09 

13.21 

1.70 

 

81.68 

16.48 

1.84 

 

82.71 

15.89 

1.40 

 

 

84.77 

14.08 

1.15 

 

84.36 

14.06 

1.58 

 

82.67 

15.80 

1.53 

Validation (RNA)** 

    Good sugar pucker (%) 

    Good backbone (%) 

 

99.4 

87.5 

 

99.5 

85.5 

 

99.5 

88.1 

 

99.4 

87.9 

 

99.2 

86.8 

 

99.5 

86.4 

 

*** from Frealign (FSC_part) 

** from Molprobity 

* from Phenix 

† from RSRef  

§ root mean square deviations  
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Supplementary Figure 1. Scheme of maximum-likelihood classification resulting in cryo-EM maps of 70S 

ribosomes bound with and without EF-G for the non-frameshifting complex. (A) Classification of the 

dataset obtained for 70S ribosomes with the non-frameshifting CCA-A mRNA. (B) Segmented cryo-EM 

maps corresponding to Structures I, II, and III. The maps are colored as in Figure 1. (C) FSC between 

even- and odd-particle half maps for the pre-translocation and EF-G-bound translocation non-

frameshifting complexes. 
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Supplementary Figure 2. Scheme of maximum-likelihood classification resulting in cryo-EM maps of 70S 

ribosomes bound with and without EF-G for the frameshifting complex. (A) Classification of the dataset 

obtained for 70S ribosomes with the frameshifting CCC-A mRNA. (B) Segmented cryo-EM maps 

corresponding to Structures I-FS, II-FS, and III-FS. The maps are colored as in Figure 1. (C) FSC 

between even- and odd-particle half maps for the pre-translocation and EF-G-bound translocation 

frameshifting complexes. 
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Supplementary Figure 3. Cryo-EM density (mesh) of the peptidyl transferase center of the frame-shifting 

structures in the pre-translocation (A, I-FS) and EF-G-bound translocation (B, II-FS) states. In the pre-

translocation state (in both Structure I and I-FS, shown in panel A), density does not allow unambiguous 

interpretation of the peptidyl-transfer states of the amino acids fMet and Pro, suggesting a mixture 

of aminoacyl- and dipeptidyl-tRNA states. fMet was modeled in both structures, because continuous 

density is observed between the P-tRNA nucleotide A76 and the amino-acyl moiety. The maps were 

sharpened by applying the B-factor of -80 Å2 and are shown at 2.5 σ.  
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Supplementary Figure 4. The GTPase region of EF-G and 16S rRNA surrounding the E and A sites in 

the EF-G-bound translocation complexes.  (A) Cryo-EM density of the EF-G GTPase center with GDPCP 

in structure II-FS. The map is sharpened by applying the B-factor of -80 Å2 and is shown at 2.5 σ. (B) 

Structural alignment of the GTPase center (red, II-FS) and GDPCP (yellow, II-FS) with those of the non-

frameshifted structure (gray, II). Structural alignment was performed by superposition of 23S rRNAs. (C-
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G) Comparison of mRNA-binding regions of the 16S rRNA between Structures II and II-FS; cryo-EM 

densities are shown in panels E and F, alignment of structures II-FS and II (gray) is shown in panel G. 

This comparison shows similar positions of the region containing nucleotides C1397 and A1503 

previously proposed to participate in mRNA frame maintenance (see Results). Structural alignment was 

performed by superposition of 16S rRNAs. 
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