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1. Abstract 

During protein synthesis, the ribosome moves along the mRNA in steps of three nucleotides at 

a time to maintain the translational reading frame. However, on some mRNA sequences that 

are denoted as slippery, ribosomes may shift by one or several nucleotides to the 5’ direction 

in a process called spontaneous –1 frameshifting. The result is the production of aberrant 

peptides with a different length and amino acid sequence than the 0-frame peptide. 

Frameshifting is a major potential source of translation errors, which compromise the fitness of 

the cell. It is thus important to understand the molecular mechanism that leads to spontaneous 

frameshifting. In this study, we use single molecule Förster resonance energy transfer 

(smFRET) to investigate how the tRNAs move through the ribosome during translocation on 

slippery mRNA. We investigate the internal motions of the ribosome (i.e. ribosome dynamics) 

and the role of EF-G during translocation on slippery mRNA. Our results show that uncoupling 

the movements of the two tRNA that are displaced during translocation is a key determinant of 

spontaneous frameshifting. While the deacylated tRNA moves rapidly from the P to the E site 

and is released from the ribosome, the translocation of the peptidyl-tRNA from the A to the P 

site is slow and stalled between intermediate (chimeric, CHI) and posttranslocation states. 

Delayed translocation in a different stage of translocation, i.e. prior to the formation of chimeric 

states, does not contribute to frameshifting. During slow translocation of the peptidyl-tRNA, the 

SSU head domain is in the swiveled conformation, further facilitating the positional uncertainty 

of the peptidyl-tRNA. This allows sampling of the 0- and –1-frame codons, thus shifting the 

reading frame. We anticipate our work to be the starting point for further investigation of 

spontaneous frameshifting, the effect of frameshifted peptides in the cell in physiological and 

pathological conditions, the respective mechanism of frameshifting in eukaryotes, as well as 

the emergence of spontaneous frameshifting as a therapeutic target in human disease and 

infection.  



15 

 

2. Introduction 

Proteins are biological macromolecules consisting of amino acid residues that catalyze the 

majority of biochemical reactions in the cell, shape cellular structures and mediate cell signaling 

and intracellular communication. The function of a protein is defined by its three-dimensional 

structure, which is in turn determined by the amino acid sequence of the peptide. The templates 

for protein biosynthesis are messenger RNAs (mRNAs) that are produced by transcription 

according to the sequence of the protein-coding genes of every organism. Each mRNA has a 

defined ribonucleotide sequence, in which three adjacent non-overlapping nucleotides define 

a codon and encode for a particular amino acid in the peptide chain. The sequence of the 

codons in the open reading frame (ORF) serves as template for the amino acid sequence, 

which ensures the synthesis of proteins with defined composition and safeguards the integrity 

of the cellular proteome. Each codon is recognized by an adaptor transfer RNA (tRNA) 

molecule, which carries a three-nucleotide complementary anticodon and is charged with a 

specific amino acid. The sequential non-overlapping recognition of mRNA codons by tRNAs 

guides the collinearity of the mRNA and peptide sequences. This process is catalyzed and 

coordinated by the ribosome.  
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2.1 Structure of the bacterial ribosome 

The bacterial 70S ribosome is a 2.5-MDa molecular machine that synthesizes peptides 

using mRNAs as template. It consists of two ribosomal subunits, the small subunit (30S or SSU, 

Fig. 1a) and the large subunit (50S or LSU, Fig. 1b), which contain a unique set of ribosomal 

proteins and ribosomal RNA (rRNA) (Ban et al., 2000; Jenner et al., 2005; Jenner et al., 2010; 

Wimberly et al., 2000; Yusupov et al., 2001). 

The SSU consists of 16S rRNA and 21 ribosomal proteins and is divided into three super-

domains, the body, platform and head, that form the mRNA entry and exit channel and the 

decoding center (DC, Fig. 1a) (Wimberly et al., 2000). In the mRNA entry channel, formed by 

proteins S3, S4 and S5, the mRNA is threaded to the decoding center, while it leaves the 

ribosome via the exit channel (Fig. 1a) (Takyar et al., 2005; Wimberly et al., 2000; Yusupova 

et al., 2006; Yusupova et al., 2001). In the highly conserved decoding center, codon-anticodon 

recognition takes place between mRNA and tRNAs (Fig. 1a) (Wimberly et al., 2000). 

The LSU consists of 23S and 5S rRNA and 31 ribosomal proteins, which form the L7/L12 

stalk, the sarcin-ricin loop (SRL) that acts as the GTPase activation center (GAC) of the 

ribosome, the peptidyl-transferase center (PTC), the peptide exit tunnel, and the L1 stalk (Fig. 

1b) (Ban et al., 2000; Jenner et al., 2005). The L7/L12 stalk is a flexible hinge-like structure that 

recruits the translational factors to the ribosome (Fig. 1b) (Datta et al., 2005; Diaconu et al., 

2005; Imai et al., 2020; Stark et al., 1997; Stark et al., 2000). The SRL is a universally conserved 

23S rRNA sequence that promotes GTP hydrolysis of translation factors (Fig. 1b) (Clementi et 

al., 2010; Fischer et al., 2016; Maracci and Rodnina, 2016; Moazed et al., 1988; Mohr et al., 

2002; Voorhees et al., 2010). In the PTC, the reactions of peptide bond formation and peptidyl-

tRNA hydrolysis take place (Fig. 1b) (Ban et al., 2000). The peptide exit tunnel is a tube-like 

structure, where the nascent peptide chain is accommodated during elongation (Fig 1b). The 

L1 stalk is a second flexible structure consisting of 23S rRNA helices H76, H77 and H78 and 

protein L1 that facilitates the dissociation of tRNAs from the ribosome (Fei et al., 2009; Fei et 

al., 2008; Fischer et al., 2010; Mohan and Noller, 2017). 

The LSU and SSU assemble into the translation-competent 70S ribosome via non-covalent 

rRNA-rRNA, rRNA-protein and protein-protein interactions (Fig. 1c) (Bock et al., 2015; Dunkle 

et al., 2011; Frank and Agrawal, 2000; Merryman et al., 1999; Schuwirth et al., 2005; Yusupov 

et al., 2001). These so-called intersubunit bridges contribute to ribosome complex stability and 

regulate the conformational rearrangements of the ribosome during translation (Bock et al., 
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2015). The 70S ribosome has three tRNA-binding sites which span across the subunits 

(Rodnina, 2018; Schmeing and Ramakrishnan, 2009), namely the A site, where the incoming 

aminoacyl-tRNA (aa-tRNA) is accommodated, the P site, where the peptidyl-tRNA (i.e. carrying 

the nascent peptide) is accommodated, and the E site, which is a platform for tRNA dissociation 

(Fig. 1c) (Chen et al., 2011b; Petropoulos and Green, 2012; Robertson and Wintermeyer, 1987; 

Semenkov et al., 1996). 
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◄Figure 1. Structure of the bacterial ribosome. (a) Crystal structure of the SSU from 
Thermus thermophilus. Upper view from the subunit interface. Lower view from the SSU head 
domain. The ribosomal proteins are depicted in grey, 16S rRNA in blue, proteins S3, S4 and 
S5 (mRNA entry channel) in orange. The figure is adapted from PDB 1J5E (Wimberly et al., 
2000). (b) Crystal structure of the LSU from Thermus thermophilus. Upper view from the subunit 
interface. Lower view from the LSU central protuberance. The ribosomal proteins are depicted 
in grey, 23S rRNA in light blue and 5S rRNA in dark blue, proteins L7 and L12 in purple, protein 
L1 in green. The figure is adapted from PDB 4V4P (Jenner et al., 2005). (c) Crystal structure 
of the 70S ribosome with three tRNAs in the A, P and E sites. The ribosome is depicted in grey, 
mRNA in red and the tRNAs in dark grey. The figure is adapted from PDB 4V6F (Jenner et al., 
2010).  
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2.2. The translation cycle in bacteria 

A protein is synthesized during a translation cycle, which, in bacteria, is divided into four 

phases: initiation, elongation, termination and ribosome recycling (Fig. 2). 

Initiation involves the recognition of the mRNA start codon (usually AUG) and the assembly 

of the elongation-competent ribosome complex on the translation start site (Allen et al., 2005; 

Kaledhonkar et al., 2019; Milon et al., 2007; Simonetti et al., 2008). Accurate start codon 

selection defines the open reading frame (ORF), i.e. the start point of the codon-by-codon 

progression of the ribosome along the mRNA until the stop codon (Gualerzi and Pon, 2015). 

Initiation is mediated by initiation factors (IFs) 1 (IF1), 2 (IF2) and 3 (IF3, Fig. 2) (Rodnina, 

2018). In many, albeit not all, bacteria and mRNAs, the recruitment of the ribosome on the start 

codon is mediated by the base pairing between a hexameric mRNA sequence located ~9 

nucleotides upstream to the start codon (Shine-Dalgarno sequence, SD) and a complementary 

sequence at the 3’ end of the 16S rRNA (Gualerzi and Pon, 2015; Shine and Dalgarno, 1975). 

This interaction positions the start codon in the P site of SSU (Julian et al., 2011; Korostelev et 

al., 2007; Simonetti et al., 2008; Yusupova et al., 2006). After anchoring the start codon in the 

P site, fMet-tRNAfMet (fMet is formylmethionine) is recruited by IF2 to base pair with the start 

codon (Milon et al., 2010), followed by GTP hydrolysis by IF2, dissociation of IFs and LSU 

recruitment, forming the elongation-competent 70S initiation complex (IC, Fig. 2) (Allen et al., 

2005; Goyal et al., 2015; Grigoriadou et al., 2007; Kaledhonkar et al., 2019; Milon et al., 2008; 

Milon et al., 2012; Milon and Rodnina, 2012; Qin et al., 2009). 

Elongation entails sequential steps of decoding, peptide bond formation and translocation. 

During decoding, the aminoacyl-tRNA (aa-tRNA) is recruited to the ribosomal A site by 

elongation factor Tu (EF-Tu) (Rodnina, 2018; Schmeing and Ramakrishnan, 2009). Codon 

recognition and accommodation of the aa-tRNA are followed by formation of the peptide bond 

between the nascent peptide chain and the incoming amino acid (Fig. 2) (Wohlgemuth et al., 

2008); although in most cases peptide bond formation is catalyzed by the ribosome itself, in 

some special cases this requires an auxiliary elongation factor P (EF-P) (Doerfel et al., 2013). 

In the next step, the tRNA–mRNA duplexes move together from A to P and from P to E site 

during translocation catalyzed by elongation factor G (EF-G, Fig. 2) (Rodnina, 2018; Schmeing 

and Ramakrishnan, 2009). At the end of translocation, the ribosome has moved one codon to 

the 3’ end of the mRNA and the A site is available to accommodate the next aa-tRNA, allowing 

the next elongation cycle to begin. 
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Termination occurs when ribosomes encounter a stop codon (UAG, UGA, UAA), which is 

not decoded by tRNAs but is recognized by release factors (RF) that catalyze the release of 

the nascent peptide to the cytoplasm (Fig. 2) (Rodnina, 2018; Schmeing and Ramakrishnan, 

2009). Post-termination complexes carry only deacylated tRNA in the P site and are split by 

ribosome recycling factor (RRF) and EF-G during the recycling phase (Fig. 2) (Gao et al., 2005). 

After recycling, the mRNA, tRNA and ribosomal subunits are available for the next translation 

cycle. 

 

Figure 2. The bacterial translation cycle. Initiation involves IF1 (orange), IF2 (cyan) and IF3 
(red), mRNA (solid line) with start codon (blue bold line), the initiator fMet-tRNAfMet (dark blue) 
and the ribosomal subunits (grey) to form the elongation-competent initiation complex. 
Elongation involves repetitive cycles of decoding by EF-Tu (green) and aa-tRNA (magenta), 
peptide bond formation and translocation by EF-G (purple). Termination occurs on stop codons 
(black bold line) and involves the release of the nascent peptide by release factors (RF). 
Ribosome recycling is catalyzed by RRF (yellow) and EF-G. The colors of ribosome, tRNAs 
and translation factors are kept the same throughout the thesis.  
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2.3. Translation elongation in bacteria 

Elongation is the phase of translation where the nascent peptide is synthesized according 

to the codon sequence of the mRNA. It involves three sequential steps: decoding, peptide bond 

formation and translocation.  

The ribosome translates: decoding 

The first step of elongation is the decoding of the mRNA codon and the accommodation of 

the aa-tRNA in the A site. The aminoacylated tRNA is recognized by the translational GTPase 

EF-Tu (Fig. 3a) (Nissen et al., 1995). EF-Tu consists of three domains, domain 1 (the G domain 

where the GTP-binding pocket is located and GTP hydrolysis takes place), 2 and 3 (Fig. 3a). 

Conserved residues of the three domains participate in the recognition of common elements in 

aa-tRNAs, such as the 3’-CCA end and the ester bond between the tRNA and the amino acid 

(Fig. 3a) (Nissen et al., 1995). EF-Tu delivers aa-tRNAs to the ribosome in the form of aa-

tRNA—EF-Tu—GTP ternary complex (TC, Fig. 3a) (Loveland et al., 2020; Moazed et al., 1988; 

Stark et al., 1997). 

Decoding starts with the initial binding of the TC via interactions of EF-Tu with the L7/L12 

stalk in a codon-independent way (Fig. 3b) (Rodnina et al., 2017; Rodnina et al., 1996). Next, 

the anticodon stem loop (ASL) of the tRNA reaches towards the peptidyl-tRNA in the P site 

(Dunham et al., 2007; Fischer et al., 2016; Fischer et al., 2015; Loveland et al., 2017; Ogle et 

al., 2003; Pape et al., 1999; Pape et al., 1998; Rodnina et al., 1996; Rodnina et al., 1995; 

Schmeing et al., 2009; Schuette et al., 2009). The ASL is positioned in the decoding center of 

the SSU, base pairing with the A-site mRNA codon, while G domain of EF-Tu is still positioned 

away from the GAC in the LSU (A*/T state, Fig. 3b) (Loveland et al., 2020; Moazed et al., 1988; 

Stark et al., 1997). The geometry of the codon-anticodon mini helix is surveilled by the 

universally conserved 16S rRNA nucleotides A1492, A1493 and G530 of the decoding center 

(Ogle et al., 2001; Ogle et al., 2002). Cognate codon-anticodon duplex adopts Watson-Crick-

like geometry and the 16S rRNA nucleotides flip out of their respective rRNA helices and point 

towards the codon-anticodon pair (A/T state, Fig. 3b), acting as a latch that pulls the beak 

region of the SSU head towards the SSU body, resulting in the closure of the decoding center 

(Fischer et al., 2016; Loveland et al., 2020; Ogle et al., 2002). At this point, the G domain of 

EF-Tu is in contact with SRL, which arranges the catalytic His84 of EF-Tu in an active 

conformation, leading to GTP hydrolysis (Fig. 3b) (Fischer et al., 2016; Maracci and Rodnina, 
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2016; Rodnina et al., 2017; Rodnina and Wintermeyer, 1995). In the next step, EF-Tu 

dissociates from the ribosome and GDP is exchanged with GTP by the nucleotide-exchanging 

elongation factor Ts (EF-Ts) (Burnett et al., 2013; Gromadski et al., 2002). Subsequently, the 

tRNA elbow moves ~80-100Å towards the A site in LSU (elbow-accommodation, EA, state, Fig. 

3b) and the aminoacylated acceptor stem is positioned in the PTC (Geggier et al., 2010; 

Loveland et al., 2020; Pape et al., 1998; Sanbonmatsu et al., 2005).  

 

Figure 3. EF-Tu—tRNA ternary complex and the mechanism of decoding. (a) Crystal 
structure of EF-Tu (green) with Phe-tRNAPhe (magenta) and the non-hydrolysable GTP analog 
GDPNP (yellow). The domains of EF-Tu are delineated in dotted circles. The amino acid 
phenylalanine (Phe) is shown in purple spheres and the anticodon in pink. The figure is adapted 
from PDB 1TTT (Nissen et al., 1995). (b) The mechanism of decoding and tRNA 
accommodation. GTP hydrolysis is depicted in yellow. The L7/L12 stalk is depicted as grey 
circles. The codons in mRNA (black solid line) and amino acids are shown in respective colors 
with the tRNAs. The figure is made with inputs from (Fischer et al., 2016; Loveland et al., 2017; 
Loveland et al., 2020).  
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The ribosome as a catalyst: peptide bond formation 

During peptide bond formation, the new amino acid is incorporated into the growing peptide 

chain and the peptide is transferred from the P-site to the A-site tRNA (Fig. 4) (Rodnina, 2013). 

PTC consists exclusively of 23S rRNA (Ban et al., 2000; Noller et al., 1992). The mechanism 

of the reaction involves a two-step nucleophilic attack of the α-amino group of the amino acid 

of the A-site aa-tRNA to the carbonyl group of the C-terminal residue of the peptide attached 

to P-site peptidyl-tRNA (Fig. 4) (Hiller et al., 2011). First step involves the formation of a 

zwitterionic intermediate and, in the second step, the intermediate resolves into the reaction 

products: a P-site deacylated tRNA and A-site peptidyl-tRNA (Fig. 4) (Kuhlenkoetter et al., 

2011; Moore and Steitz, 2002, 2011; Nissen et al., 2000; Polikanov et al., 2014; Rodnina, 2013; 

Schmeing et al., 2005). The rate of peptide bond formation depends on the amino acid and 

occurs rapidly and spontaneously for the majority of them (~10-100 s-1) (Wohlgemuth et al., 

2008). However, the reaction rate for proline is low (~0.1 s-1) and ribosome stalls when 

consecutive proline codons are decoded (Mohammad et al., 2019; Wohlgemuth et al., 2008; 

Woolstenhulme et al., 2013). Stalling is resolved by elongation factor P (EF-P), an auxiliary 

factor that restores the optimal orientation of the substrates and accelerates peptide bond 

formation (Doerfel et al., 2013; Huter et al., 2017; Ude et al., 2013). 

 

Figure 4. The reaction of peptide bond formation in the PTC. Formation of peptide bond 
between the A-site aa-tRNA (magenta) and P-site peptidyl-tRNA (blue). Zoom-in shows the 
steps in the reaction coordinate inside the PTC. Intermediate steps are shown as T. The figure 
is adapted from (Rodnina, 2013). Reuse/reprint with permission. 
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The ribosome as a molecular machine: translocation 

After peptide bond formation, the pre-translocation (PRE) complex is formed, containing A-

site peptidyl-tRNA and P-site deacylated tRNA. The tRNAs, the SSU body and head domains 

and the L1 stalk exhibit spontaneous and reversible structural rearrangements in the PRE 

complex (Fig. 5) (Cornish et al., 2009; Frank and Agrawal, 2000; Moazed and Noller, 1989b; 

Ratje et al., 2010). 

The tRNAs interconvert between the classical (C, where acceptor stems and anticodon 

loops are located in the A and P sites in both subunits, denoted as A/A and P/P, respectively— 

first letter denotes the position of the anticodon loop in SSU and second letter denotes the 

position of the acceptor stem and tRNA elbow in LSU) and hybrid (H, where the acceptor stem 

and the tRNA body are located in the P and E site in LSU, respectively) conformations (Fig. 

5a). The deacylated tRNA adopts a single hybrid conformation (P/E), while the peptidyl-tRNA 

can adopt one of the two distinct hybrid conformations, namely A/P and A/P* (Carbone et al., 

2021; Petrychenko et al., 2021; Rundlet et al., 2021). In A/P conformation, only the acceptor 

stem moves towards the P site in LSU, while the A/P* conformation involves the additional 

movement of the peptidyl-tRNA body towards the P site (Fig. 5a) (Adio et al., 2015; 

Agirrezabala et al., 2008; Blanchard et al., 2004; Carbone et al., 2021; Chen et al., 2011a; 

Dunkle et al., 2011; Kim et al., 2007; Moazed and Noller, 1989b; Munro et al., 2007; 

Petrychenko et al., 2021; Rundlet et al., 2021; Zhang et al., 2009). Concomitantly with the tRNA 

movements, the SSU body performs a rotational movement ~8° in counterclockwise direction 

relative to the LSU across the LSU-SSU axis, thus interconverting between the non-rotated (N) 

and rotated (R) state (Fig. 5b) (Agirrezabala et al., 2008; Altuntop et al., 2010; Cornish et al., 

2008; Ermolenko et al., 2007; Ermolenko and Noller, 2011; Fischer et al., 2010; Frank and 

Agrawal, 2000; Julian et al., 2008; Sharma et al., 2016; Zhang et al., 2009) The SSU head 

domain also swivels ~6° counterclockwise, to the direction of tRNA movement across the SSU 

head-body axis perpendicular to SSU body rotation axis, thus interconverting between the non-

swiveled (N) and swiveled (S) state (Fig. 5c) (Belardinelli et al., 2016a; Guo and Noller, 2012; 

Mohan et al., 2014; Ratje et al., 2010; Schuwirth et al., 2005; Wasserman et al., 2016; Zhang 

et al., 2009). Finally, the L1 stalk interconverts between the open (positioned away from the E 

site) and closed (positioned towards the E site in contact with the elbow region of the P/E 

deacylated tRNA) conformations (Fig. 5d) (Cornish et al., 2009; Fei et al., 2009; Fei et al., 2008; 

Mohan and Noller, 2017). These four motions are stochastic, reversible and depend on the 

temperature and the concentration of key ions, such as Mg2+ (Bock et al., 2013; Fischer et al., 
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2010; Munro et al., 2009). Additionally, they are kinetically loosely coupled and rarely 

coordinate to proceed to productive translocation spontaneously (~0.01 min-1) (Konevega et 

al., 2007). 

 

Figure 5. Structural rearrangements of the mobile elements in the PRE complex. (a) The 
A-site peptidyl- (magenta) and P-site deacylated (blue) tRNAs interconvert between the 
classical and hybrid conformations. (b) The SSU body moves to the rotated (R, dark grey) state 
relative to LSU and back to the non-rotated (N, light grey) state. The ribosome is shown in 
bottom view. (c) The SSU head domain (green) swivels to the direction of tRNA translocation 
across the SSU body-head axis (S) and back to the non-swiveled (N) state. In (b) and (c), dots 
show the axis and dotted circles and arrows the direction of rotation. (d) The L1 stalk 
interconverts between the open and closed conformations. 

Translocation is catalyzed by EF-G, which consists of five domains, domain 1 (G domain), 

2, 3, 4 and 5 (Fig. 6) (Czworkowski et al., 1994; Evarsson et al., 1994). Domain 1 contains the 

GTP binding pocket, where GTP hydrolysis is catalyzed by H91 (Fig. 6) (Rodnina et al., 2019). 

One GTP molecule is hydrolyzed per translocation cycle (Rodnina et al., 2019). It also contains 

switch 1 (sw1) and 2 (sw2) regions that sense GTP, connect EF-G with SRL and the ribosome 

and mediate large structural rearrangements during translocation (Fig. 6) (Carbone et al., 2021; 

Petrychenko et al., 2021; Rodnina et al., 2019). Domain 4 contacts the codon-anticodon duplex 

in the A site in SSU via interactions with residues Q507 (loop I) and H583 (loop II, Fig. 6) (Brilot 

et al., 2013; Carbone et al., 2021; Gao et al., 2009; Petrychenko et al., 2021; Ramrath et al., 

2013; Rundlet et al., 2021; Zhou et al., 2014). EF-G adopts two conformations (compact and 

elongated) that differ in the orientation of domains 4-5 relative to domains 1-2-3 (Lin et al., 

2015; Salsi et al., 2014; Salsi et al., 2015). 
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Figure 6. Anatomy of EF-G. Cryo-EM structure of EF-G (purple) bound to GDP (yellow). The 
domains are indicated. The catalytic H91 is shown in pink spheres. The sw1 and sw2 of domain 
1 (dotted circles) and the key residues Q507 and H583 at the tip of domain 4 are shown in pink. 
The figure is adapted from PDB 7PJY (Petrychenko et al., 2021). 

Initial binding of EF-G via the L7/L12 stalk in compact form is followed by a rotational 

rearrangement of domains 4-5 into the A site in SSU (elongated form, Fig. 7) (Brilot et al., 2013; 

Lin et al., 2015; Salsi et al., 2014; Salsi et al., 2015; Stark et al., 2000). EF-G in the GTP-bound 

state acts as a pawl that stabilizes the R state of the SSU body, the S state of SSU head 

domain, the H states of tRNAs and the closed state of L1 stalk (Fig. 7) (Adio et al., 2015; 

Carbone et al., 2021; Chen et al., 2011a; Fei et al., 2008; Holtkamp et al., 2014; Munro et al., 

2010; Petrychenko et al., 2021; Sharma et al., 2016). The H91 of EF-G is positioned by SRL in 

a catalytically active orientation, leading to GTP hydrolysis (Maracci and Rodnina, 2016; 

Rodnina et al., 2019). After GTP hydrolysis but before Pi release, domain 4 of EF-G remains 

flexible, while sw1 develops interactions with GDP-Pi, SRL and the SSU body (Carbone et al., 

2021; Petrychenko et al., 2021). Recent time-resolved cryo-EM studies reported that Pi release 

acts as a loaded spring to promote tRNA movement (Carbone et al., 2021; Petrychenko et al., 

2021). Pi release unleashes sw1 from the SRL, leading to an upward rotational motion of the 

1-3 domains of EF-G, which positions domain 4 deeper into the A site of SSU in contact with 

the tRNA-mRNA duplex (Carbone et al., 2021; Petrychenko et al., 2021). Subsequently, the 

interactions between EF-G and the SSU body are abolished leading to ribosome unlocking: the 

SSU body rotates back to the N state, while the SSU head domain remains swiveled ~18-21° 

(Fig. 7) (Belardinelli et al., 2016a; Carbone et al., 2021; Chen et al., 2016; Guo and Noller, 
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2012; Petrychenko et al., 2021; Ramrath et al., 2013; Sharma et al., 2016; Zhou et al., 2014). 

Before unlocking, the pathway from the P to the E site is obstructed by a structural constriction 

between the SSU body and head, called the P gate (Schuwirth et al., 2005). Unlocking widens 

the P gate and allows forward movement of the peptidyl- and deacylated tRNAs into EF-G-

induced chimeric states (CHI), where the ASLs are located between the A and P and P and E 

sites in SSU respectively, following the movement of the SSU head (ap/P and pe/E, Fig. 7) 

(Adio et al., 2015; Belardinelli et al., 2016a; Bock et al., 2013; Carbone et al., 2021; Fischer et 

al., 2010; Petrychenko et al., 2021; Ramrath et al., 2013; Schuwirth et al., 2005; Zhou et al., 

2014). When the tRNAs reach the P/P and E/E states respectively, EF-G-GDP dissociates from 

the ribosome (Carbone et al., 2021) and the SSU head swivels back to lock the peptidyl-tRNA 

in the P site (Fig. 7) (Belardinelli et al., 2016a; Gao et al., 2009; Wasserman et al., 2016). 

Simultaneously or shortly after, the deacylated tRNA is released from the ribosome with the 

help of L1 stalk (Fig. 7) (Adio et al., 2015; Belardinelli et al., 2016a; Bock et al., 2013; Chen et 

al., 2011b; Chen et al., 2013b; Choi and Puglisi, 2017; Fei et al., 2009; Fei et al., 2008; Lill et 

al., 1986; Munro et al., 2010; Petropoulos and Green, 2012; Semenkov et al., 1996; Uemura 

et al., 2010; Wasserman et al., 2016). The ribosome is then found in the posttranslocation state 

(POST), where the A site is available to accommodate the next aa-tRNA (Fig. 7). EF-G 

exchanges GDP for GTP spontaneously (Wilden et al., 2006). 

 

Figure 7. Molecular mechanics of translocation. Structural dynamics of the ribosome in the 
translocation reaction coordinate. EF-G stabilizes the H tRNA state, the R state of the SSU 
body, the S state of SSU head and the closed conformation of L1 stalk and, upon GTP 
hydrolysis (yellow), orchestrates the coordination of movements to catalyze translocation. The 
figure was created with input from (Belardinelli et al., 2016a; Belardinelli et al., 2016b; Carbone 
et al., 2021; Petrychenko et al., 2021; Wasserman et al., 2016).  
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2.4. Ribosome frameshifting 

During translation elongation, the ribosome acts as a versatile molecular machine that 

interacts with a variety of tRNA substrates and exhibits high degree of structural plasticity. This 

structural plasticity ensures that translocation of ribosomes across the mRNA is performed with 

high fidelity, but also accounts for the existence of multiple (~500,000,000) alternative 

translocation pathways (Bock et al., 2013). Some of those alternative pathways may lead to 

recoding events that lead to the synthesis of different peptides from the same mRNA (Caliskan 

et al., 2015; Rodnina et al., 2020). One of such recoding events is ribosome frameshifting. The 

ribosome moves along the mRNA one codon at a time. However, it occasionally shifts several 

nucleotides towards the 5’ end (– direction) or 3’ end (+ direction) of the mRNA. The most 

frequent case is –1 frameshifting, which occurs on hotspot mRNA sequences, called slippery 

sequences (X XXY YYZ, 0-frame codons separated by gap, –1-frame codons underlined, Fig. 

8a). On a slippery sequence, the same tRNA can base pair with two overlapping codons: the 

0-frame (XXY and YYZ) and the –1-frame codons (XXX and YYY, Fig. 8a). Frameshifting is 

favored when the codon-anticodon interactions have lower free energy difference in the –1 than 

in 0 frame (Bock et al., 2019). After frameshifting, the codons downstream to the slippery 

sequence are decoded by different aa-tRNAs, compared to 0-frame codons (Fig. 8b). 

Additionally, termination occurs on alternative out-of-frame stop codons, thus leading to the 

synthesis of peptides of different length, compared to 0-frame peptides (Fig. 8b). In cells, 

frameshifting comes in three flavors: programmed, depletion-triggered (hungry) and 

spontaneous ribosome frameshifting. 

 

Figure 8. Slippery sequence and propagation of frameshifting across the peptide chain. 
(a) Schematic representation of tRNA slippage on heptameric –1 slippery sequence. The A-
site (magenta) and P-site (blue) tRNAs can base pair with both 0-frame and –1-frame codons. 
(b) Schematic representation of peptide synthesis in 0 frame (upper) and after –1 frameshifting 
(lower). Dotted box indicates the position of the heptameric slippery sequence. Frameshifted 
peptide (lower) carries an alternative C-terminus (red) and is of different length compared to 0-
frame peptide due to termination on out-of-frame stop codon.  
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Programmed ribosome frameshifting 

Programmed ribosome frameshifting (PRF) involves, in addition to the slippery sequence, 

downstream mRNA secondary structure elements, such as stem loops (Fig. 9a) or 

pseudoknots (Fig. 9b) that hinder ribosome progression across the mRNA (Caliskan et al., 

2014; Chung et al., 2010; Giedroc and Cornish, 2009; Namy et al., 2006). PRF is mainly 

prevalent in mobile genetic elements such as viruses, transposons and retroviral insertion 

remnants. In viruses, translation of the –1 frame of a viral ORF results in the synthesis of 

polyproteins that are essential for virus propagation and particle assembly (Atkins et al., 2021; 

Kelly et al., 2020; Kendra et al., 2018; Kendra et al., 2017; Moomau et al., 2016; Napthine et 

al., 2019; Napthine et al., 2021; Riegger and Caliskan, 2022; Wang et al., 2019; Zimmer et al., 

2021). A well-studied example is the production of the Gag-Pol polyprotein of human 

immunodeficiency virus (HIV), the causative agent of the acquired immunodeficiency syndrome 

(AIDS, Fig. 9c) (Jacks et al., 1988). The synthesis of the Gag-Pol polypeptide chain depends 

on a –1PRF event at the 3’ end of gag gene, where a stem loop is formed downstream to the 

slippery sequence (Fig. 9c). After frameshifting, the 0-frame stop codon that would terminate 

translation of the gag ORF is omitted and, instead, translation continues in –1 frame into the 

pol ORF (Jacks et al., 1988). Finally, the Gag-Pol polyprotein is produced, which is 

subsequently cleaved by viral proteases to generate the Gag and Pol viral proteins (Fig. 9c). 

Similar phenomena are observed in coronaviruses, such as SARS-CoV-2, the causative agent 

of the Covid-19 pandemic, where a pseudoknot structure downstream to slippery sequence 

stimulates frameshifting that produces the viral polyproteins (Fig. 9b) (Bhatt et al., 2021; 

Riegger and Caliskan, 2022). 
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Figure 9. Stimulatory elements and programmed ribosome frameshifting in viruses. (a) 
Schematic and crystal structure of the stem loop of the HIV-1 frameshifting site. Slippery 
sequence (SS) is shown in red and the double stranded region in blue. The figure was adapted 
from PDB 1PJY (Staple and Butcher, 2005). (b) Schematic and crystal structure of the 
pseudoknot of the SARS-CoV-2 frameshifting site. The double-stranded regions are shown in 
purple, blue and green shades. The figure was adapted from PDB 7LYJ. (c) Schematic of the 
HIV frameshifting site and kinetic branch point of ribosome population that either continue 
synthesis in 0 frame (blue), synthesizing the Gag protein, or shift to –1 frame (red), synthesizing 
the Gag-Pol polyprotein (blue-red). 

PRF plays a significant role in insertion elements, as well. In the example of the bacterial 

insertion sequence 1, a slippery sequence and a stimulatory downstream structure drive PRF 

at the 3’ end of the upstream insA ORF, thus continuing towards the synthesis of the 

downstream –1-frame insB ORF and producing the fused insA-insB protein, which is an active 

transposase (Chandler and Fayet, 1993; Luthi et al., 1990; Rettberg et al., 1999; Sekine et al., 

1992; Sekine and Ohtsubo, 1989). In mammals, analogous PRF events have been described 

in remnants of ancient retroviral insertion elements, where a fused protein is synthesized as a 

result of PRF (Clark et al., 2007; Manktelow et al., 2005; Shigemoto et al., 2001; Wills et al., 

2006). 

PRF has also been described in cellular genes with distinct functions in bacteria and 

eukaryotes. In bacteria, it is implicated in the fine tuning of protein stoichiometry (Blinkowa and 

Walker, 1990). The most prominent example is the dnaX mRNA of E. coli, which encodes for 

the γ and τ subunits of DNA polymerase holoenzyme (Blinkowa and Walker, 1990; Caliskan et 

al., 2017). Translation in 0 frame produces the τ subunit chain and terminates on a 0-frame 

stop codon. However, a frameshifting site at the 3’ end of the τ subunit ORF leads to slippage 
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to –1 frame, so that translation continues towards the synthesis of the γ subunit. Another 

interesting example reports the role of PRF in copper tolerance in E. coli (Meydan et al., 2017). 

Translation of the copA mRNA in 0 frame produces a copper transporter, while shift to the –1 

frame synthesizes a copper chaperone that facilitates the trafficking of copper ions to the 

transporter. In eukaryotic cells, PRF has been reported to regulate the stability and lifetime of 

cellular mRNAs. Illustrated in the example of genes involved in telomere maintenance in yeast, 

PRF creates premature out-of-frame stop codons leading to premature termination of 

translation, which in turn activates the nonsense mRNA decay mechanism that degrades the 

target mRNA (Advani et al., 2013; Belew et al., 2011; Jacobs et al., 2007). Although a similar 

phenomenon was described in human CCR5 gene (Belew et al., 2014), re-evaluation by recent 

studies disputes this finding, indicating that there are currently no known cellular genes in 

humans that are regulated by PRF (Khan et al., 2022). 

The mechanistic details of –1 programmed ribosome frameshifting (–1PRF) have been 

elucidated. During the impeded translocation in the presence of a stimulatory secondary 

structure, the order and timing of events are altered. While the early stages of translocation, 

such as EF-G binding and progression of tRNAs to the CHI state, are not affected, later stages 

such as the SSU head back swiveling and/or SSU body back rotation are severely delayed 

(Caliskan et al., 2014; Chen et al., 2014; Choi et al., 2020). Additionally, the dissociation of the 

deacylated tRNA from the E site is also delayed, indicating that –1PRF follows a two-tRNA 

slippage mechanism (Caliskan et al., 2014; Chen et al., 2013a). EF-G overall dwell time on the 

ribosome is increased, either due to commitment of EF-G to complete translocation (Caliskan 

et al., 2014) or via multiple EF-G binding attempts on the stalled ribosome (Chen et al., 2014; 

Choi et al., 2020). This change in the translocation kinetics opens a time window that allows 

the tRNAs to reach a thermodynamic equilibrium and basepair with the most 

thermodynamically favored codon, either in 0 or –1 frame (Bock et al., 2019). The completion 

of translocation occurs when the secondary structure unwinds, most likely by proteins S3, S4 

and S5 that possess a passive helicase activity during translocation (Desai et al., 2019; Takyar 

et al., 2005).  
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Depletion-triggered ribosome frameshifting 

The second type of frameshifting in the cell is depletion-triggered, also known as hungry 

frameshifting, triggered by limited availability of charged cognate 0-frame tRNAs or elongation 

factors. It is clearly distinct from PRF because it does not depend on mRNA secondary 

structures (Caliskan et al., 2017). Hungry frameshifting occurs in "idling" ribosome complexes 

residing on tetrameric slippery sequences and when the cognate tRNA reading the next A-site 

codon is omitted (Caliskan et al., 2017; Riegger and Caliskan, 2022). At the time window where 

the A site is unoccupied by tRNA for a long time, the P-site peptidyl-tRNA disrupts the 

interactions with the 0-frame codon and re-basepairs with the alternative-frame codon. 

Therefore, hungry frameshifting occurs in the POST complex, i.e. prior to PRE complex 

formation and translocation, and follows a single-tRNA slippage mechanism (Caliskan et al., 

2017). 

Hungry frameshifting has been reported on +1-frameshifting-prone mRNA sequences. 

Recent studies described POST complexes on the slippery sequence CCC U, in which the ASL 

of the P-site tRNAPro moved in an intermediate position between the P and E sites in SSU 

(denoted as e*/E, clearly distinct from the canonical P/P conformation), accompanied by an 

mRNA constriction that confers +1 frameshifting (Hoffer et al., 2020). Additionally, low EF-P 

availability that causes a delay in peptide bond formation in post-decoding ribosome complexes 

assembled on slippery sequence increases +1 frameshifting (Gamper et al., 2015). 

Hungry frameshifting has been described during HIV infection. A hallmark of HIV genome 

is the frameshifting site, where the second slippery codon (UUA) of the heptameric slippery 

sequence encodes for leucine (Leu). Additionally to the –1PRF event and under conditions 

where the 0-frame tRNALeu is depleted, an alternative –1-frame product is formed as a result of 

hungry frameshifting (Korniy et al., 2019). Notably, the key tRNALeu is significantly less 

abundant in human T lymphocytes and macrophages, the cell types mainly targeted by HIV. 

Therefore, HIV exploits two alternative pathways to maintain the frameshifting ratio: one 

following –1PRF mechanism and another relying on hungry frameshifting (Korniy et al., 2019). 

Hungry frameshifting has recently been implied in neurodegeneration and cancer 

therapeutics. The pathological forms of ATXN3 and HTT genes, the causative factors of 

spinocerebellar ataxia type 3 (SCA3) and Huntington’s (HD) neurodegenerative diseases 

respectively, contain expanded CAG repeats at the genomic level that are translated into poly-

glutamine (Gln) stretches in the respective proteins (Girstmair et al., 2013; McLoughlin et al., 
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2020; Stochmanski et al., 2012; Tabrizi et al., 2020; Toulouse et al., 2005). However, poly-

alanine (Ala) and poly-serine (Ser) variants have also been detected in SCA3 patients and 

postmortem brain samples of HD patients (Ayhan et al., 2018; Davies and Rubinsztein, 2006; 

Gaspar et al., 2000; Stochmanski et al., 2012; Toulouse et al., 2005; Wojciechowska et al., 

2014). Previous studies suggested that the mRNAs that contain pathologically long CAG 

repeats exhaust the cellular pool of charged Gln-tRNAGln (Girstmair et al., 2013). This leads to 

ribosome stalling on CAG stretches and hungry frameshifting, thus allowing incorporation of 

alternative-frame tRNAs in the A site, such as tRNAAla in –1 frame or tRNASer in +1 frame 

(Caliskan et al., 2017; Gallant and Lindsley, 1993; Temperley et al., 2010). Poly-Gln, poly-Ala 

and poly-Ser variants are highly prone to protein aggregation that results in neuron death and 

neurodegeneration (Ayhan et al., 2018; Davies and Rubinsztein, 2006; Girstmair et al., 2013). 

A recent study also reported that +1 frameshifting within the pathologically long CGG repeats 

in the FMR1 mRNA, which cause the neurodegenerative fragile X-associated tremor/ataxia 

syndrome, leads to synthesis of aggregation-prone frameshifted peptides (Wright et al., 2022). 

In cancer therapeutics, it was recently shown that interferon-γ-based antitumor therapy causes 

upregulation of tryptophan (Trp) catabolism enzymes that leads to intracellular Trp depletion, 

thus decreasing the availability of charged tRNATrp and triggering cancer-specific hungry 

frameshifting (Bartok et al., 2021; Champagne et al., 2021). Aberrant frameshifted peptides are 

processed by the immunoproteasome, presented at the cancer cell surface and recognized by 

T cells, which then mediate cancer cell clearance (Bartok et al., 2021; Champagne et al., 2021).  
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Spontaneous ribosome frameshifting 

The third type of frameshifting, spontaneous ribosome frameshifting (SRF), is clearly 

distinct from PRF and hungry frameshifting, because it occurs in the absence of stimulatory 

mRNA elements, does not rely on the abundance of cognate 0-frame aa-tRNAs and the 

frameshifted peptides usually do not have biological significance for the cell. SRF is practically 

a translation error that results in the loss of the reading frame and termination on out-of-frame 

stop codons, resulting in the production of dysfunctional peptides with aberrant amino acid 

sequence (Belew and Dinman, 2015; Drummond and Wilke, 2009; Fu and Parker, 1994). Due 

to the frameshifting error propagation across the peptide chain, but also the different length, 

the frameshifted peptides most probably fail to fold properly. For example, est2 gene in yeast 

contains the slippery sequence A AAA AAA in the coding region (Belew et al., 2008), which 

supports frameshifting up to ~48% in equilibrium conditions (Bock et al., 2019). 0-frame 

translation of est2 mRNA leads to a 884-aa-long protein, which adopts a native fold (Fig. 10a). 

However, –1 frameshifting leads to premature termination immediately after the slippery 

sequence, due to three consecutive stop codons in –1 frame, thus significantly reducing the 

length of the frameshifted peptide (445 aa, Fig. 10a). Protein structure prediction algorithms 

indicate that the folding of the frameshifted peptides significantly differs compared to the 0-

frame peptide, especially in the region around the slippery sequence that becomes 

unstructured in the –1-frame peptide (Fig. 10a). 

The fate and impact of erroneous peptides in the cell follow two main scenarios (Drummond 

and Wilke, 2009). In the first scenario, frameshifting causes loss of function, due to the fact that 

the frameshifted peptide fails to fold in a native state and is ultimately targeted for degradation. 

This may compromise the fitness of the cell, depending on the essentiality, turnover and 

production rate of the protein, but also due to sequestration of binding partners and clean-up 

burden of persistent erroneous peptides (Stoebel et al., 2008). Alternatively, accumulation of 

misfolded peptides may follow a toxic gain-of-function scenario, because they often cause 

protein aggregation, membrane destabilization and depolarization (Stefani and Dobson, 2003), 

sequestration of quality control factors and ultimately proteotoxic stress and cell death (Choe 

et al., 2016; Drummond and Wilke, 2009; Kohanski et al., 2008).  

Yet, despite the detrimental risks implied in the translation of slippery mRNAs, the 

abundance of slippery sequences in the coding genome is relatively high. In E. coli, slippery 

sequences exist in many copies (up to ~3000 for the slippery sequence A AAA AAA, Fig. 10b), 
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supporting spontaneous frameshifting levels ranging from ~0.1% to ~10% (Sharma et al., 

2014). Another study reports that the slippery sequence A AAA AAG is found 70 times in 68 

genes (even twice in one gene) in E. coli and, estimated by the codon usage, is only mildly 

underrepresented in the coding genome (Gurvich et al., 2003). Respectively, ~10% of all 

cellular mRNAs are predicted to contain a slippery sequence in human coding genome (Fig. 

10b) (Belew et al., 2008). Slippery sequences are evenly distributed across ORFs (Fig. 10c) 

and, for the vast majority (99.93%), frameshifting exposes out-of-frame stop codons within ~30 

codons after the slippery sequence, resulting in premature termination and production of 

truncated frameshifted products (Fig. 10d) (Belew and Dinman, 2015; Belew et al., 2008). 

Notably, out-of-frame stop codons are frequent in the coding genome indicating an evolutionary 

ambush hypothesis, where stop codons in alternative frames are under positive selection in 

order to minimize the energy cost for the synthesis of frameshifted peptides and their impact in 

the cell (Seligmann and Pollock, 2004).  

SRF is a major error source in the cell, as estimated by the ratio of –1-frame products to 

the total amount of 0- and –1-frame products during translation of slippery mRNA sequences. 

Initially, the SRF rate was monitored within the context of ribosome processivity errors, a term 

that collectively describes translation errors that cause synthesis of truncated peptides 

(Kurland, 1992). Previous in vivo studies estimated that ~25-30% of newly synthesized β-

galactosidase chains end up as truncated products (Jorgensen and Kurland, 1990; Manley, 

1978; Tsung et al., 1989). In recent in vitro studies using biochemical assays designed to 

measure specifically SRF, synthesis of –1-frame products is high ranging between ~15% and 

~30%, depending on the slippery sequence (Caliskan et al., 2014; Chen et al., 2014; Niblett et 

al., 2021; Peng et al., 2019), in agreement with in vivo SRF levels (~25%) (Caliskan et al., 

2014; Gurvich et al., 2003). In summary, SRF on slippery mRNA sequences is not negligible 

but rather is a major, yet previously underestimated, source of translation errors in the cell. 
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Figure 10. Frameshifting errors and the abundance of slippery sequences in the coding 
genome. (a) 0- and –1-frame translation of the est2 mRNA and protein structure prediction of 
the 0- and –1-frame peptides. The area around the slippery sequence is shown in dotted green 
circle. (b) Abundance of common slippery sequences in the human (grey), yeast (white) and E. 
coli (black) coding genomes. Data are taken from (Belew et al., 2008) for human and yeast and 
from (Sharma et al., 2014) for E. coli. (c) Distribution of slippery sequences across the ORFs 
in human (upper) and yeast (lower) coding genomes. Slippery sequences are distinguished 
based on whether they lead to –1-frame extensions of less (red) or more (green) than 30 
codons after the slippery sequence. (d) Frequency of slippery sequences regarding the number 
of –1-frame codons after the slippery sequence until an out-of-frame stop codon is reached. 
The dotted line indicate the number of codons where more than 99% of –1 frameshifting events 
terminate translation. Data in (a), (c) and (d) are from PRFdb (Belew and Dinman, 2015; Belew 
et al., 2008). No reuse/reprint permission required.  
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2.5. Maintenance of the translational reading frame 

Due to the fact that SRF is a major error source for the cell, it is important to understand 

the mechanism that prevents ribosome frameshifting, but also describe the error-prone 

pathway that leads to SRF. In order to approach this, we discuss key properties of tRNAs, the 

interactions between ribosome and tRNAs and the role of EF-G in reading frame maintenance. 

ASL modifications affect the coding capacity of tRNAs 

tRNAs are key players in the maintenance of the reading frame, because they can base 

pair with the codons in the two overlapping reading frames on the slippery sequence. A 

characteristic feature of tRNAs is the degree of post-transcriptional modifications on 

nucleotides at the ASL, especially modifications at residues 34 (5’ nucleotide of the anticodon, 

Fig. 11a) and 37 (adjacent to the anticodon 3’ end, Fig. 11a) that modify the coding capacity of 

the tRNA (Boccaletto et al., 2018). For example, in bacterial decoding systems, a modified U34 

is restricted to recognize only A- and G-ending codons (Suzuki, 2021). 

E. coli tRNALys
UUU mediates frameshifting in the A AAA AAA and A AAA AAG slippery mRNA 

sequences and is heavily modified in the ASL (Fig. 11a).The same tRNALys
UUU recognizes both 

AAA and AAG codons due to a 5-methylaminomethyl-2-thio (mnm5s2) modification at uridine 

34 (Fig. 11a) (Murphy et al., 2004; Rozov et al., 2016; Weixlbaumer et al., 2007). The mnm5 

group allows efficient decoding of AAG codons, while the s2 modification and the modified 

residue 37 (N6-threonylcarbamoyladenosine, t6A37) stabilize the codon-anticodon duplex via 

stacking interactions with the 5’ codon nucleotide, thus facilitating decoding of both AAA and 

AAG codons (Fig. 11b, c) (Bock et al., 2019; Murphy et al., 2004; Ranjan and Rodnina, 2017; 

Rezgui et al., 2013; Rozov et al., 2016; Weixlbaumer et al., 2007). Although previous studies 

highlighted the contribution of ASL modifications in reading frame maintenance (Urbonavicius 

et al., 2001), the modifications at residue 34 prevent +1 frameshifting but have no effect in the 

prevention of –1 frameshifting (Urbonavicius et al., 2003). 
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Figure 11. tRNALys
UUU ASL modifications and codon-anticodon interactions. (a) Crystal 

structure of the anticodon stem loop of tRNALys
UUU. Anticodon nucleotides U34, U35 and U36 

are shown in pink, residue t6A37 in purple, mnm5 group in blue and s2 group in yellow. (b-c) 
Codon-anticodon interactions between tRNALys

UUU and mRNA codons AAA (b) and AAG (c). 
Codon-anticodon interactions are shown as black dashed lines. Stacking interactions between 
s2 and U35 is shown in yellow dashed line and stacking interactions between t6A37 and the 5’ 
nucleotide of the codon (A1) in purple dashed line. mRNA is shown in grey. The figure is 
adapted from PDB 5E7K (a, b) and 5E81 (c) (Rozov et al., 2016). 

The ribosomal grip of tRNAs 

The stability of the ribosome complex is to a large extent determined by interactions 

between the tRNAs and the ribosome (Bock et al., 2015). The ribosomal subunits maintain 

interactions with the tRNAs throughout the elongation cycle, supporting the codon-anticodon 

duplex in the SSU (Bock et al., 2015; Noller et al., 2005; Ogle et al., 2001) and the tRNA body 

in the LSU (Jenner et al., 2010). Therefore, the tRNA-ribosome interactions in the A, P and E 

sites are plausible key players for the maintenance of the reading frame. 

In the A site, the ribosome anchors the tRNA via a network of protein-RNA and RNA-RNA 

interactions (Fig. 12). On SSU, 16S rRNA helices h44 and h34 in the decoding center contact 

the codon-anticodon duplex and, in combination with elements outside the decoding center 

such as 23S rRNA helices H38, H69 and H89 and protein S19, anchor the tRNA ASL (Fig. 12 

in magenta) (Ogle et al., 2001). Mutations at several residues of h34 increase +1 or –1 

frameshifting (Kubarenko et al., 2006; Moine and Dahlberg, 1994). In the P site, 23S rRNA 

helix H69 and proteins S13 and S9 anchor the P-site tRNA (Fig. 12a in blue) (Jenner et al., 

2005; Moazed and Noller, 1989a, 1991; Noller et al., 2005). Mutations and deletions of the C-

terminal tail of S9 that interacts with the tRNA ASL increase frameshifting (Arora et al., 2013; 

Nasvall et al., 2009). In the E site, proteins S7 and S11 and 16S rRNA helices h23, h24 and 
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h28 contact the E-site tRNA on the SSU (Fig. 12a in grey) (Jenner et al., 2005; Jenner et al., 

2010; Moazed and Noller, 1989a). On LSU, the acceptor stem interacts with 23S rRNA helices 

H68, H78 and H88 and proteins L31 and L33, while tRNA elbow region develops interactions 

with protein L1 of the L1 stalk (Fig. 12a, b in grey) (Bocchetta et al., 2001; Jenner et al., 2005; 

Mohan and Noller, 2017). Deletion of the tRNA-interacting β-hairpin of S7 (Devaraj et al., 2009), 

as well as mutations in residue C2394 of H88 of the E-site 23S rRNA and in tRNA ASL residues 

that are contacted by the ribosome in the E site, increase frameshifting (Sanders et al., 2008; 

Sergiev et al., 2005). These E-site elements may contribute to maintenance of the reading 

frame by preventing premature release of E-site tRNA that would expose the E-site codon to 

the peptidyl-tRNA. 

 

Figure 12. tRNA-ribosome interactions in the A, P and E sites. (a) Interaction network 
between ribosomal proteins (ribbons) and tRNAs in the ribosomal A, P and E sites. A-site 
(magenta), P-site (cyan) and E-site (grey) ribosomal proteins are shown (Jenner et al., 2005). 
The C-terminal tail of protein S9 is not shown because it is not resolved in the structure. tRNAs 
are partially masked for clarity. (b) Interaction network between rRNA (ribbon-stick) and tRNAs 
in the ribosomal A, P and E sites. Regions of A-site (magenta), P-site (cyan) and E-site (grey) 
rRNA is shown. The figure is adapted from PDB 4V6F (Jenner et al., 2010).  
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EF-G in reading frame maintenance during translocation 

Recent studies revealed that EF-G contributes to the maintenance of the reading frame 

during translocation (Niblett et al., 2021; Peng et al., 2019; Zhou et al., 2019). X-ray 

crystallography studies reported PRE complexes containing two tRNAs in the A and P sites 

that moved spontaneously (in the absence of EF-G) into CHI state (Fig. 13a) (Zhou et al., 2019). 

Although it is for long known that translocation is an intrinsic property of the ribosome that can 

occur in the absence of EF-G (Fischer et al., 2010; Konevega et al., 2007), noteworthy in this 

study is that base pairing between the anticodon of the deacylated tRNA and the P-site codon 

is partially disrupted at the third position (Fig. 13a). The 3’ nucleotide of the P-site codon is 

additionally flipped towards the A-site peptidyl-tRNA anticodon, resulting in a shift by –1 

nucleotide (Fig. 13a). Notably, the SSU head domain is spontaneously swiveled to a higher 

degree (~21°) than observed in absence of EF-G (~3°) (Carbone et al., 2021; Fischer et al., 

2010; Petrychenko et al., 2021; Rundlet et al., 2021; Zhang et al., 2009). In fact, similar 

swiveling angles (~18-21°) were previously observed only in EF-G–bound intermediate states 

of translocation (Carbone et al., 2021; Petrychenko et al., 2021; Ramrath et al., 2013; Rundlet 

et al., 2021; Zhou et al., 2014).  

The study by Zhou et al., 2019 laid the foundations that EF-G plays a role in the 

maintenance of the mRNA reading frame during translocation. Further research corroborated 

and expanded it via mutational and kinetics studies of frameshifting-prone translocation (Niblett 

et al., 2021; Peng et al., 2019). Mutations on the highly conserved EF-G residues Q507 and 

H583 at the tip of domain 4 (Fig. 13b-c) increase –1 spontaneous frameshifting on slippery 

sequences in vitro by changing the timing and order of events during translocation (Peng et al., 

2019). In this error-prone pathway, the tRNAs follow uncoupled movement, while the SSU head 

domain remains swiveled for a longer time, thus opening a time window that allows 

frameshifting to occur (Niblett et al., 2021; Peng et al., 2019). EF-G suppresses this error-prone 

pathway by driving fast and synchronized translocation (Peng et al., 2019). Together, these 

studies establish the intrinsic error-prone nature of the ribosome and the role of EF-G in reading 

frame maintenance during translocation. 
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Figure 13. The role of EF-G in reading frame maintenance. (a) Crystal structure of PRE 
complex showing spontaneous transition to CHI state. Zoom-in shows interactions of the –1 
mRNA nucleotide (red) disrupting interactions with the deacylated tRNA (blue) and developing 
interactions with the peptidyl-tRNA (magenta), resulting in –1 frameshifting. The SSU head 
shows a profound swiveling of 21° (green). The figure is adapted from PDB 6N1D (Zhou et al., 
2019). (b) Cryo-EM structure of EF-G with the key residues Q507 and H583 highlighted in pink. 
The figure is adapted from PDB 4PJY (Petrychenko et al., 2021). (c) Multiple sequence 
alignment of loop I and II of domain 4 of EF-G from various bacterial species. Highlighted in 
yellow shade are the conserved residues Q507 and H583. Sequences are taken from UniProt 
entries P0A6M8 (E. coli), A4VHM7 (Pseudomonas), Q8KTB8 (Rickettsia), Q6MU82 
(Mycoplasma), P13551 (Thermus thermophilus), P80868 (Bacillus) and P68790 
(Staphylococcus). (d) Cryo-EM structural snapshot showing CHI tRNA conformations during 
EF-G—induced translocation. Zoom-in shows the interactions of key residue Q507 of EF-G 
(pink) with the tRNA-mRNA duplex. The figure is adapted from PDB 7PJY (Petrychenko et al., 
2021).  
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2.6. Single molecule FRET to study frameshifting 

Frameshifting has been approached by a wide range of techniques. Structural studies and 

in vivo and in vitro biochemical studies are able to demonstrate crucial interactions and 

conformations, as well as quantify the efficiency of spontaneous frameshifting. However, it 

would be desirable to monitor the real-time motions of the mobile elements of the ribosome 

during translocation in order to decipher the molecular mechanism of spontaneous ribosome 

frameshifting. Here, we present single molecule Förster resonance energy transfer (FRET) as 

a suitable technique to monitor molecular dynamics of the mobile elements of the ribosome 

during translocation. 

Physical features of FRET 

FRET is a mechanism of non-radiative transfer of energy from one light-interacting 

molecule (donor) to another (acceptor) (Roy et al., 2008). Electromagnetic radiation close to 

the absorption maximum of the donor leads to donor excitation. Subsequently, the energy can 

either be released in a non-radiative process (in the form of heat), in a radiative process (in the 

form of emitted photon) or transferred non-radiatively to a nearby acceptor (via FRET). If the 

energy is transferred to the acceptor via FRET, the acceptor is in turn excited. At the end, the 

energy is radiatively released via a photon from the acceptor. Due to dipole-dipole coupling 

mechanism, FRET depends on the intramolecular distance between donor and acceptor in the 

sixth power, thus being a highly distance-dependent process (Fig. 13a). The relationship 

between FRET efficiency (EFRET) and intramolecular donor-acceptor distance (r) is described 

in the equation: 

EFRET= 1/[1+(r/R0)
6] 

where R0 is the Förster radius, i.e. the intramolecular distance with EFRET=0.5 (Fig. 14a). R0 

depends on the properties of donor and acceptor and it is calculated from the equation: 

R0= 0.0211•n-4•QD•κ
2•J 

where n is the refractive index of the medium, QD the quantum yield of the donor in the absence 

of acceptor (i.e. the ratio of the emitted to absorbed photons, related to the brightness of the 

fluorophore), κ2 the orientation factor and J the spectral overlap integral. The orientation factor 

κ2 describes the relative orientation of the donor and acceptor during the excitation event. It 

depends on the angle between them and is assumed as 2/3, for freely rotating molecules which 
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have an isotropic orientation during the excitation event. The spectral overlap integral J 

represents the overlapping area between the donor emission and the acceptor absorption 

spectra, which is a prerequisite of FRET (Fig. 14b).  

Due to donor and acceptor sensitization, i.e. the change in fluorescence intensity when they 

are found at a particular distance, the FRET efficiency can be calculated as the ratio of acceptor 

fluorescence to the total fluorescence of donor and acceptor. The fluorescence time courses 

of donor-acceptor couples shows negative correlation (anticorrelation), i.e. when acceptor 

fluorescence increases, donor fluorescence decreases and vice versa. 

 

Figure 14. Key features of FRET. (a) Dependence of FRET on the distance (r) between donor 
(green star) and acceptor (red star). In small distances and upon excitation of the donor (green 
arrow), the rate of FRET is high leading to increased acceptor fluorescence (red halo), while in 
large distances, the rate of FRET is low leading to increased donor fluorescence (green halo). 
The graph is simulation of the Förster equation for the Cy3-Cy5 FRET pair (R0=56Å). (b) 
Absorption (dotted lines) and emission (solid lines) spectra of donor Cy3 (green) and acceptor 
Cy5 (red). The overlap (yellow shade) of the emission spectrum of the donor (green shade) 
with the excitation spectrum of the acceptor (red shade) is a prerequisite for FRET. The 
absorption and emission spectra of Cy3 and Cy5 were generated using Fluorescence Spectra 
Viewer (ThermoFisher Scientific).  



45 

 

One ribosome at a time: smFRET using TIRF microscopy 

Ribosome populations are frequently heterogeneous and subpopulations can follow distinct 

reaction pathways, as seen during frameshifting, where a fraction of ribosomes maintains the 

reading frame while another fraction shifts to the alternative frame (Caliskan et al., 2014; Chen 

et al., 2014; Peng et al., 2019). Monitoring these events using ensemble methods leads to 

averaging-out of the signals of individual ribosomes, thereby obscuring the potential alternative 

pathways and reversible intermediates. Therefore, the analysis of heterogeneous ribosome 

population requires detection of FRET signals at single molecule level. 

Single molecule fluorescence techniques can monitor individual molecules either free in a 

tiny illuminated volume or immobilized on a surface. Surface immobilization is suitable for 

revealing distinct subpopulations of complexes, because it allows simultaneous detection of 

many individual molecules, and describing pre-steady state structural dynamics of 

macromolecular complexes, because different ligands can be exchanged inside the reaction 

chamber. Immobilization on microscope glass cover slips can be done via biotin-neutravidin 

interaction, nucleic acid hybridization, attraction between opposite charges or affinity binding, 

e.g. via antibodies or Ni2+-covered surfaces (Roy et al., 2008). The detection of single 

fluorophores requires high resolution microscopy such as total internal reflection fluorescence 

(TIRF) microscopy combined with a very sensitive detector (Fig 15a) (Roy et al., 2008). In TIRF 

microscopy, the incident laser beam arrives at the coverslip at an angle greater than a critical 

value (θc) and is entirely reflected back (Fig. 15b) (Poulter et al., 2015). However, an electric 

component of the incident beam is transmitted into the glass coverslip in perpendicular direction 

to the interface (Fig. 15b). This component forms the evanescent wave which has the same 

wavelength as the incident beam but its intensity decays exponentially to the direction 

perpendicular to the interface and into the coverslip. Thus, a thin layer ~100-150 nm from the 

glass surface is illuminated, which selectively excites the immobilized molecules, while free 

molecules are outside the evanescent field and, thus, not excited (Fig. 15b). Therefore, TIRF 

illumination has a superior signal-to-noise ratio compared to conventional epi-fluorescence 

microscopy (i.e. where the incident beam arrives at 0° angle and traverses completely towards 

the second medium illuminating the whole sample) and allows the detection of individual 

molecules. 

The emitted photons from donor and acceptor fluorescence are separated via dichroic 

mirrors and are subsequently directed towards an electron-multiplying charge-coupled device 
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(EM-CCD, Fig. 15a). The CCD image sensors consist of photosensitive semiconductors that 

receive the energy from the incident beam (Fig. 15a). The electrons of the semiconductor are 

then collected to a capacitor in the form of charge that is proportional to the amount of photons. 

The charges from individual capacitor cells are transferred eventually to the amplifier that 

creates an electrical voltage as output. In the present study, double-labeled ribosome 

complexes were immobilized via biotin-neutravidin interactions with the 5’-biotinylated end of 

the mRNA on PEG-biotin functionalized coverslips (Fig. 15b) (Adio et al., 2015). The donor 

fluorophore is excited using a laser beam with a wavelength of 561 nm, close to the donor 

absorption maximum, and the fluorescence intensities of donor and acceptor are monitored 

simultaneously in a time course (Fig. 15c). For each time point, FRET is calculated as the ratio 

of acceptor fluorescence intensity (FI) in total fluorescence intensity of donor and acceptor, 

FIacceptor/(FIacceptor+FIdonor) (Fig. 15c). 
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Figure 15. Objective-based TIRF microscopy for single molecule detection. (a) Schematic 
representation of objective-based TIRF microscopy setup. The excitation beam (yellow) is 
guided towards the sample where it reaches the coverslip at a super-critical angle. The 
emission fluorescence of donor (green) and acceptor (red) are separated by dichroic mirrors 
and guided towards an EM-CCD camera chip, where they are displayed in separate channels. 
The figure is created with input from (Roy et al., 2008). (b) smFRET setup of the present study. 
The ribosome (grey) is labelled with donor Cy3 (green star) and acceptor Cy5 (red star) in 
strategic positions and immobilized via biotin-neutravidin interactions of the functionalized 
coverslip (sky blue) and the 5’-biotinylated mRNA. (c) Representative smFRET time trace 
showing donor Cy3 (green) and acceptor Cy5 (red) fluorescence intensities (FI, arbitrary units, 
au), calculated FRET (blue) and Hidden Markov fitting (HMM) of the data (black). The colors 
for donor and acceptor FI, FRET and HMM fit are the same throughout the thesis.  
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3. Scope of the thesis 

Translocation is a crucial phase for reading frame maintenance and EF-G plays an 

important role by guiding the tRNA-mRNA duplex intact through the ribosome. Recent studies 

suggested that slow translocation is a hallmark of frameshifting. However, it remains unclear 

how the peptidyl- and deacylated tRNAs move during translocation on slippery sequences, how 

non-canonical tRNA motions lead to frameshifting, when frameshifting occurs in the 

translocation reaction coordinate and how the ribosome dynamics affects tRNA movement 

leading to frameshifting. Here, we use smFRET to follow the tRNA trajectories during 

translocation on slippery mRNA. we correlate our findings with frameshifting by using error-

prone EF-G mutants carrying point mutations at the key residue Q507. Specifically, we address 

the following: 

 We describe the trajectory of the peptidyl-tRNA from the A to the P site during slow 

translocation on slippery mRNA and correlate the slow translocation of the peptidyl-tRNA 

with the incorporation of the –1-frame tRNA on the slippery mRNA. 

 We show that the trajectory of the deacylated tRNA from the P to the E site during 

translocation is not affected during spontaneous frameshifting. 

 We narrow down the time window of spontaneous frameshifting by showing that delay in 

translocation prior to the frameshifting-prone stage due to the presence of the non-

hydrolysable GTP analog GTPγS or the antibiotic spectinomycin (Spc) do not lead to 

spontaneous frameshifting. 

 Finally, we demonstrate that the SSU head domain is a determinant of spontaneous 

frameshifting, because it allows the peptidyl-tRNA to sample the 0- and –1-frame codons. 

Together, our data show that spontaneous ribosome frameshifting is a result of altered 

choreography of ribosome and tRNA movements during translocation on slippery mRNA. We 

are able to describe a complete mechanistic model of spontaneous ribosome frameshifting, 

including intermediate states and reaction rates during translocation. 
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4. Materials and Methods 

4.1. Materials, chemicals & enzymes 

Table 1. Materials, chemicals and enzymes used in this study. 

Glass coverslips and objective slides Menzel-Gläser 

GTP, GTPγS Jena Bioscience 

Phosphoenol pyruvate (PEP) Sigma-Aldrich 

N1-[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA) Sigma-Aldrich 

Biotin-PEG-NHS, MeO-PEG-NHS Iris Biotech GmbH 

[3H]fMet, [14C]Gly, [14C]Ala, [14C]Lys 
Hartmann Analytic, 

PerkinElmar 

Scintillation cocktail Ultima GoldTM XR PerkinElmar 

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) Sigma-Aldrich 

Methylviologen (MV) Sigma-Aldrich 

Neutravidin (NA) Thermo Scientific 

Protocatechuic acid (PCA) Sigma-Aldrich 

Spermidine Sigma-Aldrich 

Putrescine Carl Roth 

Fusidic acid (FA) Sigma-Aldrich 

Spectinomycin (Spc) Sigma-Aldrich 

Trifluoroacetic acid (TFA) Sigma-Aldrich 

Acetonitrile (ACN) Merck 

Potassium hydroxide (KOH) Merck 

Methanol Carl Roth 

Activated charcoal Merck 

CyTM5 mono NHS ester Cytiva 

CyTM5 maleimide mono-reactive dye GE Healthcare 

CyTM3 maleimide mono-reactive dye GE Healthcare 

BlackHole quencher 2 NHS ester Biosearch Technologies 

Pyruvate kinase (PK) Roche 

Pseudomonas protocatechuic acid dehydrogenase (PCD) Sigma-Aldrich 

Puromycin (Pmn) Sigma-Aldrich 
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4.2. Buffers 
Table 2. Composition of buffers used in this study. 

Translation and frameshifting assay 

TAKM7 

50 mM Tris-HCl, pH 7.5 at 37°C or room temperature 

70 mM NH4Cl 

30 mM KCl 

7 mM MgCl2 

Ribosome complex purification for smFRET 

TAKM20 

50 mM Tris-HCl, pH 7.5 at 37°C  

70 mM NH4Cl 

30 mM KCl 

20 mM MgCl2 

TAKM21 

50 mM Tris-HCl, pH 7.5 at 37°C  

70 mM NH4Cl 

30 mM KCl 

21 mM MgCl2 

smFRET experiments 

TAKM15 

50 mM Tris-HCl, pH 7.5 at room temperature  

70 mM NH4Cl 

30 mM KCl 

15 mM MgCl2 

TAKM7 

50 mM Tris-HCl, pH 7.5 at room temperature  

70 mM NH4Cl 

30 mM KCl 

7 mM MgCl2 

HPLC peptide separation 

Buffer A 0.1% TFA 

Buffer B 
0.1% TFA 

65% ACN 
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4.3. Columns 
Table 3. Commercially available columns used in this study. 

Column Source Function 

Protino Ni-IDA 2000 Packed 
Columns 

Macherey-Nagel Gly-tRNAGly preparation 

LiChrospher 100 RP-8 
(5µm) LiChroCART 250-4 

Merck HPLC peptide separation 

HiTrap SP HP GE Healthcare Protein purification 

Resource S Cytiva Protein purification 

4.4. mRNAs 

The following 5’-biotinylated mRNAs were used for biochemical and single molecule 

experiments. Sequence is written in 5’→3’ direction, coding sequence is shown in bold, slippery 

sequence in red, Shine-Dalgarno sequence is underlined. 

Table 4. mRNA sequences used in this study. 

mRNA 5’→3’ sequence Source 

+SS fMGKF 
Biotin,CAACCUAAAACUUACACACCCGGCAAGGAGG

UAAAUAAUGGGAAAGUUCAUUACCUAA 

IBA 

Lifesciences 

-SS fMFKF 
Biotin,CAACCUAAAACUUACACACCCGGCAAGGAGG

UAAAUAAUGUUUAAGUUCAUUACCUAA 
Eurofins 

+SS fMAKKF 
Biotin,CAACCUAAAACUUACACACCCGGCAAGGAGG

UAAAUAAUGGCAAAAAAGUUCAUUACCUAA 

IBA 

Lifesciences 

-SS fMAKKF 
Biotin,CAACCUAAAACUUACACACCCGGCAAGGAGG

UAAAUAAUGGCUAAGAAGUUCAUUACCUAA 

IBA 

Lifesciences 
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4.5. Instruments, software & databases 

Table 5. Instruments, software and databases used in this study. 

Instruments 

MilliQ Advantage A10 water purification system Merck 

Lab pH meter inoLab® pH720 WTW 

Water bath E100 Lauda-Brinkmann 

Centrifuge 5424 and 5415R Eppendorf AG 

ÄKTA FPLC Äkta Purifier Plus GE Healthcare 

Liquid scintillation counter PerkinElmer 

High Performance Liquid Chromatography Waters 

Optima Tm MAX-XP ultracentrifuge Beckman Coulter 

Rotor TLS 55 Beckman Coulter 

Spectrophotometer Lambda Bio + PerkinElmer  

FEMTO plasma cleaner Diener Electronic GmbH 

IX 81 inverted microscope and PLAPON 60 1.45 
numerical aperture objective Olympus 

561 nm solid-state laser, 25 mW Olympus Soft Imaging Solutions GmbH 

CCD-C9100-13 camera Hamamatsu 

dual view micro imager DV2 image splitter Photometrics 

HQ 605/40, HQ 680/30 filters Chroma Technology 

Software 

GraphPad Prism 8 GraphPad software 

UCSF Chimera RBVI University of California 

Matlab R2011b MathWorks 

vbFRET software 
http://vbfret.sourceforge.net/ 
(Bronson et al., 2009) 

xCellence rt image acquisition software Olympus 
 

http://vbfret.sourceforge.net/
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Public databases 

Protein Data Bank (PDB) 
Research Collaboratory for Structural 
Bioinformatics, USA 

PRFdb 
University of Maryland, USA 
(Belew et al., 2008) 

Universal Protein Resource (UniProt) EMBL-EBI, SIB, PIR 

4.6. Ribosomes, translation factors and tRNAs 
 

E. coli ribosomes, f[3H]Met-tRNAfMet, [14C]Ala-tRNAAla, Lys-tRNALys, Phe-tRNAPhe, Val-

tRNAVal, IFs, EF-Tu and EF-G were prepared as previously described (Holtkamp et al., 2014; 

Milon et al., 2007; Rodnina and Wintermeyer, 1995). [14C]Gly-tRNAGly was prepared from total 

tRNA from E. coli by in vitro aminoacylation with [14C]Gly. TC was formed by mixing EF-Tu (3-

fold excess over total tRNA) with GTP (1 mM), phosphoenolpyruvate (3 mM) and pyruvate 

kinase (0.5%) in TAKM7, incubation for 15 min at 37°C, addition of [14C]Gly-tRNAGly (3 µM) and 

loading onto Protino Ni-IDA 2000 Packed Columns. [14C]Gly-tRNAGly was purified by 

phenolization followed by ethanol precipitation as described (Korniy et al., 2019). 

4.7. Site-specific labeling of ribosomes & tRNAs 

Reconstitution of L11-Cy3 70S ribosomes 

Protein L11 was expressed in E. coli BL21(DE3) induced with isopropyl-β-D-thiogalactoside 

(IPTG, 1 mM) and lysed by sonication in buffer (50 mM HEPES, 10 mM MgCl2, 10 mM NH4Cl, 

1 mM dithiothreitol, 0.5 mM EDTA, pH 7.2). L11-containing inclusion bodies were solubilized in 

the same buffer containing 6 M urea, dialysis against 100 volumes of the same buffer and L11 

was purified by fast protein liquid chromatography (FPLC) using a HiTrap SP HP column using 

a linear gradient of 10–500 mM NH4Cl in the same buffer with 6 M urea. Cy3-labeling of L11 at 

position C38 was performed by adding 3-fold excess of Cy3-maleimide dissolved in 

dimethylsulfoxide (DMSO) and incubating for 12 h at 4°C in the same buffer containing 0.5 M 

NH4Cl. Excess dye was removed on an FLPC HiTrap SP HP column using a linear gradient of 

10–500 mM NH4Cl. For L11 refolding, Vivaspin 5,000 concentrator was used to gradually 

replace the buffer with 50 mM HEPES, 10 mM MgCl2, 300 mM NH4Cl, 1 mM dithiothreitol, 0.5 

mM EDTA, pH 7.2, 25% glycerol (Adio et al., 2015). Ribosomes lacking protein L11 (70S ΔL11) 

were purified from E. coli AM68 as previously described (Rodnina and Wintermeyer, 1995). 
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L11-Cy3 70S reconstitution was carried out by mixing ΔL11 70S with 10-fold excess of L11-

Cy3 and incubation for 45 min at 45°C in TAKM21. L11-Cy3 70S were purified by sucrose 

cushion centrifugation (1.1 M sucrose in TAKM21) and dissolved in TAKM7. Concentration was 

determined by absorption at 260 nm. 

Reconstitution of S13-Cy3 SSU 

A single-cysteine variant of protein S13 (C85S P112C) was expressed in E. coli BL21(DE3) 

induced with IPTG (1 mM) and lysed by sonication in buffer (50 mM HEPES pH 7.5, 150 mM 

KCl, 5% glycerol, 6 mM β-mercaptoethanol). S13-containing inclusion bodies were dissolved 

in buffer (50 mM HEPES pH 7.5, 300 mM KCl, 5% glycerol, 6 mM β-mercaptoethanol, 8 M 

urea). S13 was diluted in the same buffer without KCl and purified by FPLC using a HiTrap SP 

HP column with a linear gradient of 50–1000 mM KCl in the same buffer with 6 M urea, followed 

by a Resource S column with the same KCl gradient. Cy3-labeling of S13 at C112 was 

performed by adding 3-fold excess of Cy3-maleimide dissolved in DMSO and incubating for 2 

h at room temperature in the same buffer supplemented with 0.5 M NH4Cl. Excess dye was 

removed on a HiTrap SP HP column using the same salt gradient as above. S13(C112-Cy3) 

was dialyzed into 50 mM HEPES, 20 mM MgCl2, 400 mM KCl, pH 7.5, 5% glycerol, 6 mM 

mercaptoethanol, concentrated and stored at -80°C. 30S subunits lacking protein S13 (30S 

ΔS13) were purified from E. coli AM68 as previously described (Belardinelli et al., 2016a; 

Cunha et al., 2013). 30S S13-Cy3 reconstitution was performed by mixing ΔS13 30S with 1.5-

fold excess of S13-P112C-Cy3 and incubation at 42°C for 30 min in TAKM20 buffer. Purification 

of S13-Cy3 30S was performed by sucrose cushion centrifugation (0.9 M sucrose in TAKM21) 

and pellets were dissolved in TAKM7. Concentration was determined by absorption at 260 nm. 

Reconstitution of L33-Cy5 LSU 

50S subunits lacking protein L33 (50S ΔL33) and a single cysteine variant of protein L33 

(P31C) were purified and labeled as previously described (Belardinelli et al., 2016a). 50S L33-

Cy5 reconstitution was performed by mixing ΔL33 50S with 1.1-fold excess of L33-P31C-Cy5 

and incubation for 90 min at 37°C in buffer (50 mM HEPES, pH 7.5, 400 mM KCl, 20 mM MgCl2 

and 6 mM mercaptoethanol). Purification of 50S-L33-Cy3 was performed by sucrose cushion 

centrifugation (0.9 M sucrose in TAKM21) and pellets were dissolved in TAKM7. Concentration 

was determined by absorption at 260 nm. 



55 

 

Labeling of tRNALys, tRNAPhe and tRNAVal 

Cy5-labeling of tRNAPhe and tRNAVal and Cy5- or Black Hole Quencher® 2 (BHQ2) (Chen 

et al., 2012) labeling of tRNALys was carried out at the 3-amino-3-carboxypropyl group (acp) at 

U47 by mixing E. coli tRNA with 100-fold excess of Cy5 or BHQ2 NHS ester in 50 mM HEPES, 

pH 8.5, for 4 h at 37°C. tRNA(acp47-Cy5) was extracted by phenolization and ethanol 

precipitation, aminoacylated and purified by HPLC (Adio et al., 2015; Milon et al., 2007). 

4.8. Single molecule FRET and data analysis 

Ribosome complex purification for smFRET 

To prepare PRE complex carrying L11-Cy3 and pept-tRNALys-Cy5, ICs were prepared by 

mixing L11-Cy3 70S ribosomes (2 µM) with 3-fold excess of IF1, IF2, IF3, mRNA and [3H]fMet-

tRNAfMet and GTP (1mM) in TAKM7 and incubation for 30 min at 37°C. TCs were prepared by 

incubating EF-Tu (3-fold excess over tRNA) with GTP (1 mM), phosphoenolpyruvate (3 mM) 

and pyruvate kinase (0.5%) in TAKM7 for 15 min at 37°C and subsequent addition of [14C]Gly-

tRNAGly (10 µM) or [14C]Phe-tRNAPhe (10 µM) according to the mRNA sequence. IC (1 µM) was 

mixed with TC (5 µM) and EF-G–GTP (1 μΜ) and incubated for 5 min at 37°C. The POST 

complexes were purified by sucrose cushion centrifugation (1.1 M sucrose in TAKM21), pellets 

were dissolved in TAKM7 and the concentration was determined by [14C]Gly or [14C]Phe 

scintillation counting. Purified POST complex (0.1 μΜ) was incubated with 3-fold excess of TC 

(EF-Tu–GTP–Lys-tRNALys-Cy5) in TAKM7 for 5 min at 37°C. The PRE complex carrying fMGK-

tRNALys-Cy5 or fMFK-tRNALys-Cy5 in the A site and tRNAGly or tRNAPhe in the P site was 

immobilized in the coverslip as described below. 

To prepare PRE complexes carrying S13-Cy3 and pept-tRNALys-Cy5, 30S S13-Cy3 (2 µM) 

were incubated in TAKM20 at 37°C for 30 min and used to prepare ICs as described above 

(50S in 1.5-fold excess over 30S, IFs, mRNA and [3H]fMet-tRNAfMet in 3-fold excess over 30S). 

TCs were prepared as described above using [14C]Ala-tRNAAla (10 µM). IC (1 µM) was mixed 

with TC (5 µM) and EF-G–GTP (1 μΜ) and incubated for 5 min at 37°C. The POST complexes 

were purified by sucrose cushion centrifugation (1.1 M sucrose in TAKM21), pellets were 

dissolved in TAKM7 and the concentration was determined by [14C]Ala scintillation counting. 

Purified POST complex (0.1 μΜ) was incubated with 3-fold excess of TC (EF-Tu—Lys-tRNALys-

Cy5—GTP) and EF-G—GTP (0.5 μΜ) and incubated at 37°C for 5 min. The POST complex 
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was immobilized in the cover slip as described below and excess of TC and EF-G was washed 

away. EF-Tu–GTP–Lys-tRNALys was then added to the flow chamber. 

To prepare PRE complexes carrying S13-Cy3/L33-Cy5 and pept-tRNALys, 30S S13-Cy3 

were incubated in TAKM20 at 37°C for 30 min and used to form ICs as described above. TCs 

were prepared as described above using [14C]Gly-tRNAGly or [14C]Phe-tRNAPhe, according to 

the mRNA sequence. IC (1 µM) was mixed with TC (5 µM) and EF-G–GTP (1 μΜ) and 

incubated for 5 min at 37°C. The POST complexes were purified by sucrose cushion 

centrifugation (1.1 M sucrose in TAKM21), pellets were dissolved in TAKM7 and the 

concentration was determined by [14C]Gly or [14C]Phe scintillation counting, respectively. 

Purified POST complex (0.1 μΜ) was then mixed with TC (EF-Tu—Lys-tRNALys—GTP) and 

incubated at 37°C for 5 min. The PRE carrying fMGK-tRNALys or fMFK-tRNALys in the A site and 

tRNAGly or or tRNAPhe in the P site complex was immobilized in the coverslip as described 

below. 

Objective slide and cover slip preparation 

Cover slips and objective slides were treated via sonication in 1 M KOH for 10 min, plasma 

cleaner, incubation with 3.9 mM DETA and 1.7 mM acetic acid for 5 min, followed by 20 min at 

110°C. Subsequently, they were treated with 20 mM PEG-NHS and 0.2 mM Biotin-PEG-NHS 

in 100 mM KBO3 for 1 h at room temperature, followed by drying at 50°C and storage under 

vacuum. Flow chambers were assembled by attaching cover slips on objective slides with 

double-sided tape. 

Sample preparation and TIRF microscopy 

All single molecule experiments were carried out in TAKM7 containing 8 mM putrescine and 

1 mM spermidine at 22°C. Flow chambers were incubated for 5 min at room temperature with 

the same buffer complemented with 10 mg/ml BSA and 1 µM neutravidin, followed by washing 

with 5-fold volume excess of the same buffer containing 1 mg/ml BSA. Ribosome complexes 

were diluted to 1nM, added to the flow chamber and incubated for 5 min at room temperature. 

Images were recorded after manual addition of imaging buffer (same buffer complemented with 

2.5 mM PCA, 50 nM PCD, 2 mM Trolox and 1 mM MV) to the flow chamber. For translocation 

experiments, 0.1 μM EF-G and 1 mM GTP or GTPγS to the imaging buffer. In the experiments 

with FA, Pmn or Spc, 200 μM FA, 1 mM Pmn or 1 mM Spc were added respectively to the 

sample and imaging buffer. Labelled tRNAs were added to the imaging buffer at final 
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concentration of 10 nM. Imaging was performed on an inverted microscope (Table 5). Cy3 

fluorescence was excited by a 561 nm laser and images were recorded with an electron 

multiplying charge-coupled device (em-CCD) camera (Table 5). Color channels were 

separated using an image splitter. Movies were recorded at 30.3 frames per s (33 ms per 

frame). For the S13-L33 FRET using EF-G(Q507D), movies were recorded at a rate of 10 

frames per s (100 ms per frame). 

Data analysis 

Fluorescence time courses for donor (Cy3) and acceptor (Cy5) were extracted from 

recorded frames using a custom-made Matlab software (Adio et al., 2015). A semi-automated 

algorithm was used to select anti-correlated fluorescence traces exhibiting characteristic single 

fluorophore intensities (Adio et al., 2015). Bleed-through of Cy3 signal into the Cy5 channel 

was corrected using an experimentally determined coefficient of 0.13. FRET efficiency was 

calculated as the ratio of measured emission fluorescence intensities, F.I.Cy5/(F.I.Cy3+F.I.Cy5). 

Trajectories were truncated to remove photobleaching and photoblinking events and fitted by 

Hidden Markov model using the vbFRET software package. Two-dimensional contour plots 

were generated from raw time-resolved FRET trajectories using a custom-made Matlab 

software based on in-built toolbox. All FRET values were compiled into a histogram, which fitted 

to a sum of Gaussian function. Mean values (µ) and s.d. for individual Gaussian distributions 

were derived using an unconstrained nonlinear minimization procedure (fminsearch, Matlab, 

R2011b). Post-synchronization was performed relative to the first transition to FRET≤ 0.1 than 

the lowest value of the PRE state, if not stated otherwise. FRET changes in idealized 

trajectories that were smaller than the s.d. of the Gaussian distribution of the FRET states were 

not considered as transitions because they were not distinguished from the noise. Dwell times 

of different FRET states of fluctuating traces were extracted from idealized trajectories, 

compiled into dwell time histogram and fitted to an exponential function, y=y0+Ae—t /τ. Rates (k) 

were calculated as taking the inverse of dwell times (τ). The observed rates were corrected, 

when necessary, according to kcorrected=kobserved –kphotobleach –1/T, where kobserved the rate of the 

exponential function, T observation time, kphotobleach=0.03±0.01 s-1 (derived from independent 

experiments, Fig. 35).  
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4.9. Frameshifting assay 

ICs were formed as described above using unlabeled components and purified by sucrose 

cushion centrifugation (1.1 M sucrose in TAKM21). Pellets were dissolved in TAKM7 buffer and 

the concentration was determined by f[3H]Met scintillation counting. TCs were prepared as 

described above with subsequent addition of aminoacyl-tRNAs (5-fold excess to 70S) cognate 

to the mRNA coding sequence in 0 and –1 frame. Translation was carried out by mixing IC (0.1 

µM) with TCs (5-fold excess over IC) and EF-G (1 µM) with GTP or GTPγS (1 mM) at 22°C or 

37°C for 2 min. In the experiments with Spc, Spc was added to final concentration of 1mM. 

Reaction was quenched with 0.5 M KOH and the peptides were released by hydrolysis at 37°C 

for 30 min, neutralized by adding 1/10 volume of glacial 100% acetic acid and analyzed by 

reversed-phase high performance liquid chromatography using a 0 to 65% acetonitrile gradient 

in 0.1% trifluoroacetic acid (Peng et al., 2019). The 0- and −1-frame products were quantified 

by [14C]Gly or [14C]Ala scintillation counting.  
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5. Results 

Results of the study have been published (Poulis et al., 2022). No reuse/reprint permission 

required by authors. 

5.1. Translocation of pept-tRNA on slippery mRNA 
First, we followed the trajectory of the pept-tRNA from the A to the P site during 

translocation. To that end, we monitored FRET between ribosomal protein L11 of the LSU 

labeled with Cy3 (L11-Cy3) and fMet-Gly-Lys-tRNALys labeled with Cy5 (pept-tRNALys-Cy5, Fig. 

16a) (Adio et al., 2015; Chen et al., 2011a). This FRET pair has been previously used in 

smFRET experiments to characterize the kinetics and intermediate states during translocation 

from the A to the P site (Adio et al., 2015; Chen et al., 2011a; Wang et al., 2007). In PRE 

complexes, the distance between L11 and pept-tRNA is ~50Å when the pept-tRNA is found in 

the A/A or A/P conformation and increases to ~66Å when it transits to the A/P* conformation 

(Fig. 16a-b) (Dunkle et al., 2011; Fischer et al., 2010; Jenner et al., 2010; Petrychenko et al., 

2021; Rundlet et al., 2021; Zhang et al., 2009). These distances give estimated FRET 

efficiencies of ~0.8 (A/A and A/P) and ~0.6 (A/P*, Fig. 16c) (Adio et al., 2015; Chen et al., 

2011a). Respectively, in the POST complex, where the peptidyl-tRNA is accommodated in the 

P site (P/P), the distance with L11 increases to ~80Å, giving an estimated FRET efficiency of 

~0.1-0.2 (Fig. 16a-c) (Adio et al., 2015; Carbone et al., 2021; Chen et al., 2011a; Fischer et al., 

2010; Gao et al., 2009; Rundlet et al., 2021). Therefore, the distance change during 

translocation is within the dynamic range of Cy3-Cy5 FRET pair and allows the identification of 

discernible translocation intermediates, such as the CHI state that has an intermediate L11-

tRNA distance between PRE and POST (Fig. 16b, c) (Adio et al., 2015; Chen et al., 2011a; 

Fischer et al., 2010; Petrychenko et al., 2021; Ramrath et al., 2013; Zhou et al., 2014). 

We reconstituted PRE complexes assembled on two mRNAs: one carrying the heptameric 

slippery sequence G GGA AAG and a non-slippery control mRNA where the GGA codon is 

replaced by UUU (Fig. 16d). On the slippery mRNA, the pept-tRNALys can base pair with the 

AAG in the 0 frame and AAA in the –1 frame (Fig. 16d). In contrast, on the non-slippery mRNA, 

frameshifting is prevented because base pairing of the pept-tRNALys with the –1-frame UAA 

codon is unfavorable due to first-position U•U mismatch (Fig. 16d) (Bock et al., 2019). L11-Cy3 

PRE complexes carrying a deacylated tRNAGly in the P site and pept-tRNALys-Cy5 in the A site 

were immobilized on a coverslip and were the start point of the experiments.  
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Figure 16. smFRET between L11 and pept-tRNALys during translocation. (a) Comparison 
of L11-tRNA distance in the A/A (start point of translocation) and P/P (end point of translocation) 
tRNA conformation. The positions at L11 and pept-tRNA where the fluorophores are attached 
are indicated in green (for Cy3) and red (for Cy5). The figure was adapted from PDB 7N1P 
(A/A) and 7N31 (P/P) (Rundlet et al., 2021). (b) L11-tRNA distance change in consecutive 
structural snapshots of tRNA translocation, based on time-resolved cryo-EM studies. Black 
circles and connecting line are from (Petrychenko et al., 2021) and maroon squares and 
connecting line are from (Carbone et al., 2021). The translocation phase is shown in blue 
shade. (c) Schematic of pept-tRNA translocation from the A to the P site, catalyzed by EF-G. 
(d) mRNA sequences used in this study. The slippery mRNA carries a slippery sequence (red) 
that encodes for fMGKF peptide in 0 frame and fMGKV peptide in –1 frame. Non-slippery 
mRNA does not allow shift into the –1 frame due to replacement of GGA with UUU.  
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Pept-tRNA conformations in PRE and POST complex 

First, we determined the smFRET of the pept-tRNALys-Cy5 in PRE complexes in the 

absence of EF-G. Three types of smFRET traces were observed. The first type shows high 

FRET values without transitions to higher or lower FRET (Fig. 17a). The second type shows 

lower FRET values without transitions to higher or lower FRET (Fig. 17b). The third type shows 

reversible transitions (fluctuations) between high and lower FRET values (Fig. 17c). 2D FRET 

population distribution histogram of smFRET traces revealed two Gaussian distributions with 

FRET values of 0.77±0.09 and 0.59±0.08 (Fig. 17d, FRET states are expressed as μ±s.d. of 

the Gaussian distribution of the FRET values, where µ is the arithmetic mean and s.d. the 

standard deviation of the distribution). The high FRET values are in agreement with the small 

distance between L11 and pept-tRNALys in the PRE complex (Carbone et al., 2021; 

Petrychenko et al., 2021; Rundlet et al., 2021). According to structural and smFRET studies, 

the FRET 0.8 state represents the A/A and A/P conformations, while the FRET 0.6 state 

represents the A/P* conformation (Fig. 17d). The pept-tRNALys-Cy5 spontaneously 

interconverts between the A/A, A/P and A/P* conformations. In order to calculate the transition 

rates between FRET 0.8 and 0.6 states, we extracted from the fluctuating traces the dwell time 

of the FRET 0.8 before transiting to the FRET 0.6 state and the dwell time of the FRET 0.6 

before transiting to the FRET 0.8 state. Dwell-time distribution and fitting with single exponential 

function (Methods) reveal the transition rate from the FRET 0.8 to 0.6 state (k0.80.6) and the 

reverse rate from the FRET 0.6 to 0.8 state (k0.60.8) (Fig. 17e). The two rates are at the same 

range indicating the equilibrium-like metastable behavior of the pept-tRNA in the PRE complex 

(Fig. 17e), in agreement with previous smFRET studies (Adio et al., 2015; Chen et al., 2011a; 

Geggier et al., 2010; Munro et al., 2009).  
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Figure 17. L11-tRNA smFRET in PRE complex. (a) Schematic of pept-tRNALys-Cy5 in A/A 
and A/P conformations and representative smFRET trace showing donor and acceptor FI, 
calculated FRET and HMM fit. (b) Schematic of pept-tRNALys-Cy5 in A/P* conformation and 
representative smFRET trace. (c) Schematic of pept-tRNALys-Cy5 showing fluctuations 
between A/A, A/P and A/P* conformations and representative smFRET trace. (d) Contour plot 
showing FRET distribution in the PRE complex. Histogram at the right reveals two states with 
FRET 0.77±0.09 and 0.59±0.08. Data was obtained in at least three independent experiments. 
N, number of smFRET traces throughout the thesis. (e) Dwell-time distributions of the FRET 
0.8 state before transition to the FRET 0.6 state (left, 2.8±0.1 s-1) and of the FRET 0.6 state 
before transition to the FRET 0.8 state (right, 3.3±0.3 s-1). Black line is single exponential fit. n, 
number of transitions throughout the thesis.  
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Next, we determined the FRET values in the POST complex by mixing the purified POST 

complexes with EF-Tu—GTP—Lys-tRNALys-Cy5 and EF-G(wt)—GTP and incubating at 37°C 

for 5 min. This leads to the incorporation of Lys-tRNALys-Cy5 in the ribosome, peptide bond 

formation and translocation of pept-tRNALys-Cy5 to the P site by EF-G (POST complex, Fig. 

18a). All smFRET traces showed low FRET values without transitions to lower or higher values 

(Fig. 18b). 2D FRET population distribution of smFRET traces revealed one Gaussian 

distribution (0.26±0.09, Fig. 18c), indicating that the pept-tRNA adopts a single P/P 

conformation in the P site (Adio et al., 2015; Carbone et al., 2021; Chen et al., 2011a; Moazed 

and Noller, 1989b; Rundlet et al., 2021).  

 

Figure 18. L11-tRNA smFRET in POST complex. (a) Schematic of pept-tRNALys-Cy5 in P/P 

conformation in POST complex. (b) Representative smFRET trace showing donor and acceptor 

FI, calculated FRET and HMM fit. (d) Contour plot showing FRET distribution in the POST 

complex. Histogram at the right reveals one state with FRET 0.26±0.09. Data was obtained in 

at least three independent experiments.  
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Translocation of pept-tRNA on slippery mRNA 

Having determined the FRET values of the start (PRE) and end point (POST) of 

translocation, we followed the trajectory of the pept-tRNALys-Cy5 from the A to the P site in real 

time. To do this, we immobilized PRE complexes carrying pept-tRNALys-Cy5 in the A site and 

deacylated tRNAGly in the P site and injected EF-G(wt) and GTP into the flow chamber. 

Translocation was monitored as a decrease from FRET 0.8 or 0.6 to FRET 0.2 (Fig. 19a). On 

the non-slippery mRNA, the transition was direct and occurred in one camera frame, i.e. within 

33 ms, giving a lower limit estimation of the translocation rate as ≥ 30 s-1. Synchronization of 

the traces at the time point where transition to FRET≤ 0.5 is observed and population 

distribution of the FRET values after the synchronization point revealed one Gaussian 

distribution with FRET 0.19±0.08 (P/P) and no additional discernible intermediate FRET states 

(Fig. 19b). This result indicates that translocation from A to P site by EF-G(wt) on non-slippery 

mRNA is rapid, in agreement with previous ensemble and smFRET kinetic studies that report 

translocation rates ranging from 7 to 30 s-1 (Adio et al., 2015; Belardinelli et al., 2016a; Chen 

et al., 2011a; Cunha et al., 2013; Holtkamp et al., 2014; Katunin et al., 2002; Pan et al., 2007; 

Peng et al., 2019; Rodnina et al., 1997; Savelsbergh et al., 2003; Savelsbergh et al., 2000).  

 

Figure 19. Translocation of pept-tRNALys on non-slippery mRNA, catalyzed by EF-G(wt). 
(a) Representative smFRET trace showing donor and acceptor FI, calculated FRET and HMM 
fit, corresponding to translocation of pept-tRNALys-Cy5 from the A to the P site by EF-G(wt) on 
non-slippery mRNA. (b) Contour plot showing FRET distribution during translocation of pept-
tRNALys-Cy5 on non-slippery mRNA. Traces are synchronized to the first transition with FRET≤ 
0.5, unless stated otherwise. Histogram at the right shows FRET distribution after 
synchronization. Data was obtained in at least three independent experiments. 
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To address the effect of the slippery sequence on the trajectory of pept-tRNALys-Cy5, we 

monitored smFRET during translocation by EF-G(wt) on the slippery mRNA. The majority of 

traces (81%) showed a direct transition from FRET 0.8 or 0.6 to FRET 0.2 (Fig. 20a), identical 

to the pattern observed on the non-slippery mRNA (Fig. 19b). However, a fraction of the 

population (19%) showed transition to an intermediate FRET state before transition to the low 

FRET state (Fig. 20b). Synchronization of the traces at the time point where transition to FRET≤ 

0.5 is observed and population distribution of the FRET values after the synchronization point 

revealed one major Gaussian distribution with FRET 0.2 (P/P), a second distribution with FRET 

0.6 (A/P*) and an additional distribution with FRET 0.4 (Fig. 20a). Previous structural and 

smFRET studies described the FRET 0.4 state as the canonical EF-G—induced CHI state 

(Adio et al., 2015; Carbone et al., 2021; Chen et al., 2011a; Petrychenko et al., 2021; Ramrath 

et al., 2013; Zhou et al., 2014). On non-slippery mRNA and in the major population on the 

slippery mRNA, CHI is an authentic translocation intermediate that occurs en route of 

translocation but it is transiently sampled and resolves very fast towards P/P (Adio et al., 2015; 

Chen et al., 2011a). However, for the fraction of ribosomes where CHI state is observed, 

translocation of the pept-tRNA from the A to the P site on slippery mRNA is delayed (Fig. 20c).  
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Figure 20. Translocation of pept-tRNALys on slippery mRNA, catalyzed by EF-G(wt). (a) 

Contour plot showing FRET distribution after synchronization during pept-tRNALys-Cy5 

translocation on slippery mRNA. Data was obtained in at least three independent experiments. 

(b) Representative smFRET trace corresponding to pept-tRNALys-Cy5 translocation via CHI 

state on slippery mRNA. (c) Contour plot showing FRET distribution after synchronization of 

the fraction of ribosomes that show slow translocation of pept-tRNALys-Cy5 on slippery mRNA. 

Pie chart indicates the fraction of smFRET traces that show slow translocation (grey). 

Next, we asked whether delay of translocation in CHI state correlates with spontaneous 

frameshifting. To that end, we used EF-G mutants carrying single amino acid substitutions at 

the key residue Q507 at the tip of domain 4 (Fig. 21). These mutants have been shown to 

increase spontaneous frameshifting depending on the amino acid substitution (Niblett et al., 

2021; Peng et al., 2019). We followed the trajectory of the pept-tRNALys-Cy5 from the A to the 

P site during translocation on slippery mRNA by EF-G(Q507A), EF-G(Q507N) and EF-

G(Q507D), mutants that show distinct frameshifting levels in vitro (Fig. 21) (Niblett et al., 2021; 

Peng et al., 2019). In all cases, there was a mixture of ribosome populations in different 

percentages. One subpopulation shows direct transition from PRE to POST state (Fig. 21a, c, 

e) while the second subpopulation shows translocation via CHI state (Fig. 21b, d, f). 

Synchronization of the traces at the time point where transition to FRET≤ 0.5 is observed and 

population distribution of the FRET values after the synchronization point revealed Gaussian 

distributions with FRET 0.6 (A/P*), 0.4 (CHI) and 0.2 (P/P) in all cases (Fig. 21b, d, f and Table 

6). 
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Figure 21. Translocation of pept-tRNALys on slippery mRNA, catalyzed by frameshifting-

promoting EF-G(Q507) mutants. (a, c, e) Contour plots showing FRET distribution after 

synchronization during pept-tRNALys-Cy5 translocation on slippery mRNA by EF-G(Q507A) (a), 

EF-G(Q507N) (c) and EF-G(Q507D) (e). (b, d, f) Contour plots showing FRET distribution after 

synchronization for the fraction of ribosomes that show slow translocation on slippery mRNA 

by EF-G(Q507A) (b), EF-G(Q507N) (d) and EF-G(Q507D) (f). Pie charts indicate fraction of 

ribosomes that show slow translocation (grey). Data was obtained in at least three independent 

experiments.  
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Pept-tRNA dynamics during translocation 

We then systematically analyzed the translocation pattern of pept-tRNALys on slippery 

mRNA of the ribosomes that show slow translocation. The first step of translocation that occurs 

before or after GTP hydrolysis but before Pi release is the stabilization of the hybrid tRNA 

conformation by EF-G (Adio et al., 2015; Carbone et al., 2021; Holtkamp et al., 2014; 

Petrychenko et al., 2021). In order to investigate whether the mutations at Q507 residue affect 

this step, we extracted the FRET values of the last 33 ms (one frame) of each smFRET trace 

before the synchronization point. The pre-synchronization FRET values were distributed, fitted 

to Gaussian functions and their amplitudes were compared to the FRET values of the PRE 

complex (Fig. 22a) (Adio et al., 2015). We observe an increase in the amplitude of the FRET 

0.6 (A/P*) state in all cases, indicating a stabilization of the hybrid states by EF-G(wt) but also 

by all the EF-G(Q507) mutants (Fig. 22a). This indicates that mutations at residue Q507 do not 

affect the stabilization of the hybrid conformations at the beginning of translocation. This is in 

agreement with recent time-resolved cryo-EM studies that reveal high flexibility of domain 4 of 

EF-G before Pi release and stabilization after CHI state formation (Petrychenko et al., 2021) 

and ensemble kinetics studies reporting no significant difference at the binding and GTP 

hydrolysis rates of EF-G(Q507) mutants (Peng et al., 2019). 

Next, we calculated the translocation rate using smFRET traces that show slow 

translocation via CHI states. To this end, we isolated the part of the traces between the first 

transition to FRET≤ 0.5 and the last transition to FRET 0.2 (P/P), extracted the dwell times and 

calculated the decay rates, which give an estimation of the translocation rate (Fig. 22b and 

Table 6). The average translocation rate was ~0.2±0.1 s-1 in all cases (Fig. 22b, Table 6). This 

value is two orders of magnitude lower than the translocation rate on non-slippery mRNA (≥ 30 

s-1), indicating that translocation is slowed down for a fraction of ribosomes. 

We then investigated the structural dynamics of pept-tRNALys-Cy5 during slow translocation 

on slippery mRNA. To do this, we quantified the transitions between the FRET 0.8 (A/A and 

A/P), 0.6 (A/P*), 0.4 (CHI) and 0.2 (P/P) states as a percentage to the total number of transitions 

and compared to transitions in PRE complex (Fig. 22c). The transition frequency gives an 

estimate of the stage in the translocation reaction coordinate that is severely impeded (Adio et 

al., 2015; Wasserman et al., 2016). The PRE complex in the absence of EF-G contains 

exclusively transitions between A/A, A/P and A/P* states, while transitions that involve CHI or 

P/P states are not observed (Fig. 22c) (Adio et al., 2015). In contrast, during EF-G—induced 



69 

 

slow translocation, very few transitions between A/A, A/P and A/P* states are observed, 

indicating that EF-G—induced translocation proceeds via the hybrid A/P* state allowing 

transitions to lower FRET (i.e. progression towards the P site) but not to higher FRET states 

(Fig. 22c) (Adio et al., 2015). In all cases, transitions between CHI and P/P states are more 

abundant compared to transitions between A/P* and CHI states (Fig. 22c and Table 6). This 

suggests that on a fraction of ribosomes, translocation on slippery mRNA by EF-G(wt) and EF-

G(Q507) mutants is delayed, because pept-tRNA fluctuates between CHI and P/P states, 

instead of irreversibly transiting to the P site. To our knowledge, this is the first single molecule 

study reporting that ribosome stalling is due to dynamic behavior of pept-tRNA on slippery 

mRNA. 

 

Figure 22. Systematic analysis of pept-tRNALys translocation on slippery mRNA. (a) 
Relative abundance of FRET states 33 ms prior to translocation by EF-G(wt), EF-G(Q507A), 
EF-G(Q507N) and EF-G(Q507D), compared to PRE complex. Data are shown as mean values 
and error bars represent the standard deviation. (b) Dwell-time distribution of the translocation 
phase on slippery mRNA by EF-G(wt) (black), EF-G(Q507A) (blue), EF-G(Q507N) (green) and 
EF-G(Q507D) (red). Solid lines in respective colors are single exponential fit (Table 6). (c) 
Quantification of transitions between different FRET states during translocation of pept-tRNALys 
on slippery mRNA (Table 6). 
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Table 6. Kinetics of pept-tRNALys fluctuations during translocation on slippery mRNA. 

Next, we asked the question whether the population of ribosomes that show slow 

translocation of the pept-tRNALys correlates with frameshifting. To do this, we measured 

spontaneous frameshifting during translation of the slippery mRNA using EF-G(wt) and the 

three frameshifting-promoting EF-G(Q507) mutants by quantifying the 0- and –1-frame 

translation products (Fig. 23a). The slippery mRNA encodes for the peptides fMet-Gly-Lys-Phe 

(fMGKF) in 0 frame and fMet-Gly-Lys-Val (fMGKV) in –1 frame. Purified initiation complexes 

(IC) were mixed with TC carrying [14C]Gly-tRNAGly, Lys-tRNALys, Phe-tRNAPhe and Val-tRNAVal 

in equal concentration, the EF-G variant and GTP and incubated for 2 min at 22°C (same 

temperature as the smFRET experiments, Fig. 23a). EF-G was added in 10-fold excess over 

ribosomes (Methods) to avoid EF-G depletion-triggered frameshifting, as reported during 

translation of slippery mRNA with EF-G/ribosome ratio < 1 (Peng et al., 2019). After translation, 

chemical peptide hydrolysis using KOH and HPLC separation of the peptides allow 

quantification of the translation products because 0-frame fMGKF peptides show higher 

retention time in reverse-phase column compared to –1-frame fMGKV peptides, due to higher 

hydrophobicity of Phe over Val (Fig. 23b) (Methods and (Peng et al., 2019)). By using [14C]Gly 

(present in both 0- and –1-frame translation products), we were able to identify the eluted 

fractions that contain the expected translation products and quantify them (Fig. 23b). 

Frameshifting efficiency is then calculated as the ratio of –1-frame fMGKV peptide to the total 

amount of 0-frame fMGKF and –1-frame fMGKV peptides. Comparison of the frameshifting 

efficiency of each EF-G variant with the percentage of the ribosomes that show CHI during 

EF-G kTL, s-1 (N) FRET, µ±s.d. 
Transition rates during translocation k, s-1 (n) 

0.6→0.4 
0.4→0.6 

0.4→0.2 
0.2→0.4 

wt 0.2±0.1 (102) 
0.6±0.1 
0.4±0.1 
0.2±0.1 

n.d. (64) 
n.d (61) 

2.6±0.6 (186) 
2.7±1.4 (148) 

     

Q507A 0.1±0.1 (110) 
0.6±0.1 
0.4±0.1 
0.2±0.1 

3.9±0.7 (79) 
5.8±1.9 (83) 

2.9±1.2 (152) 
2.8±0.6 (138) 

     

Q507N 0.2±0.1 (106) 
0.6±0.1 
0.4±0.1 
0.2±0.1 

n.d. (61) 
n.d. (64) 

3.6±0.6 (261) 
3.7±1.1 (228) 

     

Q507D 0.3±0.1 (90) 
0.6±0.1 
0.4±0.1 
0.2±0.1 

n.d. (22) 
n.d. (21) 

2.7±0.2 (324) 
3.6±0.2 (315) 
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translocation shows a correlation coefficient close to 1, indicating that frameshifting is at a large 

extent the result of slow translocation (Fig. 23c). 

 

Figure 23. Quantification of spontaneous frameshifting and correlation with slow 
translocation. (a) Schematic of the frameshifting assay to measure spontaneous –1 
frameshifting. 0-frame tRNAGly is shown in blue, 0-frame tRNALys in magenta, 0-frame tRNAPhe 
in red and –1-frame tRNAVal in orange. (b) Representative elution profile after HPLC separation 
of the 0- (fMGKF) and –1- (fMGKV) frame products after translation using EF-G(Q507N). The 
ACN gradient is shown in green. Scintillation counts of [3H]fMet (blue) and [14C]Gly (red) are 
shown. (c) Correlation between frameshifting efficiency and the fraction of ribosomes that show 
slow translocation on slippery mRNA. Black line is linear fit with slope of 1.3±0.1, R2=0.9982. 
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In order to unequivocally show that slow pept-tRNA translocation results in spontaneous 

frameshifting, we used a dual-FRET system to monitor, on the same ribosome, translocation 

of pept-tRNALys and the incorporation of the –1-frame tRNAVal. For this purpose, we used 

tRNALys labeled with Black Hole Quencher 2 (BHQ2) (Fig. 24a), which is a strong quencher of 

Cy3 fluorescence, suitable for smFRET studies (Chen et al., 2014; Chen et al., 2012; Choi et 

al., 2020), and used the L11-Cy3/pept-tRNALys-BHQ2 FRET pair to assign changes in Cy3 

fluorescence intensity (FI) to tRNA conformations (Fig. 24b-d). POST L11-Cy3 complexes 

carrying pept-tRNAGly in the P site (POST1) show a stable Cy3 FI (Fig. 24b). Addition of TC 

carrying Lys-tRNALys-BHQ2 results in drop of Cy3 FI and transient excursions to higher Cy3 FI 

values, presumably representing the fluctuations between A/A, A/P and A/P* states in the PRE1 

complex (Fig. 24c), similar to the fluctuations seen with L11-Cy3/tRNA-Cy5 FRET (Fig. 17c, d). 

One-frame increase in Cy3 FI represents photobleaching of the BHQ2 quencher followed by 

photobleaching of Cy3 (Fig. 24c). Addition of EF-G(wt) results in the formation of POST2 

complex carrying pept-tRNALys-BHQ2 in the P site, which is characterized by high Cy3 FI (P/P) 

before photobleaching of the BHQ2 quencher (Fig. 24d). 
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◄Figure 24. Assignment of L11-Cy3 fluorescence intensity levels to pept-tRNALys-BHQ2 
states. (a) HPLC chromatogram showing the elution time (grey shade) of [14C]Lys-tRNALys-
BHQ2. OD260 is shown in black line, OD579 in red line and scintillation counting of [14C]Lys as 
blue bars. (b) Schematic of the L11-Cy3 POST1 complex with pept-tRNAGly in the P site and 
representative time trace of L11-Cy3 FI. unq, unquenched FI of L11-Cy3. (c) Schematic of the 
L11-Cy3 PRE1 complex with pept-tRNALys-BHQ2 (black circle) in the A site and deacylated 
tRNAGly in the P site and time trace of L11-Cy3 showing fluorescence fluctuations between A/A, 
A/P or A/P*. Q-pb, BHQ2 photobleaching. (d) Schematic of the L11-Cy3 POST2 complex with 
pept-tRNALys-BHQ2 in the P site and time trace of L11-Cy3 FI in the P/P state. 

Next, we immobilized POST1 complexes assembled on non-slippery mRNA and injected 

simultaneously EF-Tu—GTP—Lys-tRNALys-BHQ2 and EF-G(wt) (Fig. 25a). We observed the 

drop of Cy3 FI (PRE1) and direct transition to high Cy3 FI (POST2) within one frame (Fig. 25b). 

When we repeated the experiment on slippery mRNA using EF-G(Q507D), we observed traces 

that showed intermediate Cy3 FI before transition to higher Cy3 FI (Fig. 25c), similar to the CHI 

state using the L11-Cy3/pept-tRNALys-Cy5 FRET pair (Fig. 21e, f). In conclusion, the L11-

Cy3/tRNA-BHQ2 FRET pair can recapitulate pept-tRNA translocation from the A to the P site 

in an analogous way as the L11-Cy3/tRNA-Cy5 pair. 

 

Figure 25. Monitoring translocation in real time by smFRET between L11-Cy3 and pept-

tRNALys-BHQ2. (b) Schematic of pept-tRNALys-BHQ2 binding to POST1 complexes and 

translocation from the A to the P site by EF-G(wt). (b) Time trace of pept-tRNALys-BHQ2 

translocation from the A to the P site by EF-G(wt) on non-slippery mRNA. (c) Time trace of 

pept-tRNALys-BHQ2 translocation from the A to the P site by EF-G(Q507D) on slippery mRNA. 

TL, translocation.  
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Next, we monitored translocation of pept-tRNALys and incorporation of the next tRNA on the 

same ribosome. First, we monitored translocation of pept-tRNALys-BHQ2 from the A to the P 

site on non-slippery mRNA and incorporation of the next 0-frame Phe-tRNAPhe-Cy5, which 

reads the 0-frame UUC codon in the A site (Fig. 26a). PRE1 complexes on non-slippery mRNA 

were immobilized, followed by injection of EF-G(wt) and Phe-tRNAPhe-Cy5. Translocation of 

pept-tRNALys was rapid (within one frame) and without discernible intermediates. The arrival of 

the 0-frame Phe-tRNAPhe-Cy5 was monitored as increase in Cy5 fluorescence (Fig. 26b). Phe-

tRNAPhe-Cy5 accommodation occurred in two steps: one showing high FRET and a subsequent 

step showing fluctuations between lower FRET states (Fig. 26b, c). Previous studies using L11-

tRNA FRET identified the high FRET step as the codon reading (CR) and/or GTPase activation 

(GA) state, while the lower FRET states represent the accommodation of tRNA into the A site 

and have the same FRET efficiency as the A/A, A/P and A/P* states (Fig. 26c, d and Fig. 17d) 

(Geggier et al., 2010). FRET distribution after appearance of Cy5 FI and FRET revealed three 

Gaussian distributions (Fig. 26d). The FRET 0.9 state corresponds to the CR state, which 

rapidly resolves into the two lower states with FRET 0.8 and 0.5, corresponding to the A/A, A/P 

and A/P* tRNA conformations respectively (Fig. 26c-d and Fig. 17d). The decay rate of FRET 

is 0.2 s-1 (Fig. 26e), indicating a stable accommodation of the tRNAPhe-Cy5 into the ribosome. 

Therefore, this experiment shows that cognate 0-frame Phe-tRNAPhe is incorporated after rapid 

translocation of pept-tRNALys. 



75 

 

 

Figure 26. Translocation of pept-tRNALys-BHQ2 on non-slippery mRNA by EF-G(wt) and 

incorporation of cognate 0-frame Phe-tRNAPhe-Cy5. (a) Schematic of translocation of pept-

tRNALys-BHQ2 from the A to the P site on non-slippery mRNA by EF-G(wt) and subsequent 

accommodation of the cognate 0-frame Phe-tRNAPhe-Cy5 (red star). (b) Representative time 

trace of pept-tRNALys-BHQ2 movement and accommodation of Phe-tRNAPhe-Cy5 (box) (N=42). 

(c) Zoom-in showing Cy3 and Cy5 FI and calculated FRET of Phe-tRNAPhe-Cy5 binding to 

POST2 forming PRE2 complexes. The FRET changes are consistent with previously 

characterized steps of codon recognition (CR) and tRNA accommodation in the A site (Geggier 

et al., 2010). Phe-tRNAPhe-Cy5 accommodation results in rapid peptide bond formation followed 

by fluctuations of pept-tRNAPhe-Cy5 between A/A, A/P and A/P* states. (d) Contour plot 

showing FRET distribution after Phe-tRNAPhe-Cy5 incorporation into the POST2 complex 

forming PRE2. Traces were synchronized to the point with FRET> 0. Histogram at the right 

shows FRET distribution after post-synchronization. (e) Dwell-time distribution of pept-tRNAPhe-

Cy5 accommodated on PRE2 complexes. Black line is single exponential fit. 

In contrast, when we repeated the same experiment using Val-tRNAVal-Cy5 (Fig. 27a), we 

observed only transient binding events without progression towards tRNA accommodation (Fig. 

27b-c). 2D FRET distribution showed one Gaussian distribution, corresponding to the initial 

binding (IB) of Val-tRNAVal-Cy5 without progression to stable tRNA incorporation into the A site 

(Fig. 27d). Additionally, the decay rate of FRET is 22 s-1 (Fig. 27e), indicating rapid dissociation 

of Val-tRNAVal-Cy5 without progression to accommodation. Transient binding characterizes 
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decoding attempts of non-cognate tRNAs, such as the non-cognate –1-frame Val-tRNAVal-Cy5 

(Geggier et al., 2010). These results indicate that, using the dual-FRET pair, we can distinguish 

between productive and non-productive tRNA incorporation, which provides information about 

the codon that is exposed at the A site and therefore the translational reading frame. 

 

Figure 27. Translocation of pept-tRNALys-BHQ2 on non-slippery mRNA by EF-G(wt) and 

binding attempts of non-cognate –1-frame Val-tRNAVal-Cy5. (a) Schematic of translocation 

of pept-tRNALys-BHQ2 from the A to the P site on non-slippery mRNA by EF-G(wt) and 

sampling of POST2 complexes by the non-cognate –1-frame Val-tRNAVal-Cy5 (red star). (b) 

Representative time trace of pept-tRNALys-BHQ2 translocation and subsequent sampling of 

POST2 complexes by the near-cognate –1-frame tRNAVal-Cy5 (arrows) (N=68). (c) Zoom-in 

into Fig. 27b showing Cy3 and Cy5 FI and calculated FRET of initial binding (IB) without 

accommodation of –1-frame Val-tRNAVal-Cy5 to POST2 complexes. (d) Contour plot showing 

distribution of FRET values during Val-tRNAVal-Cy5 sampling of POST2 complexes. (e) Dwell-

time distribution of transient binding of Val-tRNAVal-Cy5 on POST2 complexes formed on non-

slippery mRNA with EF-G(wt). Black line is single exponential fit. 

The next question is whether the accommodation of the –1-frame Val-tRNAVal-Cy5 follows 

slow translocation of the pept-tRNALys on slippery mRNA. The experiment was repeated using 

PRE1 complexes assembled on slippery mRNA and translocation was induced by addition of 

EF-G(wt) (Fig. 28a). The majority of traces showed fast (within one frame) translocation and 
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did not accommodate the –1-frame Val-tRNAVal-Cy5 (Fig. 28b), similar to the non-slippery 

mRNA (Fig. 27b, c). FRET distribution analysis revealed one Gaussian distribution (Fig. 28c, 

d) and the dissociation rate is 18 s-1 (Fig. 28e), similar to the dissociation rate on non-slippery 

mRNA (Fig. 27e). 

 

Figure 28. Translocation of pept-tRNALys-BHQ2 on slippery mRNA by EF-G(wt) and 

binding attempts of non-cognate –1-frame Val-tRNAVal-Cy5. (a) Schematic of pept-tRNALys-

BHQ2 translocation on slippery mRNA by EF-G(wt), without –1 frameshifting. The near-

cognate –1-frame Val-tRNAVal-Cy5 (red star) samples POST2 complexes without 

accommodating in the A site. (b) Representative time trace of pept-tRNALys-BHQ2 movement 

and subsequent sampling of POST2 complexes by Val-tRNAVal-Cy5 (N=89). (c) Zoom-in into 

Fig. 28b showing Cy3 and Cy5 FI and calculated FRET of the initial binding (IB) without 

accommodation of –1-frame Val-tRNAVal-Cy5 on POST2 complexes. (d) Contour plot showing 

FRET distribution after synchronization during –1-frame Val-tRNAVal-Cy5 sampling of POST2 

complexes. (e) Dwell-time distribution of Val-tRNAVal-Cy5 on POST2 complex formed on 

slippery mRNA after rapid translocation with EF-G(wt). Black line is single exponential fit. 

However, on a fraction of ribosomes, we observed slow translocation via CHI state and 

subsequent accommodation of –1-frame Val-tRNAVal-Cy5 (Fig. 29a, b). Similarly to the 

accommodation of the 0-frame Phe-tRNAPhe-Cy5 on non-slippery mRNA (Fig. 26c, d), Val-

tRNAVal-Cy5 progresses from the CR state to fluctuations between A/A, A/P and A/P* states 
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(Fig. 29c, d). FRET distribution revealed three Gaussian distributions, corresponding to the CR, 

A/A and A/P and A/P* states (Fig. 29d). The decay rate of FRET is 0.1 s-1 (Fig. 29e), indicating 

a stable accommodation of the tRNAVal-Cy5 into the ribosome. This experiment shows that 

slow translocation of pept-tRNALys by EF-G(wt) on slippery mRNA is followed by 

accommodation of the –1-frame Val-tRNAVal-Cy5. 

 

Figure 29. Translocation of pept-tRNALys-BHQ2 on slippery mRNA by EF-G(wt) and 

incorporation of cognate –1-frame Val-tRNAVal-Cy5. (a) Schematic of pept-tRNALys-BHQ2 

translocation on slippery mRNA by EF-G(wt), with –1 frameshifting. Val-tRNAVal-Cy5 (red star) 

can bind to its cognate –1-frame codon and be accommodated into the A site. (b) 

Representative time trace of pept-tRNALys-BHQ2 translocation and accommodation of –1-

frame Val-tRNAVal-Cy5 (N=57). (c) Zoom-in into Fig. 29b showing Cy3 and Cy5 FI and 

calculated FRET of Val-tRNAVal-Cy5 binding to POST2 forming PRE2 complexes. The FRET 

changes are consistent with previously characterized steps of codon reading (CR) and tRNA 

accommodation (Geggier et al., 2010). Val-tRNAVal-Cy5 CR state is followed by fluctuations of 

pept-tRNAVal-Cy5 between A/A, A/P and A/P* states. (d) Contour plot showing FRET 

distribution after synchronization of Val-tRNAVal-Cy5 accommodation on POST2 complex 

forming PRE2. (e) Dwell-time distribution of pept-tRNAVal-Cy5 on PRE2 complexes formed on 

slippery mRNA after slow translocation with EF-G (wt). Black line is single exponential fit. 
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To validate this result, we monitored translocation on slippery mRNA with EF-G(Q507D) 

(Fig. 30a), which showed the highest level of frameshifting (Fig. 23c). Upon arrival of EF-

G(Q507D), Cy3 FI on PRE1 complexes increased to intermediate FI levels (corresponding to 

CHI state) before reaching high FI level (POST2), indicating that in the presence of EF-

G(Q507D) translocation of pept-tRNALys is slow (Fig. 30b). Cy5 fluorescence increases 

indicating arrival of the –1-frame Val-tRNAVal-Cy5 (Fig. 30b, c). Val-tRNAVal-Cy5 does not 

dissociate, but instead progresses from the CR state towards full tRNA accommodation and 

ends in fluctuations between A/A, A/P and A/P* states (Fig. 30c, d, decay rate 0.1 s-1, Fig. 30e). 

This is similar to the behavior of Phe-tRNAPhe-Cy5 on non-slippery mRNA (Fig. 26c-e) and Val-

tRNAVal-Cy5 on slippery mRNA after translocation by EF-G(wt) (Fig. 29c-e). This result confirms 

that the –1-frame codon GUU is exposed in the A site, showing that the ribosome has shifted 

to the –1 frame. Taken together, slow translocation by both EF-G(wt) and EF-G(Q507D) results 

in –1 frameshifting due to subsequent incorporation of the –1-frame Val-tRNAVal-Cy5 in the A 

site.  
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Figure 30. Translocation of pept-tRNALys-BHQ2 on slippery mRNA by EF-G(Q507D) and 

incorporation of cognate –1-frame Val-tRNAVal. (a) Schematic of pept-tRNALys-BHQ2 

translocation on slippery mRNA by EF-G(Q507D), with –1 frameshifting. Val-tRNAVal-Cy5 (red 

star) can bind to its cognate –1-frame codon and be accommodated into the A site. (b) 

Representative time trace of pept-tRNALys-BHQ2 translocation and subsequent 

accommodation of –1-frame Val-tRNAVal-Cy5 (N=46). (c) Zoom-in into Fig. 30b showing Cy3 

and Cy5 FI and calculated FRET of Val-tRNAVal-Cy5 binding to POST2 complex, leading to CR 

and subsequent fluctuations between A/A, A/P and A/P* states. (d) Contour plot showing FRET 

distribution after synchronization of Val-tRNAVal-Cy5 accommodation on POST2 complex. (e) 

Dwell-time distribution of pept-tRNAVal-Cy5 on PRE2 complexes formed on slippery mRNA after 

slow translocation with EF-G(Q507D). Black line is single exponential fit.  
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5.2. Translocation of deacylated tRNA 

Next, we asked the question whether the trajectory of the deacylated tRNA from the P to 

the E site is also affected by the slippery mRNA. Translocation was monitored by FRET 

efficiency change between ribosomal protein S13 of the SSU head domain and the P-site 

deacylated tRNA (Fig. 31a) (Belardinelli et al., 2016a; Cunha et al., 2013; Wasserman et al., 

2016). S13-tRNA FRET has been previously used in ensemble and smFRET kinetics 

experiments to characterize the translocation from the P to the E site (Belardinelli et al., 2016a; 

Wasserman et al., 2016). Translocation from the P to the E site and tRNA dissociation from the 

ribosome leads to increase in S13-tRNA distance (Fischer et al., 2010) and simultaneous 

decrease to FRET 0 (Fig. 31a, b) (Belardinelli et al., 2016a). Thus, the S13-tRNA FRET pair is 

a suitable FRET pair to study the full translocation trajectory from the P to the E site.  

A single-Cys S13 variant was labeled with the donor fluorophore Cy3 at the engineered 

Cys112 (Belardinelli et al., 2016a; Cunha et al., 2013) and tRNALys was labeled at the elbow 

region with the acceptor fluorophore Cy5 (Fig. 31c). For these experiments, we used a different 

set of mRNAs, one carrying the heptameric slippery sequence A AAA AAG and a non-slippery 

control mRNA, where the A AAA AAG sequence is replaced by U AAG AAG (Fig. 31d). On the 

slippery mRNA, the fMet-Ala-Lys-Lys-tRNALys (pept-tRNALys) can base pair with the AAG in the 

0 frame and AAA in the –1 frame, an identical shift as on the G GGA AAG slippery mRNA used 

for the pept-tRNA/L11 FRET experiments (Fig. 31d). Because frameshifting is determined by 

the free energy difference of codon-anticodon interactions in 0 and –1 frame (Bock et al., 2019), 

the frameshifting efficiency after translation of the A AAA AAG slippery mRNA is similar (Fig. 

31e, f) to the frameshifting efficiency of G GGA AAG slippery mRNA (Fig. 23c). Respectively, 

frameshifting is prevented in the non-slippery mRNA because base pairing of the pept-tRNALys 

with the –1-frame GAA is thermodynamically unfavorable due to first-position G•U mismatch 

(Fig. 31d, f) (Bock et al., 2019). We purified S13-Cy3 POST complexes programmed with these 

mRNAs and carrying pept-tRNAAla in the P site and mixed them with EF-Tu—GTP—Lys-

tRNALys-Cy5 and EF-G(wt). Incorporation of the Lys-tRNALys-Cy5 in the A site, peptide bond 

formation and translocation leads to the formation of the POST complex carrying pept-tRNALys-

Cy5 in the P site and empty A site. This complex was immobilized on coverslip and excess of 

tRNALys-Cy5 and EF-G(wt) was washed away. The POST complex was the start point of the 

experiments. 
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Figure 31. FRET pair and mRNAs used to monitor translocation of the deacylated tRNA. 
(a) Comparison of S13-tRNA distance in the P/P and E’ tRNA conformations. The positions at 
S13 and tRNA where the fluorophores are attached are indicated in green (for Cy3) and red 
(for Cy5). The figure was adapted from PDB 4V79 (Fischer et al., 2010). (b) S13-tRNA distance 
change during translocation. The translocation phase is shown in blue shade. The distances 
were measured between the engineered Cys112 of S13 and U47 of tRNA and is adapted from 
(Fischer et al., 2010) (green triangles and connecting line), (Petrychenko et al., 2021) (black 
circles and connecting line) and (Carbone et al., 2021) (maroon squares and connecting line). 
(c) Schematic of the S13-tRNA FRET pair used to monitor translocation of the deacylated 
tRNA. (d) mRNAs used in this study. The slippery mRNA carries a slippery sequence (red) 
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◄encoding for fMAKKF peptide in 0 frame and fMAKKV peptide in –1 frame. Non-slippery 
mRNA does not allow translation in the –1 frame due to replacement of A AAA AAG with U 
AAG AAG. (e) Representative elution profile after HPLC separation of the 0- (fMAKKF) and –
1- (fMAKKV) frame products after translation using EF-G(Q507D). The ACN gradient is shown 
in green. Scintillation counting of f[3H]Met (blue) and [14C]Ala (red) is shown. (f) Frameshifting 
efficiency during translation of the non-slippery (black bars) and slippery (grey bars) sequence 
by EF-G(wt), EF-G(Q507D) and EF-G(wt)—GTPγS. 

Pept- and deacylated tRNA conformations in the P site 

To characterize FRET efficiency in the P/P state, we determined smFRET of the pept-

tRNALys-Cy5 on POST complexes formed on the slippery mRNA in the absence of EF-G (Fig. 

32a). The majority of traces show stable high FRET signals with FRET 0.92±0.09 (Fig. 32b, c). 

A minor population (<10%), which shows FRET 0.61±0.12 (Fig. 32c), presumably represents 

tRNAs in the P/E conformation as a result of spontaneous deacylation of the pept-tRNALys-Cy5. 

 

Figure 32. S13-tRNA smFRET in POST complex. (a) Schematic of pept-tRNALys-Cy5 in P/P 
conformation in POST complex. (b) Representative smFRET trace showing donor and acceptor 
FI, calculated FRET and HMM fit, corresponding to the P/P conformation. (c) Contour plot 
showing FRET distribution in the POST complex. Histogram at the right reveals a major state 
with FRET 0.92±0.09 and a minor state with FRET 0.61±0.12. Data was obtained in at least 
three independent experiments. 

In order to validate that the lower FRET population corresponds to the P/E conformation, 

we repeated the experiment in the presence of puromycin (Pmn). Pmn is an antibiotic that 

mimics the CCA end of tRNAs and binds to the A site in LSU, catalyzing the hydrolysis and 

release of the nascent peptide and the deacylation of the peptidyl-tRNA (Fig. 33a) (Semenkov 
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et al., 1992). In Pmn-treated POST complexes (POST-Pmn), two main types of smFRET traces 

were observed. The first type shows stable high FRET values (0.92±0.08) without transitions 

to higher or lower FRET states, similar to the traces observed in POST complexes (Fig. 32b). 

The second type of traces shows stable low FRET values (0.63±0.11, Fig. 33b, c). In POST-

Pmn complexes, the amplitude of the FRET 0.6 state is larger (~30%) compared to the 

untreated POST complexes, indicating that more tRNAs entered the P/E hybrid conformation 

due to Pmn-catalyzed deacylation (Fig. 33c). The relative abundance of the P/E state is similar 

to the abundance of the A/P* state using the L11-tRNA FRET pair, indicating that the 

occupancy of hybrid conformations is a tRNA-specific feature, as reported in previous studies 

(Adio et al., 2015; Sharma et al., 2016). However, in contrast to the pept-tRNA dynamics in 

PRE as monitored by the L11-tRNA FRET, which exhibits 5.5±0.7 transitions per trace, the 

deacylated tRNA in POST-Pmn complex shows restricted movement with only 0.4±0.1 

transitions per trace (Fig. 33d). This indicates that, in PRE complex, pept-tRNA is highly 

dynamic while the deacylated tRNA is found in either P/P or P/E conformation with low 

probability of interconversion, consistent with earlier studies that report low transition probability 

and low transition rates between P/P and P/E states (Munro et al., 2007). Taken together, the 

FRET 0.9 state corresponds to the P/P tRNA conformation and the FRET 0.6 state corresponds 

to the P/E tRNA conformation. Characterization of the tRNA conformations in the respective 

POST complex with deacylated tRNALys-Cy5 in the E site and fMet-Ala-Lys-Lys-tRNALys in the 

P site is not feasible in steady-state conditions due to the low affinity of the deacylated tRNA to 

the E site that results in fast and spontaneous tRNA release from the ribosome and, thus, loss 

of FRET (Adio et al., 2015; Lill et al., 1986; Petropoulos and Green, 2012; Semenkov et al., 

1996; Uemura et al., 2010; Wasserman et al., 2016). 
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Figure 33. S13-tRNA smFRET in POST-Pmn complex. (a) Schematic of deacylated tRNALys-

Cy5 (red stars) in POST complex in the presence of Pmn. (b) Representative smFRET trace 

showing donor and acceptor FI, calculated FRET and HMM fit corresponding to P/E tRNA 

conformation. (c) Contour plot showing FRET distribution in the POST-Pmn complex. 

Histogram at the right reveals two states with FRET 0.92±0.08 and 0.63±0.11. Data was 

obtained in at least three independent experiments. (d) Transition frequency (transitions per 

trace) for the pept-tRNALys-Cy5 in PRE (L11-tRNA FRET) and deacylated tRNALys-Cy5 in 

POST-Pmn complex (S13-tRNA FRET).  
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Translocation of deacylated tRNA on slippery mRNA 

In order to monitor translocation of the deacylated tRNA from the P to the E site and 

dissociation from the ribosome, we prepared S13-Cy3 ribosome complexes carrying a 

deacylated tRNALys-Cy5 in the P site and pept-tRNALys in the A site. Translocation was first 

monitored on the non-slippery mRNA by EF-G(wt) as a decrease in FRET from 0.9 (P/P) or 0.6 

(P/E) to lower FRET followed by loss of FRET (Fig. 34a). Synchronization of the traces at the 

time point where transition to FRET≤ 0.5 is observed and population distribution of the FRET 

values after the synchronization point revealed one Gaussian distribution with FRET 0.32±0.10 

(Fig. 34b). In order to investigate whether the FRET 0.3 state represents the transient binding 

of the deacylated tRNA in the E site, we repeated the experiment in the presence of fusidic acid 

(FA). FA is an antibiotic that binds at the interface of EF-G domains 1, 2 and 3 (Fig. 34c) and 

prevents structural rearrangements that drive the dissociation of EF-G from the ribosome after 

translocation (Gao et al., 2009; Ramrath et al., 2013; Rundlet et al., 2021). FA does not prevent 

translocation from the P to the E site but blocks the dissociation of the deacylated tRNA and 

EF-G from the ribosome (Belardinelli and Rodnina, 2017; Wasserman et al., 2016). 

Translocation in the presence of FA leads to a long-lived state with FRET 0.31±0.11, indicating 

that the FRET 0.3 state represents the binding of the deacylated tRNA in the E site (Fig. 34d). 

Loss of FRET following the FRET 0.3 state can occur either due to tRNA dissociation from the 

ribosome or photobleaching. To clarify this, we compared the decay rate of the FRET 0.3 state 

in the absence and presence of FA. In the absence of FA, the decay rate of the FRET 0.3 state 

is 0.9±0.1 s-1 (Fig. 34b and Table 7), similar to tRNA dissociation rates from previous studies 

(Belardinelli and Rodnina, 2017; Belardinelli et al., 2016a; Wasserman et al., 2016) and in 

agreement with studies reporting spontaneous tRNA release (Adio et al., 2015; Chen et al., 

2011b; Chen et al., 2013b; Choi and Puglisi, 2017; Lill et al., 1986; Petropoulos and Green, 

2012; Semenkov et al., 1996; Uemura et al., 2010; Wasserman et al., 2016). In the presence 

of FA, the decay rate decreases significantly (Fig. 34e and Table 7). In order to assign the 

FRET 0.3 state to a structural state of the ribosome, we used the study by Fischer et al., 2010, 

the only time-resolved study of translocation that does not involve antibiotics and provides 

insights into tRNA dissociation, i.e. the transition from E/E into the E’ state and tRNA 

dissociation (Fischer et al., 2010). In the E’ state, the S13-tRNA distance increases (~63Å, 

corresponding to FRET 0.3). Furthermore, ensemble kinetic studies show that, in the presence 

of FA, the transition from the E’ state to tRNA dissociation is severely affected (~200 fold 

slower) and the E’ state is prolonged (Belardinelli and Rodnina, 2017). Therefore, we assign 
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the FRET 0.3 state to the transient binding of the deacylated tRNA in the E site, plausibly the 

E’ state. 

 

Figure 34. Translocation of the deacylated tRNALys in the absence and presence of FA. 

(a) Representative smFRET trace corresponding to tRNALys translocation by EF-G(wt) on non-

slippery mRNA in the absence of FA. (b) Contour plot showing FRET distribution after 

synchronization during tRNALys translocation on non-slippery mRNA mediated by EF-G(wt) in 

the absence of FA. Data was obtained in at least three independent experiments. (c) Crystal 

structure of FA (purple) bound to EF-G (grey). Zoom-in shows the chemical structure of FA. 

The figure was modified from PDB 4V5F (Gao et al., 2009). (d) Representative smFRET trace 

showing tRNALys translocation by EF-G(wt) on non-slippery mRNA in the presence of FA. (e) 

Contour plot showing FRET distribution after synchronization during tRNALys translocation on 

non-slippery mRNA mediated by EF-G(wt) in the presence of FA. Inset shows dwell-time 

distribution of the FRET 0.3 state (Table 7). Black line is single exponential fit.  
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However, in order to ensure that the photobleaching of the dyes does not affect the dwell 

time of the FRET 0.3 state, we determined the photobleaching rate of Cy3 and Cy5 attached 

to double-stranded DNA (Fig. 35a) (Ha et al., 2002), where one strand is 18-mer covalently 

attached to Cy5 at the 5’ end followed by a unique sequence attached to 3’-biotin. A 

complementary 18-mer DNA strand carries Cy3 in its 5’ end (Fig. 35a). Hybridization of the two 

strands leads to Cy3/Cy5-double labelled DNA so that the Cy3-Cy5 distance is ~60Å (Fig. 35a). 

FRET distribution of time traces showed a single Gaussian distribution with FRET 0.39±0.12 

(Fig. 35b, c) and the photobleaching rate was as low as 0.03±0.01 s-1 (Fig. 35d). Therefore, the 

photobleaching of the FRET dyes does not significantly affect the dissociation rate of the 

deacylated tRNA. 

 

Figure 35. Photostability of the Cy3-Cy5 FRET pair. (a) smFRET setup to monitor the 

photobleaching rate of Cy3-Cy5 FRET. One DNA strand is 3’-biotinylated and labelled at the 5’ 

end with acceptor Cy5 (red star) while the complementary strand is labelled at the 5’ end with 

donor Cy3 (green star). (b) Representative smFRET trace of the Cy3-Cy5 double-labeled DNA. 

(c) Contour plot showing FRET distribution of the Cy3-Cy5 double-labelled DNA. (d) Dwell-time 

distribution of the smFRET traces. Black line is single exponential fit.  
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Next, we tested whether the slippery mRNA affects the trajectory of the deacylated tRNA 

from the P to the E site. We performed the experiment on the slippery mRNA and induced 

translocation by EF-G(wt) (Fig. 36a). smFRET traces showed the same pattern of transition 

from FRET 0.9 (P/P) or 0.6 (P/E) to FRET 0.3 state (E site) followed by loss of FRET (tRNA 

dissociation), as on non-slippery mRNA. FRET distribution after synchronization revealed a 

single state with FRET 0.3 (Fig. 36a). The decay rate of FRET 0.3 state was identical to non-

slippery mRNA (1.0±0.1 s-1, Fig. 36a and Table 7). Therefore, the slippery sequence has no 

effect on the trajectory of the deacylated tRNA from the P to the E site and dissociation from 

the ribosome. The next step is to investigate whether translocation of deacylated induced by 

EF-G(Q507D), the mutant that showed the highest frameshifting (Fig. 23c) and lowest 

translocation rate (Niblett et al., 2021; Peng et al., 2019), differs from translocation by EF-G(wt). 

tRNA trajectories during translocation by EF-G(Q507D) show transition from FRET 0.9 (P/P) 

or 0.6 (P/E) to FRET 0.3 (E site) followed by loss of FRET (tRNA dissociation, Fig. 36b, c). The 

pattern is identical on non-slippery and slippery mRNA (Fig. 36b, c) and, surprisingly, the decay 

rates of the FRET 0.3 state were not affected and were at the same range to EF-G(wt) (Fig. 

36c and Table 7). Interestingly, when we quantified the transitions between FRET 0.9/0.6 and 

0.3 states, we observed only forward transitions from FRET 0.9/0.6 to 0.3 state and no 

backward transitions from FRET 0.3 to 0.9/0.6 state, in all cases (Fig. 36d). This indicates 

directional unperturbed translocation of the deacylated tRNA from the P to the E site and 

dissociation from the ribosome. In conclusion, the slippery mRNA and EF-G(Q507D) do not 

affect the trajectory of the deacylated tRNA from the P to the E site. However, the dissociation 

rates in all cases (Table 7) are ~3-5-fold higher than the translocation rate of the pept-tRNA in 

the ribosomes that show slow translocation (~0.2 s-1, Table 6). This indicates that, for a fraction 

of ribosomes, the movement of the two tRNAs is uncoupled: while the deacylated tRNA 

translocates and dissociates fast from the ribosome, the pept-tRNA is trapped in fluctuations 

between CHI and P/P states. Such fluctuations may lead to frameshifting because the –1-frame 

codon becomes available for binding of pept-tRNA.  
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Figure 36. Translocation of deacylated tRNALys by EF-G(wt) and EF-G(Q507D). (a) Contour 

plot showing FRET distribution after synchronization during tRNALys translocation on slippery 

mRNA mediated by EF-G(wt). Inset is the dwell-time distribution of the FRET 0.3 (E site) state 

during translocation on slippery (closed circles) and non-slippery (open circles) mRNA 

mediated by EF-G(wt). (b) Contour plot showing FRET distribution after synchronization during 

tRNALys translocation on non-slippery mRNA by EF-G(Q507D). (c) Contour plot showing FRET 

distribution after synchronization during tRNALys translocation on slippery mRNA by EF-

G(Q507D). Inset is the dwell-time distribution of the FRET 0.3 (E site) state during translocation 

on slippery (closed circles) and non-slippery (open circles) mRNA mediated by EF-G(Q507D). 

(d) Quantification of forward (FRET 0.9/0.6→0.3, black) and backward (FRET 0.3→0.6/0.9, 

grey) transitions during translocation of deacylated tRNALys. 

 

Table 7. Kinetics of deacylated tRNALys dissociation from the E site. 

EF-G 

Dissociation rate from E site, s-1 (N) 

U AAG AAG 
(non-slippery) 

A AAA AAG 
(slippery) 

wt 0.9±0.1 (196) 1.0±0.1 (169) 

Q507D 0.6±0.1 (175) 0.5±0.1 (152) 

wt–FA 0.1±0.1 (169) n.d. 
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5.3. Timing and key transitions of frameshifting  

In order to further understand the correlation between slow translocation and spontaneous 

frameshifting, we studied whether a delay in translocation at a stage prior to CHI formation also 

promotes frameshifting. To make translocation slow, we used GTPγS and the antibiotic 

spectinomycin (Spc), which are both inhibitors that impede the tRNA progression from the PRE 

to the CHI state (Adio et al., 2015; Belardinelli et al., 2016a; Belardinelli et al., 2021; 

Wasserman et al., 2016). 

Translocation on slippery mRNA by EF-G–GTPγS 

GTPγS is a GTP analog, in which one oxygen atom in the γ-phosphate group is replaced 

by sulfur (Fig. 37a). This impedes the attack of the nucleophile (water) on the covalent bond 

between β- and γ-phosphate groups, thus slowing down GTP hydrolysis by EF-G to a rate of 

~0.005 s-1 (Rodnina et al., 1997). GTPγS has the same affinity and engages in the same 

interactions as GTP in the nucleotide-binding pocket of translational GTPases (Fig. 37b) (Kuhle 

and Ficner, 2014). Therefore, GTPγS is an authentic GTP analog that stalls translocation at 

stage before CHI formation (Adio et al., 2015; Belardinelli et al., 2016a). 

 

Figure 37. GTPγS structure and conformation in the nucleotide-binding pocket of the 
translational GTPase eIF5B. (a) Chemical structure of GTPγS. The replaced sulfur atom is 
shown in yellow. (b) Superimposition of crystal structures of the translational GTPase eIF5B 
bound to GTP (dark grey) or GTPγS (light grey). Zoom-in shows the GTP-binding pocket with 
GTP (light blue) or GTPγS (dark blue). The monovalent ions Na+ (orange) and K+ (red) are 
shown as spheres. The figure is adapted from PDB 4TMZ and 4NCN (Kuhle and Ficner, 2014). 

Slow hydrolysis of GTPγS by EF-G slows down translocation to rates of ~0.5-0.7 s-1 (based 

on puromycin reactivity), ~50-fold slower than translocation rate in the presence of GTP (Adio 

et al., 2015; Belardinelli et al., 2016a; Katunin et al., 2002; Rodnina et al., 1997). Interestingly, 

this rate is in the same range with the translocation rate of EF-G(Q507D) (~0.8 s-1, Fig. 38a) 

(Niblett et al., 2021; Peng et al., 2019) but the efficiency of spontaneous frameshifting in the 
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presence of GTPγS is as low as with EF-G(wt)—GTP (Fig. 38a). This indicates that slow 

translocation alone is not sufficient to induce spontaneous frameshifting. This prompted us to 

investigate how the tRNA trajectories on slippery mRNA in the presence of GTPγS differ 

compared to the highly error-prone translocation by EF-G(Q507D). 

First, we followed the trajectory of the pept-tRNALys-Cy5 during translocation on slippery 

mRNA by EF-G(wt)—GTPγS using the L11-tRNA FRET pair (Fig. 38b). The majority of 

smFRET traces (72%) showed translocation to FRET 0.2 state (P/P) via CHI-like states (Fig. 

38b, c and Table 8). The CHI-like state corresponds to the off-pathway translocation 

intermediate in the presence of GTPγS and is different from the authentic CHI state in the 

presence of GTP (Carbone et al., 2021; Petrychenko et al., 2021). We then systematically 

analyzed the translocation trajectory. EF-G(wt)—GTPγS stabilizes the hybrid A/P* tRNA 

conformation (Fig. 38d), similarly to EF-G(Q507D) (Fig. 23a). However, transition frequency 

analysis after synchronization shows increased fluctuations between A/P* and CHI-like states 

(Fig. 38e, f), in drastic contrast to EF-G(wt)—GTP and EF-G(Q507D) (Fig. 23c). Therefore, in 

the presence of GTPγS, pept-tRNALys-Cy5 is trapped in fluctuations between A/P* and CHI-like 

states. 
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Figure 38. Translocation of pept-tRNALys on slippery mRNA in the presence of GTPγS. 
(a) Correlation between frameshifting and the translocation rate at 37°C. Translocation rates 
are from (Peng et al., 2019) for EF-G(wt) and EF-G(Q507) mutants and from (Katunin et al., 
2002) for GTPγS. (b) Schematic and representative smFRET trace corresponding to pept-
tRNALys-Cy5 translocation from A to P site on slippery mRNA mediated by EF-G(wt)—GTPγS. 
GTPγS is shown as maroon hexagons inside EF-G. (c) Contour plot showing FRET distribution 
after synchronization during translocation on slippery mRNA mediated by EF-G(wt)—GTPγS. 
Pie chart indicates the fraction of smFRET traces showing slow during translocation (grey). (d) 
Relative abundance of the FRET states 33 ms prior to translocation mediated by EF-G(wt)—
GTPγS, compared to PRE complex. (e) Transition frequency between different FRET states 
during translocation on slippery mRNA in the presence of GTPγS. (f) Dwell-time distribution of 
the major transitions during translocation on slippery mRNA mediated by EF-G(wt)—GTPγS. 
Black line is single exponential fit. 
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Table 8. Kinetics of pept-tRNALys fluctuations during translocation on slippery mRNA in 

the presence of GTPγS. 

 

Next, we tested how the trajectory of the deacylated tRNA during translocation on slippery 

mRNA is affected by GTPγS using the S13-tRNA FRET pair (Fig. 39). The smFRET traces 

showed transition from FRET 0.9 (P/P) or 0.6 (P/E) to FRET 0.3 (E site) followed by loss of 

FRET (tRNA dissociation, Fig. 39a). Synchronization at the point where the first transition with 

FRET≤ 0.5 is observed and FRET population distribution after the synchronization point 

revealed one Gaussian distribution (FRET 0.31±0.11 for non-slippery and 0.27±0.10 for 

slippery mRNA, Fig. 39b, c). The dissociation of deacylated tRNA occurred at the same rate 

on non-slippery (0.2±0.1 s-1) and slippery mRNA (0.3±0.1 s-1, Fig. 39c), but ~2-3-fold lower than 

tRNA dissociation in the presence of EF-G(wt)—GTP and EF-G(Q507D)—GTP. Interestingly, 

during translocation by EF-G—GTPyS, deacylated tRNA and pept-tRNA translocate at 

comparable speed implying that the movement of the two tRNAs is slow but coupled.  

EF-G kTL, s-1 (N) FRET, µ±s.d. 

Transition rates during translocation k, s-1 (n) 

0.6→0.4 
0.4→0.6 

0.4→0.2 
0.2→0.4 

wt–GTPγS 0.2±0.1 (128) 
0.6±0.1 
0.4±0.1 
0.2±0.1 

7.0±0.9 (292) 
6.2±0.9 (266) 

n.d. (9) 
n.d. (9) 
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Figure 39. Translocation of the deacylated tRNALys in the presence of GTPγS. (a) 
Schematic and representative smFRET trace corresponding to translocation of the deacylated 
tRNALys-Cy5 from P to E site on slippery mRNA in the presence of GTPγS. (b-c) Contour plot 
showing FRET distribution after synchronization during translocation on non-slippery (b) and 
slippery (c) mRNA in the presence of GTPγS. Inset in (c) is dwell-time distribution of the FRET 
0.3 (E site) state during translocation on non-slippery (open circles, 0.2±0.1 s-1) and slippery 
(closed circles, 0.3±0.1 s-1) mRNA in the presence of GTPγS. Black line is single exponential 
fit.  
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Translocation on slippery mRNA in the presence of Spc 

To further understand the key transitions that lead to spontaneous frameshifting, we 

repeated the experiments in the presence of the antibiotic spectinomycin (Spc), which binds to 

16S rRNA helix 34 (h34) between the SSU body and head domains close to the P site (Fig. 

40a) (Borovinskaya et al., 2007; Rundlet et al., 2021). In the presence of EF-G, Spc induces 

~5.9° swiveling of the SSU head domain that potentially allows movement of the pept-tRNA in 

SSU out of the A site towards a CHI-like state (Rundlet et al., 2021). However, ensemble 

kinetics and smFRET studies reported that Spc prevents unlocking of the ribosome, thus 

stalling the complex prior to authentic CHI state formation (Belardinelli et al., 2021; Wasserman 

et al., 2016). The translocation rate in the presence of Spc is in the same range to the rate with 

EF-G(Q507D) and EF-G(wt)—GTPγS (Fig. 40b) (Katunin et al., 2002; Peng et al., 2019; Peske 

et al., 2004). However, the frameshifting efficiency in the presence of Spc was only slightly 

higher than frameshifting by EFG(wt)—GTPγS, but significantly lower than frameshifting by EF-

G(Q507D) (Fig. 40b). This result confirms that delay in translocation prior to CHI state formation 

does not lead to frameshifting.  

 

Figure 40. Spontaneous –1 frameshifting in the presence of Spc. (a) Crystal structure of 
Spc (orange) bound to SSU (grey). Zoom-in shows the chemical structure of Spc. The figure is 
adapted from PDB 4V56 (Borovinskaya et al., 2007). (b) Correlation between frameshifting and 
the translocation rate at 37°C. Translocation rates are from (Peng et al., 2019) for EF-G(wt) 
and EF-G(Q507) mutants and from (Peske et al., 2004) for EF-G(wt) in presence of 1mM Spc. 
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When we followed the trajectory of the pept-tRNALys-Cy5 during translocation on slippery 

mRNA by EF-G(wt) in the presence of Spc using the L11-tRNA FRET pair, the majority of 

smFRET traces (81%) show translocation via CHI-like states (Fig. 41a, b). The POST state 

was not reached in the time course of the experiment, indicating that translocation rate was 

very low and limited by the photobleaching of the dyes (Fig. 41a, b). 19% show direct transition 

from PRE to POST states, probably due to the fact that Spc was not bound to these complexes 

(Fig. 41b), as indicated by previous studies (Peske et al., 2004). Spc does not affect the ability 

of EF-G(wt) to stabilize the A/P* tRNA conformation (Fig. 41c), similar to EF-G(wt)—GTPγS 

(Fig. 38d), EF-G(wt)—GTP and EF-G(Q507D) (Fig. 23a). Transition frequency analysis after 

synchronization shows enhanced fluctuations between A/A, A/P and A/P* and between A/P* 

and CHI-like states (Fig. 41d, e and Table 9), as observed during translocation by EF-G(wt)—

GTPγS (Fig. 38d) but in drastic contrast to translocation by EF-G(wt)—GTP and EF-G(Q507D), 

where fluctuations between CHI and P/P states were enhanced (Fig. 22c). Thus, Spc traps 

pept-tRNA in fluctuations between A/A, A/P, A/P* and CHI-like states, which again shows that 

fluctuations between early translocation intermediates do not enhance frameshifting. 
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Figure 41. Translocation of pept-tRNALys on slippery mRNA in the presence of Spc. (a) 
Schematic and representative smFRET trace corresponding to pept-tRNALys-Cy5 translocation 
from the A to the P site by EF-G(wt) in the presence of Spc (orange hexagons). (b) Contour 
plot showing FRET distribution after synchronization during translocation on slippery mRNA 
mediated by EF-G(wt) in the presence of Spc. Pie chart indicates the fraction of smFRET traces 
showing slow translocation (grey). (c) Relative abundance of the FRET states 33 ms prior to 
translocation mediated by EF-G(wt) in the presence of Spc, compared to PRE complex in the 
absence of Spc. (d) Transition frequency between different FRET states during translocation 
of pept-tRNALys-Cy5 on slippery mRNA in the presence of Spc. (e) Dwell-time distribution of 
the major transitions during translocation on slippery mRNA in the presence of Spc. Black line 
is single exponential fit. 
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Table 9. Kinetics of pept-tRNALys fluctuations during translocation on slippery mRNA in 

the presence of Spc. 

 

The effect of Spc on deacylated tRNA translocation was studied using the S13-tRNA FRET 

pair (Fig. 42a). The smFRET traces showed transition from FRET 0.9 (P/P) or 0.6 (P/E) to 

FRET 0.3 (E site) followed by loss of FRET (tRNA dissociation, Fig. 42a). Synchronization at 

the point where the first transition to FRET≤ 0.5 is observed and FRET population distribution 

after the synchronization point revealed one Gaussian distribution (FRET 0.3) corresponding 

to the binding of the deacylated tRNA in the E site (Fig. 42b). The decay rate of the FRET 0.3 

state (0.3±0.1 s-1, Fig. 42c) is similar to the rate by EF-G(wt)—GTPγS (0.3±0.1 s-1, Fig. 39c) 

and ~2-3-fold lower than the respective rates induced by EF-G(wt)—GTP and EF-G(Q507D) 

(Fig. 36a, c). This signifies that the movement of the two tRNAs in the presence of Spc is slow 

but coupled, similar to EF-G(wt)—GTPγS. In conclusion, the experiments with GTPγS and Spc 

demonstrate that coupled tRNA movement and fluctuations of pept-tRNA between A/P* and 

CHI states do not lead to frameshifting, while uncoupled tRNA movement resulting in fast 

dissociation of the deacylated tRNA and the fluctuations of the pept-tRNA between CHI and 

P/P states seem to be the hallmark of spontaneous frameshifting.  

EF-G FRET, µ±s.d 
Transition rates during translocation k, s-1 (n) 

0.8→0.6 
0.6→0.8 

0.6→0.4 
0.4→0.6 

0.4→0.2 
0.2→0.4 

wt-Spc 

0.8±0.1 
0.6±0.1 
0.4±0.1 
0.2±0.1 

3.5±0.4 (809) 

6.1±1.2 (939) 
5.2±1.2 (937) 

2.4±0.2 (870) 
n.d. (39) 
n.d. (29) 
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Figure 42. Translocation of deacylated tRNALys on slippery mRNA in the presence of Spc. 
(a) Schematic and representative smFRET trace corresponding to tRNALys-Cy5 translocation 
from the P to the E site by EF-G(wt) in the presence of Spc. (b) Contour plot showing FRET 
distribution after synchronization during translocation on slippery mRNA mediated by EF-G(wt) 
in the presence of Spc. (c) Dwell-time distribution of the FRET 0.3 state during translocation of 
the deacylated tRNA on slippery mRNA by EF-G(wt) in the presence of Spc (0.3±0.1 s-1). Black 
line is single exponential fit.  
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5.4. SSU head swiveling during translocation 

Next, we studied the motions of the mobile elements of the ribosome, as they have distinct 

roles in translocation and their actions are orchestrated towards fast and accurate movement 

of the two tRNAs (Belardinelli et al., 2016b; Carbone et al., 2021; Petrychenko et al., 2021; 

Wasserman et al., 2016). While the pathway from the A to the P site in SSU is structurally 

unobstructed (Schuwirth et al., 2005), the opening of the pathway from the P to the E site is 

regulated by the SSU head domain (Ratje et al., 2010). The 16S rRNA residues A790 and 

G1338-U1341 form a structural constriction between the P and E site in SSU, known as the P 

gate (Fig. 43a) (Schuwirth et al., 2005). The P gate is ~17Å wide in the N state of the SSU head 

and therefore sterically blocks the ~20Å-wide double-stranded tRNA ASL to pass through 

towards the E site (Jenner et al., 2005; Schuwirth et al., 2005). Ribosome unlocking facilitates 

widening of the P gate via SSU head domain swiveling, thereby driving forward tRNA 

movement (Fig. 43b) (Belardinelli et al., 2016a; Carbone et al., 2021; Guo and Noller, 2012; 

Nishima et al., 2022; Petrychenko et al., 2021; Wasserman et al., 2016). Given that the –1-

frame codon resides in the E site in SSU at the end of translocation and uncoupled tRNA 

movement is a prerequisite for frameshifting, the SSU head domain dynamics may provide an 

explanation for the undisturbed and fast tRNA dissociation and the high positional uncertainty 

of the pept-tRNA during spontaneous frameshifting. 
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Figure 43. Structural rearrangements of SSU head domain during translocation. (a) 
Spontaneous swiveling of the SSU head domain in PRE complex. 16S rRNA is shown as light 
green ribbon. Dotted line indicates the distance between the 16S rRNA bases A790 and 
G1338-U1341 (dark green spheres) that demarcate the P gate. In the cartoon, SSU head 
domain is shown in green and the rest of the ribosome in grey. The figure is adapted from PDB 
7N1P and 7N30 (Rundlet et al., 2021). (b) Regulation of SSU head domain swiveling by EF-G 
during translocation. EF-G (purple) stabilizes the swiveled state (left panel). GTP hydrolysis 
and Pi release drives ribosome unlocking and further opening of the P gate, thus allowing the 
pept- (magenta) and deacylated (blue) tRNAs to move towards the P and E site, respectively 
(middle panel). At the POST state, the P gate closes via SSU head back swiveling to the N 
state (right panel). The swiveling degree (°) and the P gate opening (Å) are shown for each 
structure. Arrows indicate the direction of tRNA movement. The figure is adapted from PDB 
7PJW (PRE—EF-G), 7PJY (unlocking) (Petrychenko et al., 2021) and 7N31 (POST) (Rundlet 
et al., 2021).  
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To that end, we monitored FRET using a validated FRET pair between ribosomal protein 

S13 of the SSU (labeled with Cy3) and protein L33 of the LSU (labeled with Cy5, Fig. 44a) 

(Belardinelli et al., 2016a). S13 is located at the SSU head domain and L33 is located close to 

the P site in LSU (Fig. 44a). Swiveling of the SSU head domain leads to decrease in S13-L33 

distance and increase in FRET (Fig. 44a, b). We prepared S13-Cy3/L33-Cy5 PRE complexes 

carrying pept-tRNALys in the A site and deacylated tRNAGly in the P site (Fig. 44c). 

 

 

Figure 44. S13-L33 FRET during translocation. (a) Superimposed cryo-EM structures of 
complexes in PRE state (grey), where the SSU head is in the N state (light green), and CHI 
state (blue), where the SSU head is in the S state (dark green). Zoom-in shows the distance 
change between S13 and L33 as a result of SSU head swiveling during translocation. The 
figure was adapted from PDB 7PJS and 7PJY (Petrychenko et al., 2021). (b) S13-L33 distance 
change during translocation. The translocation time window is shown in blue shade. The figure 
is adapted from (Petrychenko et al., 2021) (black circles and connecting line) and (Carbone et 
al., 2021) (maroon squares and connecting line). (c) smFRET experiment scheme of SSU head 
swiveling during translocation. The ribosomal protein S13 is labeled with Cy3 (green stars) and 
L33 with Cy5 (red stars). 
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SSU head dynamics in PRE and POST complex 

To validate the experimental approach, we first monitored smFRET between S13-Cy3 and 

L33-Cy5 in the PRE complex on the G GGA AAG slippery mRNA in the absence of EF-G (Fig. 

45a). smFRET traces show fluctuations between high and lower FRET values (Fig. 45b). FRET 

population distribution histogram of smFRET traces revealed two Gaussian distributions with 

FRET values of 0.75±0.12 and 0.54±0.07 (Fig 45c). The transition rate from the FRET 0.5 to 

0.8 state (k0.50.8) and the reverse rate from the FRET 0.8 to 0.5 state (k0.80.5) have similar 

values (Fig. 45d). These results indicate that, in the PRE complex, the SSU head 

spontaneously interconverts between N and S conformations. 

 

Figure 45. S13-L33 smFRET in PRE complex. (a) Schematic of the PRE complex. S13-Cy3 
is shown as green star and L33-Cy5 as red star. (b) Representative smFRET trace showing 
donor and acceptor FI, calculated FRET and HMM fit, corresponding to SSU head domain 
fluctuations between the non-swiveled (N) and swiveled (S) states in the PRE complex. (c) 
Contour plot showing FRET distribution in the PRE complex. (d) Dwell-time distribution of the 
FRET 0.5 state before transition to the FRET 0.8 state (left, 2.6±0.3 s-1) and of the FRET 0.8 
state before transition to the FRET 0.5 state (right, 2.5±0.2 s-1). Black line is single exponential 
fit. 
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To determine which FRET states correspond to the N and S conformations of the SSU head 

domain, we monitored S13-L33 smFRET of POST complexes carrying pept-tRNALys in the P 

site, in which the SSU head domain is expected to be predominantly in the N state (Fig. 46a) 

(Carbone et al., 2021; Gao et al., 2009; Rundlet et al., 2021). smFRET traces show stable low 

FRET signal (Fig. 46b). Population distribution of FRET values shows the same FRET states 

as seen for the PRE complex with FRET 0.52±0.07 and 0.75±0.09 (Fig 46c). However, in this 

case, the FRET 0.5 population is dominant (Fig. 46c). Therefore, the FRET 0.5 state 

corresponds to the N state and the FRET 0.8 state corresponds to the S state of the SSU head 

domain. 

 

Figure 46. S13-L33 smFRET in POST complex. (a) Schematic of the POST complex. (b) 

smFRET trace showing donor and acceptor FI, calculated FRET and HMM fit, corresponding 

to SSU head domain non-swiveled (N) state in the POST complex. (c) Contour plot showing 

FRET distribution in the POST complex.  
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SSU head swiveling during translocation by EFG(wt) 

Next, we followed SSU head domain swiveling during translocation in real time. The decay 

rate of the last S state before a long-lived N state gives an estimation of the translocation rate, 

because the back swiveling of the SSU head is among the last kinetic steps during translocation 

(Fig. 47a) (Belardinelli et al., 2016a; Nishima et al., 2022; Peng et al., 2019; Wasserman et al., 

2016). On the non-slippery mRNA, the majority of smFRET traces (85%) were fluctuating 

between FRET 0.8 (S) and 0.5 (N) states before transition to a stable FRET 0.5 (N) state, which 

signifies completion of translocation. A small fraction (15%) showed a long-lived S state without 

transition to N state, signifying failure to complete SSU head back swiveling within the 

observation window of the experiment (Fig. 47a). Synchronization of the traces at the time point 

where the last transition to S state is observed and population distribution of the FRET values 

after the synchronization point revealed two Gaussian distributions with FRET 0.78±0.11 (EF-

G-induced S state) and 0.51±0.08 (N state of the POST complex) (Fig. 47b). 

On the slippery sequence and with EF-G(wt), the majority of smFRET traces (87%) were 

fluctuating between FRET 0.8 (S) and 0.5 (N) states before transition to a stable FRET 0.5 (N), 

while a small fraction (13%) show slow translocation, similar to the situation on the non-slippery 

mRNA. Synchronization of the traces at the time point where the last transition to S state is 

observed and population distribution of the FRET values after the synchronization point 

revealed two Gaussian distributions with FRET 0.78±0.10 (EF-G-induced S state) and 

0.51±0.07 (N state of the POST complex, Fig. 47c). Respectively, the decay rate of the last S 

state (1.9±0.1 s-1) is similar to the rate on the non-slippery mRNA (2.2±0.3 s-1, Fig. 47d). This 

result indicates that the slippery sequence does not affect the dynamics and timing of the SSU 

head domain swiveling during translocation. Additionally, EF-G(wt) drives fast back swiveling 

of the SSU head domain, thus locking the pept-tRNA in the P site, for the majority of ribosomes. 

The rate of the back swiveling of the SSU head domain by EF-G(wt) is at the same range with 

the dissociation rate of the deacylated tRNA from the E site, indicating that the latter occurs at 

the same time or shortly after the completion of translocation, as previously reported 

(Belardinelli et al., 2016a; Peng et al., 2019; Wasserman et al., 2016). 
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Figure 47. SSU head swiveling during translocation by EF-G(wt). (a) Representative 

smFRET traces corresponding to SSU head domain dynamics during translocation on slippery 

mRNA by EF-G(wt). Traces are synchronized to the point indicated by the vertical solid line. 

(b-c) Contour plot showing FRET distribution after synchronization during translocation on non-

slippery (b) and slippery (c) mRNA mediated by EF-G(wt). (d) Dwell-time distribution of the last 

S state before transition to long-lived N state during translocation on slippery (closed circles) 

and non-slippery (open circles) mRNA by EF-G(wt). Black line is single exponential fit.  
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SSU head swiveling during translocation by EF-G(Q507D) 

Finally, we monitored the SSU head domain dynamics during translocation on slippery 

mRNA by EF-G(Q507D). In contrast to EF-G(wt), only a small fraction (13%) of the smFRET 

traces reached a stable FRET 0.5 (N). The majority (87%) showed a long-lived S state without 

transition to N before photobleaching (Fig. 48a). Synchronization of the traces at the time point 

where the last transition to S state is observed and population distribution of the FRET values 

after the synchronization point revealed two Gaussian distributions (Fig. 48b). The prevalent 

state showed FRET 0.79±0.09 (EF-G-induced S) and the minor state 0.49±0.09 (N state of the 

complexes that swiveled back in the time course of the experiment). The decay rate of the last 

long-lived S state was ~17-fold lower (0.11±0.1 s-1, Fig. 48c) than that observed with EF-G(wt) 

and represents the upper limit of the actual translocation rate (Fig. 48c). This result indicates 

that EF-G(Q507D) causes a delay in the back swiveling of the SSU head domain, compared 

to EF-G(wt), consistent with previous reports (Niblett et al., 2021; Peng et al., 2019). 

Notably, the rate of the SSU head back swiveling is similar to the translocation rate of the 

pept-tRNA from the A to the P site, but ~5-fold lower than the dissociation rate of the deacylated 

tRNA from the E site. This indicates that the late steps of SSU head back swiveling and tRNA 

dissociation, which are coupled during translocation by EF-G(wt) (Belardinelli et al., 2016a; 

Peng et al., 2019; Wasserman et al., 2016), become uncoupled by EF-G(Q507D). The delay 

in the SSU head back swiveling does not affect the fast and undisturbed dissociation of the 

deacylated tRNA. However, it may account for the high positional uncertainty of the pept-tRNA 

during translocation because the tRNA-ribosome interactions in the P site are not developed. 

During this state, the –1-frame codon is unoccupied by tRNA and the pept-tRNA can freely 

sample the 0- and –1-frame codons, thus shifting the reading frame. It is important to note that 

the rotation of the SSU body domain most likely does not contribute appreciably to spontaneous 

–1 frameshifting, as both forward and reverse SSU body rotation are complete prior to 

progression of the tRNAs to the CHI state (Belardinelli et al., 2016a; Carbone et al., 2021; 

Petrychenko et al., 2021; Savelsbergh et al., 2003). 
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Figure 48. SSU head swiveling during translocation on slippery mRNA by EF-G(Q507D). 
(a) Representative smFRET time traces corresponding to SSU head domain dynamics during 
translocation by EF-G(Q507D). Traces are synchronized to the point indicated by the vertical 
solid line. (b) Contour plot showing FRET distribution after synchronization during translocation 
on slippery mRNA mediated by EF-G(Q507D). (c) Dwell-time distribution of the last S state 
during translocation by EF-G(Q507D) on slippery mRNA. Black line is single exponential fit.  
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6. Discussion 

Part of the discussion of the study has been published (Poulis et al., 2022). No reuse/reprint 

permission required by authors. 

6.1. Choreography of translocation on slippery mRNA 

In this study, we characterized the molecular mechanism of the error-prone pathway of 

spontaneous frameshifting, providing new insights into mRNA sequence-specific regulation of 

translation. The slippery mRNA does not seem to affect the dynamics of the PRE complex prior 

to translocation. Previous studies using L11-tRNA FRET monitored dynamics of PRE complex 

assembled on non-slippery sequences and carrying various tRNA species in the A site and 

reported similar results as in the present study (Adio et al., 2015). Differences in the occupancy 

of classical and hybrid states and the transition rates are attributed to the tRNA species 

(Sharma et al., 2016). Taken together, the results of the present and previous studies 

demonstrate that the slippery mRNA sequence does not affect the dynamics of the peptidyl-

tRNA in PRE complex. 

However, the slippery mRNA affects the order and timing of events during translocation. 

Although during translocation on non-slippery mRNA all ribosomes behave in quasi-uniform 

way (within the time resolution of our experiments) with both peptidyl- and deacylated tRNAs 

translocating rapidly and driving rapid relocking of the SSU head domain (Fig. 49a), on a 

slippery mRNA we observe two distinct ribosome populations. In the first population, the 

peptidyl- and deacylated tRNAs translocate rapidly, while, in the other, peptidyl-tRNA 

translocates slowly (Fig. 49a). The fraction of ribosomes that show slow translocation in the 

population correlates with the frameshifting efficiency of EF-G(wt) and error-prone EF-G(Q507) 

mutants (Fig. 49a). Furthermore, we show that slow translocation is followed by –1-frame tRNA 

incorporation. On slow ribosomes, both tRNAs rapidly move from the hybrid into their respective 

CHI states and, subsequently, the deacylated tRNA dissociates rapidly from the ribosome (Fig. 

49b). However, the peptidyl-tRNA fluctuates between CHI and P/P states (Fig. 49b). 

Respectively, the back swiveling of the SSU head, which would normally lock peptidyl-tRNA in 

the P site, is also delayed (Fig. 49b). Given that, often on slippery sequences, base pairing of 

the peptidyl-tRNA anticodon with the –1-frame codon is thermodynamically favored over the 0-

frame codon (Bock et al., 2019), these fluctuations provide the time window for peptidyl-tRNA 

to slip to the –1 frame. 
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Figure 49. Translocation trajectories correlating with frameshifting. (a) Pie charts 

comparing the –1 spontaneous frameshifting efficiency (grey) with the translocation patterns of 

peptidyl- (magenta) and deacylated (blue) tRNAs and SSU head domain back swiveling (green) 

by EF-G(wt) and EF-G(Q507D). (b) Kinetic model of translocation on slippery mRNA. A fraction 

of ribosomes translocate rapidly with both tRNAs moving synchronously to the POST state, 

followed by back swiveling of the SSU head domain to complete translocation. Another fraction 

of ribosomes translocates in slow mode, where peptidyl-tRNA fluctuates between CHI and P/P. 

Deacylated tRNA translocates rapidly and dissociates from the ribosome, thus allowing pept-

tRNA to sample 0- and –1-frame codons. SSU head back swiveling is delayed as a result of 

peptidyl-tRNA fluctuations. Rates of the elemental reactions are indicated.  
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Residues Q507 and H583 at the tip of EF-G domain 4 are crucial for reading frame 

maintenance, as shown in previous studies (Niblett et al., 2021; Peng et al., 2019). Recent 

time-resolved cryo-EM studies capturing translocating ribosomes prior to Pi release and CHI 

state formation suggest that EF-G domain 4 is flexible and most probably does not contribute 

to the stabilization of the codon-anticodon duplex at this stage (Petrychenko et al., 2021). This 

explains why the stabilization of the A/P* state prior to translocation is not impaired by mutations 

at Q507 residue. Instead, at this stage prior to Pi release, the codon-anticodon duplex is 

supported by residues of 16S rRNA h44, which is part of the SSU body (Carbone et al., 2021; 

Petrychenko et al., 2021). Upon Pi release and tRNA progression to the CHI state, the contacts 

of EF-G with the SSU body domain are abolished and tRNA anticodon has a propensity to 

disconnect from its 0-frame codon, as studies of spontaneous (EF-G-independent) transition 

of tRNAs to CHI state reported (Zhou et al., 2014, 2019). At this stage, EF-G residues Q507 

and H583 stabilize the codon-anticodon duplex in its correct geometry, thereby maintaining the 

reading frame (Zhou et al., 2019). This is probably why mutations at residue Q507 impair the 

ability of EF-G to stabilize the codon-anticodon interactions after CHI state formation and, thus, 

peptidyl-tRNA fluctuates between CHI and P/P states. Previous studies report that mutations 

in the second key residue of EF-G domain 4, H583 (e.g. H583K), increase frameshifting (Peng 

et al., 2019) and allow fluctuations between CHI and P/P states during translocation (Adio et 

al., 2015), thus affecting translocation in a similar way as mutations in Q507. 

6.2. Slow gears of translocation 

In this study, we identify two alternative translocation pathways, one that shows rapid and 

coordinated movement of tRNAs in the 0 frame, and the other which progresses slowly and is 

prone to –1 spontaneous frameshifting. Recent single-molecule studies combining force 

(readout for ribosome progression) and fluorescence (readout for EF-G binding) measurements 

reported that ribosomes can operate in two alternative gears during translation in response to 

the mechanical barrier created by an mRNA secondary structure (Desai et al., 2019). In the 

slow gear, unwinding of the secondary structure occurred during the early (prior to Pi release) 

step of forward swiveling of the SSU head domain, suggesting that the speed of ribosome 

progression across the mRNA is reduced due to delays in steps prior to CHI state formation. 

At this stage, ribosomes engage in reversible sub-codon steps against the secondary structure, 

exploiting fluctuations on the mRNA to overcome the mechanical barrier. However, our data 

show that tRNA fluctuations between early translocation intermediates, i.e. prior to authentic 

CHI formation, e.g. in the presence of GTPγS instead of GTP or the presence of Spc, do not 
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confer –1 frameshifting. Therefore, there are different ways and translocation stages for the 

ribosome to switch gears, but –1 frameshifting is promoted only at a specific stage, i.e. when 

peptidyl-tRNA transits from CHI to P/P. 

In this study, we show that, at given translocation conditions, some ribosomes follow a rapid 

route, whereas others switch into a slow mode. Previous molecular dynamics simulations 

revealed that translocation can proceed via almost 500,000,000 possible kinetic sequences 

and calculated, among them, the favored route of tRNA movement (Bock et al., 2013). 

Apparently, specific mRNA sequences, such as slippery sequences or secondary structures, 

can affect the canonical structural dynamics of the ribosome, set the course for ribosomes to 

deviate from the designated route and change into alternative, potentially error-prone, 

pathways ((Desai et al., 2019) and this study). Thus, the mRNA sequence appears to modulate 

the pace of the ribosome, not only by acting as a roadblock for the progression along the mRNA 

(reviewed in (Samatova et al., 2020)), but also in more subtle ways, where specific mRNA 

sequences are linked to alternative translocation outcomes that result in the synthesis of 

alternative peptides. Future work will elucidate why ribosomes switch to slow gears and what 

is their role in biological processes, such as co-translational folding of nascent peptides or the 

mRNA stability by ribosome loading. 

6.3. Comparison with –1PRF, hungry and +1 frameshifting 

The timing of events during spontaneous frameshifting shows similarities but also 

differences to programmed (PRF), hungry and +1 frameshifting. A hallmark of –1PRF is the 

reduction of translocation speed on the slippery sequence, stimulated by mRNA secondary 

structures. During stalling, the SSU head domain remains swiveled (Caliskan et al., 2014) and 

the SSU body is (hyper-)rotated (Chen et al., 2014; Choi et al., 2020; Kim et al., 2014), 

suggesting a key role of SSU motions both in –1PRF and spontaneous –1 frameshifting (Table 

10) (this study and (Niblett et al., 2021; Peng et al., 2019)). Additionally, the positional 

uncertainty of the ribosome complex is a common feature between PRF and spontaneous –1 

frameshifting. Previous studies of –1PRF on dnaX mRNA of E. coli using optical tweezers to 

monitor the position of ribosomes on the mRNA, show that stalled ribosomes make multiple 

translocation attempts sampling sequences upstream (–1 or –4 frames) or downstream (+2 

frame) of the 0 frame (Yan et al., 2015). Here, we show that fluctuations of peptidyl-tRNA 

between CHI and P/P states allow ribosomes to explore alternative reading frames and 

eventually re-equilibrate in the most thermodynamically favored frame before resuming 
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translation. However, a fundamental difference between –1PRF and spontaneous –1 

frameshifting is the timing of deacylated tRNA dissociation, which is rapid during spontaneous 

frameshifting (this study and (Peng et al., 2019)), but slow in previous studies of –1PRF where 

this was studied (Table 10) (Caliskan et al., 2014; Chen et al., 2013a; Kim et al., 2014). Thus, 

frameshifting can occur both with one or two tRNAs present in the ribosome, provided peptidyl-

tRNA is trapped in fluctuations between CHI and P/P. –1 frameshifting can be also induced by 

the low availability of cognate aa-tRNAs, resulting in hungry frameshifting events (Caliskan et 

al., 2017). Hungry –1 frameshifting is also a slow process, but probably follows a distinct 

mechanism that involves spontaneous P-site tRNA slippage in the POST complex, rather than 

tRNA translocation (Table 10). Together, the present and previous studies highlighted several 

pathways that lead to –1 frameshifting, following either one- or two-tRNA mechanism. These 

aforementioned pathways show differences but share similarities, such as the slow 

translocation of the peptidyl-tRNA after CHI state formation and the prolonged swiveling of the 

SSU head. 

Spontaneous –1 frameshifting is substantially different from the mechanism of +1 

frameshifting. The most striking difference is that +1 frameshifting is alleviated by tRNA ASL 

modifications, while tRNA ASL modifications have no effect in –1 frameshifting (Hoffer et al., 

2020; Urbonavicius et al., 2001; Urbonavicius et al., 2003). Additionally, +1 frameshifting has 

been reported to occur in the absence of EF-G, i.e. in POST and post-decoding complex, but 

also during translocation (Table 10). In POST complexes carrying the +1-frameshifting-prone 

slippery sequence CCC U in the P site and empty A site, peptidyl-tRNAPro unexpectedly adopts 

an e*/E conformation, where the ASL is located between the P and E site (Hoffer et al., 2020). 

The e*/E conformation is frameshifting-prone because it involves the constriction of mRNA +1 

nucleotide into the P site and profound SSU head swiveling and tilting that resembles the open 

SSU conformation during decoding. This is in drastic contrast to the mechanism of –1 

frameshifting, because steps prior to and after translocation are not affected by the slippery 

sequence (Table 10) (this study and (Caliskan et al., 2014)). Although decoding occurs in a 

canonical three-nucleotide manner (Gamper et al., 2021a), substantial differences are also 

observed even when the A site is occupied by tRNA. Proline exhibits low rate of peptide bond 

formation (Wohlgemuth et al., 2008), which is resolved by EF-P (Doerfel et al., 2013). Previous 

studies report that delay in peptide bond formation due to absence of EF-P contributes to +1 

frameshifting on slippery mRNA (Gamper et al., 2015). Even after peptide bond formation, PRE 

complexes assembled on slippery mRNA exhibit a destabilizing frameshifting-prone open SSU 

conformation, observed only in near-cognate codon-anticodon interactions (Demo et al., 2021). 
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+1 frameshifting also occurs during translocation (Demo et al., 2021; Gamper et al., 2021a; 

Gamper et al., 2021b; Hoffer et al., 2020). SufB2, a +1-frameshifting-prone tRNAPro containing 

a G37a insertion in the ASL is prone to shifts into the +1 frame during translocation. Recent 

smFRET studies using L1-L9 FRET (reporting on L1 stalk motion) as readout for translocation 

have shown that steps related to the transition to the POST state are slower with SufB2, 

compared to the canonical tRNAPro (Gamper et al., 2021a). This indicates that +1 frameshifting 

during translocation is characterized by slow tRNA progression, as observed in spontaneous –

1 frameshifting. However, if the L1 stalk motion via L1-L9 FRET is interpreted solely as a 

readout for dissociation of deacylated tRNA from the ribosome rather than the entire process 

of translocation, then translocation on the +1-frameshifting-prone mRNA causes significant 

delay in E-site tRNA dissociation from the ribosome. This indicates a two-tRNA slippage 

mechanism, in drastic contrast to the mechanism of –1 spontaneous frameshifting (Table 10) 

(this study and (Peng et al., 2019)). Additionally, the timing of +1 frameshifting during 

translocation is different from –1 spontaneous frameshifting. Visualization of +1 frameshifting 

by cryo-EM revealed that PRE complexes containing deacylated tRNA in the P site and a 

frameshifting-prone peptidy-tRNAPro in the A site shift into the +1 frame upon addition of EF-G 

and the non-hydrolysable GTP analog GMPPCP (Demo et al., 2021). Our and previous studies 

have shown that translocation by EF-G bound to non-(or slowly) hydrolysable GTP analogs is 

stalled at early steps (Adio et al., 2015; Belardinelli et al., 2016a; Wasserman et al., 2016). 

Indeed, in this study, we show that translocation in the presence of GTPγS is stalled before the 

formation of the authentic CHI state and, thus, does not confer –1 frameshifting. If GMPPCP 

acts in a similar manner during translocation as GTPγS, the recent studies on +1 frameshifting 

suggest that it occurs before CHI state formation. This is clearly different to –1 spontaneous 

frameshifting, which occurs after CHI state formation and during transition to the POST state 

(Table 10). 

In conclusion, a plethora of studies suggest multiple alternative translocation pathways that 

can lead to frameshifting, which share similarities but also differ in specific details, such as the 

number of frameshifting tRNAs and the timing of slippage. However, the slow translocation of 

the peptidyl-tRNA and the prolonged swiveling of SSU head that offers the unconstrained 

access to alternative-frame codons are universal determinants of the frameshifting-prone 

translocation pathways.  
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Table 10. Comparison of the molecular mechanisms of spontaneous (SRF), programmed 

(PRF), depletion-triggered (hungry) and +1 ribosome frameshifting. 

 –1SRFa –1PRFb hungry –1RFc +1 RFd 

It occurs in POST and/or 

post-decoding complex. 
No No Yes, POST Yes 

It occurs during 

translocation. 
Yes Yes No Yes 

PRE complex is unstable. No No No Yes 

Translocation of peptidyl-

tRNA is slow. 
Yes Yes n.a.e Yes 

Translocation of 

deacylated tRNA is slow. 
No Yes n.a. Yes 

One- or two-tRNA slippage 

mechanism 
One- Two- One- 

One- 

Two- 

Translocation is stalled 

after CHI state. 
Yes Yes n.a. No 

The SSU head is swiveled 

during slippage. 
Yes Yes n.d.f Yes 

aInformation is from this study and (Peng et al., 2019). 
bInformation is from (Caliskan et al., 2014; Chen et al., 2013a; Kim et al., 2014). 
cInformation is from (Caliskan et al., 2017; Korniy et al., 2019). 
dInformation is from(Demo et al., 2021; Gamper et al., 2021a; Gamper et al., 2021b; Gamper 
et al., 2015; Hoffer et al., 2020). 
eThe feature is not applicable for this mechanism. 
fThe feature has not been studied for this mechanism.  
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6.4. Fine tune of reading frame maintenance in eukaryotes 

The mechanics of translocation and the major structural dynamics of the ribosome, such 

as SSU body rotation and head swiveling, are highly conserved in all three domains of life, 

although slight mechanistic differences due to additional eukaryotic-specific motions were 

reported (Budkevich et al., 2014). The homologue of EF-G in eukaryotes, elongation factor 2 

(eEF2), is structurally similar to the bacterial EF-G (Fig. 50a). However, eEF2 is post-

translationally modified with diphthamide (Dph), a unique 2-[3-carboxyamido-3-

(trimethylammonio)]propyl modification, which is exclusively found at key histidine residue of 

the tip of domain 4 (H699 in yeast Saccharomyces cerevisiae and H715 in mammals), in a 

similar position to the key residues Q507 and H583 of EF-G (Fig. 50a) (Djumagulov et al., 2021; 

Flis et al., 2018; Pellegrino et al., 2018). Due to the fact that the loop I of domain 4, where Q507 

of EF-G and H715 of mammalian eEF2 are located, is shorter in eEF2 compared to EF-G (Fig. 

50a), previous studies hypothesized that diphthamide extension compensates for that (Flis et 

al., 2018). Diphthamide is the molecular target of diphtheria exotoxin of the human pathogen 

Corynebacterium diphtheriae (Chung and Collier, 1977; Giovane et al., 1985), exotoxin A of 

Pseudomonas aeruginosa (Jorgensen et al., 2005) and cholera toxin of Vibrio cholerae 

(Jorgensen et al., 2008). The three toxins catalyze the ADP-ribosylation of diphthamide, thus 

impeding eEF2 binding to the ribosome and abolishing translocation (Burns et al., 1986; 

Davydova and Ovchinnikov, 1990; Marzouki et al., 1991; Montanaro et al., 1976; Nygard and 

Nilsson, 1990). 

Several studies have suggested a role of diphthamide in reading frame maintenance during 

translocation. In crystal structures of yeast ribosomes stalled by the non-hydrolysable GTP 

analog GMPPCP and cryo-EM structures of mammalian (rabbit) ribosomes stalled by GDPNP, 

diphthamide interacts with the peptidy-tRNA and mRNA, acting as a pawl that prevents 

frameshifting (Fig. 50b) (Djumagulov et al., 2021; Flis et al., 2018). The conceptual insights 

provided by these structural studies are supported by genetic analysis. Point mutations at the 

key histidine residue and mutations or deletions of diphthamide biosynthesis enzymes in yeast, 

mouse and plant (Arabidopsis thaliana) models, as well as congenital diseases in humans, 

confer –1 frameshifting and are linked to developmental and growth abnormalities (Hawer et 

al., 2018; Kapur and Ackerman, 2018; Liu et al., 2012; Ortiz et al., 2006; Zhang et al., 2022). 

Although these studies have highlighted the connection between diphthamide and reading 

frame maintenance, future work will elucidate how diphthamide fine tunes the maintenance of 



118 

 

the translational reading frame during translocation in eukaryotes and what is the impact of 

diphthamide loss in development. 

 

Figure 50. The role of diphthamide in reading frame maintenance in eukaryotes. (a) 
Structures of E. coli EF-G (PDB 7PJY) (Petrychenko et al., 2021), yeast eEF2 (PDB 7OSM) 
(Djumagulov et al., 2021) and mammalian (rabbit) eEF2 (PDB 6GZ3) (Flis et al., 2018). Shown 
are the domains 1, 2, 3, 4 and 5, the residues H583 and Q507 of EF-G and the H699 (yeast) 
and H715 (mammalian) residue of eEF2 modified with diphthamide (Dph, red). (b) Crystal 
structure of yeast ribosome stalled in intermediate stage of translocation. tRNAs are shown in 
grey, eEF2 in purple, mRNA in black. Zoom-in shows diphthamide (Dph, red) developing 
interactions with the peptidyl-tRNA and mRNA. The figure is adapted from PDB 7OSM 
(Djumagulov et al., 2021). 
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6.5. Future perspectives 

We anticipate that our work will set the foundations for future research on the mechanism, 

biological significance and biomedical implications of spontaneous ribosome frameshifting. 

Although the mechanistic details of spontaneous frameshifting and its prevention in the cell are 

beginning to be elucidated, future research may focus on the fate and effect of the frameshifted 

peptides inside the cell. Given that –1-frame peptides represent ~20% of the total translation 

products even with EF-G(wt) (this study and (Caliskan et al., 2014; Chen et al., 2014; Peng et 

al., 2019)), erroneous frameshifted peptides are expected to be highly abundant in the cell. It 

remains obscure whether frameshifted peptides are either in principle tolerated in the cell, such 

as other translation errors (Drummond and Wilke, 2009), or rapidly eradicated by protein 

degradation machinery. In the case of the latter, it remains to be discovered if targeting and 

eradication of frameshifted peptides occurs co-translationally, due to the activation of ribosome 

quality control mechanisms by ribosome stalling on slippery mRNA sequences, or by 

conventional protein targeting and degradation machinery, due to failure to adopt a native fold. 

Future research will bridge the proximate (i.e. effect on the ribosome progression and protein 

synthesis) and ultimate (i.e. effect on the cell) effects of spontaneous frameshifting. 

Additionally, spontaneous frameshifting may serve as a framework for development of novel 

antibiotics. Previous studies identified a moonlighting function of LSU-binding antibiotics to 

promote –1 frameshifting (Dinman et al., 1997; Gupta et al., 2013). However, it remains unclear 

if and how antibiotic-induced frameshifting contributes to pathogen death. Future research will 

show whether frameshifted peptides is a causative factor for pathogen death and inspire 

development of frameshifting-promoting highly bactericidal antimicrobials for treating 

challenging bacterial infections. 

Future research on translocation by the eukaryotic ribosome will reveal the mechanistic 

conservation of reading frame maintenance and the role of diphthamide and other eukaryotic-

specific elements in it. Ensemble and single molecule kinetic studies, as well as time-resolved 

cryo-EM, will describe the dynamics of ribosome, tRNAs, mRNA and translation factors during 

translocation on slippery mRNA and reveal whether the canonical and frameshifting-prone 

pathways contain similarities and differences with the bacterial ribosome. Lastly, the effect of 

disease-relevant mutations in diphthamidation will link the error-prone pathway of the 

eukaryotic ribosome with pathological phenotypes. Collectively, knowledge on the molecular 

mechanism of reading frame maintenance in eukaryotes and its abolishment will inspire the 

design of frameshifting-suppressing (or -promoting) drugs to treat human diseases.  
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