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Abstract: In each round of translation elongation, the
ribosome translocates along the mRNA by precisely one
codon. Translocation is promoted by elongation factor G
(EF-G) in bacteria (eEF2 in eukaryotes) and entails a number
of precisely-timed large-scale structural rearrangements. As
a rule, the movements of the ribosome, tRNAs, mRNA and
EF-G are orchestrated to maintain the exact codon-wise step
size. However, signals in the mRNA, as well as environ-
mental cues, can change the timing and dynamics of the key
rearrangements leading to recoding of the mRNA into pro-
duction of trans-frame peptides from the same mRNA. In this
review, we discuss recent advances on the mechanics of
translocation and reading frame maintenance. Further-
more, we describe the mechanisms and biological relevance
of non-canonical translocation pathways, such as hungry
and programmed frameshifting and translational bypassing,
and their link to disease and infection.

Keywords: mRNA; recoding; ribosome; translation fidelity;
translocation; tRNA.

1 Introduction

The ribosome is the molecular machine that synthesizes
proteins using mRNAs as templates. During initiation, the
small (SSU) and large (LSU) ribosomal subunits assemble on
the mRNA start codon, which defines the open reading frame
(ORF) for the codon-by-codon progression of the ribosome
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along the mRNA. During translation elongation, the mRNA
codons are read by aminoacyl-tRNAs (aa-tRNAs) that deliver
the amino acids to the ribosome, thereby ensuring the cor-
rect translation of the mRNA sequence into the sequence of
the protein. After decoding, the aa-tRNA accommodates in
the peptidyl transferase center where the ribosome cata-
lyzes peptide bond formation, thereby adding the next
amino acid to the growing nascent peptide chain. Then, the
ribosome moves by one codon along the mRNA in a process
called translocation, which is catalyzed by elongation factor
G (EF-G, Figure 1A). The machinery for translation elonga-
tion has evolved to maintain the collinearity of the mRNA
sequence of the ORF and the sequence of the protein syn-
thesized. However, the stochastic nature of translocation,
stimulatory elements in the mRNA and the availability of
tRNAs and translation factors can drive recoding events that
produce trans-frame peptides. This review discusses recent
advances on the mechanics of translocation along the mRNA.
We focus on how EF-G facilitates tRNA-mRNA movement
and how the translational reading frame is maintained
during translocation. Furthermore, we describe the mech-
anism of non-canonical translocation pathways that produce
trans-frame peptides and their role in disease and infection
in humans.

2 The dynamics of ribosome
complex at the start of
translocation

At the starting point of translocation, the highly dynamic
pre-translocation (PRE) complex contains a peptidyl-tRNA in
the A site and a deacylated tRNA in the P site, formed as a
result of the peptidyl transferase reaction on the ribosome
(Figure 1B) (Blanchard et al. 2004; Cornish et al. 2009; Fei
et al. 2008; Frank and Agrawal 2000; Julian et al. 2008;
Moazed and Noller 1989; Munro et al. 2007; Ratje et al. 2010;
Sharma et al. 2016). The tRNAs fluctuate between their
classical (C) and hybrid (H) states. In the C state, the acceptor
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Figure 1: Molecular mechanics of translocation. (A) Structure of E. coli EF-G. Domains (D) 1-5 are shown in dotted circles. Switch regions 1 (sw1) and 2
(sw2) are shown in purple and light blue, respectively. The catalytic His91 is shown in light blue as sticks. The key residues H583 and Q507 are shown in
pink. GDP is shown as yellow spheres. Adapted from PDB 7PJW. (B) Translocation steps. EF-G binding stabilizes the R/H state of the ribosome. GTP

hydrolysis and P; release drive unlocking of the ribosome and the tRNAs move to the CHI states. When the tRNAs reach the POST state, the deacylated
tRNA is released from the ribosome, EF-G-GDP dissociates and the SSU head adopts the non-swiveled conformation. The ribosome is shown in grey, with
the SSU body domain in dark gray and the SSU head domain in green. EF-G is depicted in red, peptidyl-tRNA in blue, deacylated tRNA in cyan, L1 stalk as
light grey circle, mRNA in black solid line. Codons (thick solid lines) and amino acids (circles) are shown in same colors as respective tRNAs. GTP hydrolysis
by EF-G is shown as a yellow flare. R, rotated state of the SSU body; H, hybrid tRNA state; S, swiveled state of the SSU head; N, non-rotated/non-swiveled
state for detailed description, see text. (C) Structural rearrangements that lead to ribosome unlocking and CHI formation. Sarcin-ricin loop (SRL) is shown
as purple solid line, helix 14 (h14) as white solid line, switch 1 (sw1) in purple, GDP as blue box, P; as orange sphere. (D) Details on CHI formation and
ribosome unlocking upon P; release. Prior to P; release (left), EF-G sw1 contacts the SRL, GDP-P;, Mgz” and 16S rRNA helices h5, h14 and h15 of the SSU
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stems and anticodon loops of the tRNAs are located in the A
and P sites on both subunits, which is denoted as A/A and
P/P for the peptidyl-tRNA and deacylated tRNA, respec-
tively. In the H state, the acceptor stems and the tRNA elbow
regions move towards the P and E site on the LSU, whereas
the anticodon loops remain in the A and P sites on the SSU
(Figure 1B). The deacylated tRNA adopts a single hybrid
conformation (P/E), while the peptidyl-tRNA can fluctuate
between two distinct hybrid conformations denoted as A/P
(H1) and A/P* (H2) that differ only in the position of the
tRNA elbow (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 1989;
Munro et al. 2007; Petrychenko et al. 2021; Rundlet et al.
2021; Zhang et al. 2009). The relative arrangement of SSU
and LSU in the C state is called a non-rotated (N) state of the
ribosome. Upon H state formation, the SSU moves relative
to the LSU by ~8° in counterclockwise direction looking
from the SSU side (Figure 1B) adopting the rotated (R) state
(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). This is accom-
panied by swiveling of the SSU head domain by ~6° in the
direction of tRNA movement across the SSU head-body axis
(swiveled, S, state; Figure 1B) (Belardinelli et al. 2016; Guo
and Noller 2012; Mohan et al. 2014; Petrychenko et al. 2021;
Ratje et al. 2010; Schuwirth et al. 2005; Wasserman et al.
2016; Zhang et al. 2009). Finally, the L1 stalk, a hinge-like
structure that helps the deacylated tRNA out of the E site,
changes its conformation from open in the C state to closed
in the H state, where it moves towards the E site and is in
contact with the elbow region of the P/E tRNA (Figure 1B)
(Bock et al. 2013; Cornish et al. 2009; Fei et al. 2008, 2009;
Mohan and Noller 2017). The PRE complex spontaneously
fluctuates between the C/N and H/R states with rates of
about 1-10 s (Adio et al. 2015; Cornish et al. 2008; Fei et al.
2008; Munro et al. 2007; Poulis et al. 2022; Sharma et al.
2016). These motions are stochastic and reversible (Gav-
rilova and Spirin 1971; Katunin et al. 2002; Konevega et al.
2007; Shoji et al. 2006), but the translocation of the tRNA
anticodons on the SSU is inefficient, as the ribosome remains
in a locked global conformation. Rapid translocation requires
ribosome unlocking, i.e., coordinated global movements in the
ribosome complex with both tRNAs moving simultaneously in
the direction of translocation (Bock et al. 2013; Fischer et al.
2010; Holtkamp et al. 2014; Munro et al. 2010). EF-G induces
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and orchestrates those movements and accelerates trans-
location to physiologically relevant rates at the cost of GTP
hydrolysis.

3 EF-G and the mechanism of tRNA-
MRNA translocation

EF-G (eEF2 in eukaryotes) is a translational GTPase that pro-
motes translocation. EF-G consists of five domains (Figure 1A)
(Czworkowski et al. 1994; Evarsson et al. 1994). Domain 1 (D1)
contains the GTP binding pocket and bears the key histidine
residue (His91 in Escherichia coli EF-G) required for GTP
hydrolysis (Figure 1A) (Cunha et al. 2013). As in all members
of the GTPase superfamily, the switch 1 (swl) and switch 2
(sw2) regions in D1 are flexible elements that sense GTP
binding and hydrolysis and link the nucleotide-binding
state of EF-G to its binding state on the ribosome (Figure 1A)
(Carbone et al. 2021; Petrychenko et al. 2021; Rodnina et al.
2019). The initial recruitment of EF-G D1 to the ribosome
occurs through interactions with the L12 stalk, the only
multicopy protein structure of the ribosome containing
four to eight copies of the bL12 protein (Davydov et al. 2013;
Diaconu et al. 2005). The L12 interaction orients EF-G across
the SSU-LSU interface with EF-G domain 4 (D4) pointing
towards the codon-anticodon complex in the A site of the
SSU (Figure 1B) (Brilot et al. 2013; Lin et al. 2015; Salsi et al.
2014, 2015; Stark et al. 2000). In the GTP-bound form, D1 and
D2 of EF-G contact the so-called sarcin-ricin loop of the 23S
rRNA on the LSU (SRL, helix H95) and the SSU body (helices
h5, h14 and h15) respectively, thereby acting as a pawl that
stabilizes the R state of the SSU body, the S state of the SSU
head domain, the H states (A/P* P/E) of tRNAs, and the
closed state of the L1 stalk (Figure 1B) (Adio et al. 2015;
Belardinelli et al. 2016; 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). Docking of EF-G
D1 on the SRL of the LSU brings together all the components of
the GTPase center, and positions His91 of EF-G in a catalyti-
cally active orientation, leading to GTP hydrolysis (Figure 1B
and C) (Maracci and Rodnina 2016; Rodnina et al. 2019). After
GTP hydrolysis but before P; release, D4 of EF-G remains
flexible, while swl contacts GDP-P;, SRL and the SSU body
(Figure 1C and D) (Carbone et al. 2021; Petrychenko et al. 2021).

Evidence from ensemble kinetics measurements indi-
cated that P; release from EF-G facilitates a rearrangement

body, while EF-G D4 is highly flexible. Upon P; release (right), contacts of sw1 with GDP, Mg?*, as well as h14 of the SSU body are lost, while new contacts
with the SSU body are established. This leads to the back rotation of the SSU body and an upward movement of EF-G domains 1-3 (D1-3) that positions
domain 4 (D4) in contact with the tRNA-mRNA duplex, which now adopts the CHI state. Adapted from (Petrychenko et al. 2021).
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that promotes the tRNA movement on the SSU and this step
coincides with a change in relative orientation of the SSU
head and body domains and a backward rotation of the SSU
relative to the LSU (Belardinelli et al. 2016; Savelsbergh et al.
2000). Recent time-resolved cryo-EM studies demonstrate
how conformational changes of the ribosome complex upon
P; release facilitate the tRNA movement on the SSU (Carbone
et al. 2021; Petrychenko et al. 2021). P; release acts as a trigger
for a loaded spring to promote tRNA movement (Figure 1D).
The loss of P; coordination unleashes swi from the SRL,
which leads to an upward rotational motion of D1-3 of EF-G
on the LSU and moves D4 deeper into the A site of the SSU
where it contacts the tRNA-mRNA duplex (Figure 1D) (Car-
bone et al. 2021; Petrychenko et al. 2021). These rearrange-
ments lead to ribosome unlocking: the SSU body rotates
back, while the SSU head domain swivels by ~18-21°
(Figure 1B-D) (Belardinelli et al. 2016; Carbone et al. 2021;
Chen et al. 2016; Guo and Noller 2012; Petrychenko et al. 2021;
Ramrath et al. 2013; Sharma et al. 2016; Zhou et al. 2014).
Ribosome unlocking results in forward movement of the
peptidyl- and the deacylated tRNA into an EF-G-induced
chimeric state (CHI), where their anticodon stem loops are
located between the A and P (ap/P) and P and E sites (pe/E) on
the SSU, respectively, following the movement of the SSU
head (Figure 1B and D) (Adio et al. 2015; Belardinelli et al.
2016; 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).

The back swiveling of the SSU head domain brings the
tRNAs into the P/P and E/E states and lock the peptidyl-tRNA
in the P site (Figure 1B) (Belardinelli et al. 2016; Gao et al.
2009; Wasserman et al. 2016). Shortly after, the deacylated
tRNA is released from the ribosome with the help of the L1
stalk (Adio et al. 2015; Belardinelli et al. 2016; Bock et al. 2013;
Chen et al. 2011b, 2013b; Choi and Puglisi 2017; Fei et al. 2008,
2009; Lill et al. 1986; Munro et al. 2010; Petropoulos and
Green 2012; Semenkov et al. 1996; Uemura et al. 2010; Was-
serman et al. 2016) and EF-G-GDP dissociates from the ribo-
some (Belardinelli et al. 2016; Carbone et al. 2021). The
ribosome adopts the posttranslocation state (POST), which is
static and where the A site is available to accommodate the
next aa-tRNA (Figure 1B) (Adio et al. 2015; Carbone et al. 2021;
Poulis et al. 2022; Rundlet et al. 2021; Sharma et al. 2016;
Wasserman et al. 2016).

Local movements of elements involved in translocation
are very rapid (on the us and sub-ys scale (Bock et al. 2013))
and only loosely coupled with one another (Fischer et al.
2010), creating a flat landscape of interconnecting PRE
states separated by a steep energetic barrier from the
ensemble of the POST states (Munro et al. 2009). The rugged
translocation landscape accounts for the existence of
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multiple (~500,000,000) alternative translocation pathways
(Bock et al. 2013). EF-G and GTP hydrolysis favor a partic-
ular, well-defined translocation pathway with a low energy
barrier by orchestrating the fluctuations of individual
components into a global movement (Belardinelli et al.
2016; Holtkamp et al. 2014), which explains the acceleration
of translocation by EF-G. In the absence of GTP hydrolysis,
translocation is up to 50 times slower (Katunin et al. 2002;
Munro et al. 2010; Pan et al. 2007; Rexroad et al. 2022;
Rodnina et al. 1997) and follows a different pathway than
the GTPase-controlled reaction (Belardinelli et al. 2016).
Blocking GTP hydrolysis slows forward and abolishes
backward SSU head motions (Belardinelli et al. 2016;
Rexroad et al. 2022), slows down the backward rotation
of the SSU body and the dissociation of the deacylated
tRNA and abolishes EF-G release (Belardinelli et al. 2016).
Although EF-G binding alone can promote translocation
by 10,000-fold (Katunin et al. 2002), which appears to be a
large effect compared to that of GTP hydrolysis (50-fold),
translocation in the absence of GTP hydrolysis is too slow
(in the range of 0.1-0.5 s™%) to support efficient and rapid
(~10-20 aa/s) protein synthesis in the cell. Interestingly,
the requirement for GTP hydrolysis is abolished under
nutrient-fluctuating conditions. Gut commensal bacteria
replace EF-G with EF-G2, a GTPase-deficient paralog that
promotes translocation without GTP hydrolysis, although
at a slower rate, in order to sustain translation at condi-
tions of carbon starvation (Han et al. 2023). Other potential
translocation pathways are favored in the presence of
antimicrobial inhibitors that block the rapid translocation
route (Belardinelli et al. 2021). Changes in the trans-
location pathway can also induce recoding events via non-
canonical translocation, leading to the synthesis of more
than one polypeptide from the same mRNA (Rodnina et al.
2020). Two remarkable recoding examples are ribosome
frameshifting and translational bypassing, which are
discussed below in more detail.

4 Reading frame maintenance

Maintenance of the reading frame is crucial for correct
translation, however, occasionally the ribosome can slip by
one or more nucleotides towards the 5 end (in — direction)
or 3 end (in + direction) of the mRNA. The prevalent -1
frameshifting occurs on slippery mRNA sequences of the
type X XXY YYZ, where the same tRNA can base pair with
both the 0-frame and the trans-frame overlapping codons
XXY and XXX or YYZ and YYY (Figure 2A). At equilibrium,
the frameshifting efficiency depends on the free energy
difference, AAG, of base pairing in the 0 frame (AGq frame)



DE GRUYTER

and -1 frame (AG_; frame) (Bock et al. 2019). Lower AG in -1
frame favors frameshifting, while lower AG in the 0 frame
renders frameshifting thermodynamically unfavorable
(Figure 2A). Ribosomes that resume translation in the -1
frame produce peptides that differ in sequence from those
of the O-frame ORF and terminate at a trans-frame stop
codon, thus leading to the synthesis of peptides of different
amino acid sequence and length. Yet, despite the risks of
frameshifting, slippery sequences are relatively abundant
in the coding genome, for example the slippery sequence A
AAA AAG is only mildly underrepresented in the coding
genome of E. coli (Gurvich et al. 2003). Overall, ~10% of
human mRNAs are predicted to contain a slippery sequence
(Belew et al. 2008). If the frameshifting efficiency was solely
thermodynamically controlled, close to 50% of these
sequences would result in frameshifting and thus about 5%
of cellular proteins would end up as trans-frame junk. We
actually do not know whether this does not occur in the cell,
as there are many unidentified peptides in every proteomic
database, and such truncated peptides could be removed by
the quality control machineries. However, experiments
with frameshifting reporters suggest that the occurrence of
spontaneous frameshifting on slippery sequences is quite
low (Caliskan et al. 2014; Gurvich et al. 2003), suggesting that
translating ribosome can ensure correct translocation step
size even on slippery sequences.

A 0frame —1frame FS 0frame -1frame FS

0 frame

tRNA
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Recent studies revealed that EF-G is a key player in
reading frame maintenance (Peng et al. 2019; Zhou et al.
2019). In the structure of the PRE complex that moved
spontaneously (i.e., in the absence of EF-G) into the CHI state
(i.e., with an unlocked conformational state of the ribosomal
subunits and the SSU head swiveled by 21° relative to the SSU
body), base pairing between the tRNA and the P-site codon is
partially disrupted and the 3' nucleotide of the P-site codon is
flipped towards the A-site tRNA, resulting in a shift by -1
nucleotide (Zhou et al. 2019). Also the A-site tRNA makes
partial contacts with the —1 mRNA nucleotide, suggesting a
propensity for frameshifting. In contrast, in the presence of
EF-G, the 0 frame is maintained, because the A-site tRNA is
held in place by the interactions with D4 of EF-G, in
particular with residues Q507 and H583 (Figure 1A and D)
(Carbone et al. 2021; Fischer et al. 2010; Petrychenko et al.
2021; Rundlet et al. 2021; Zhang et al. 2009). Mutational
analysis shows that Q507 and H583 indeed prevents spon-
taneous frameshifting, as well as reduced the rate of
translocation (Peng et al. 2019). Analysis of different amino
acid substitutions of Q507 indicates that slower trans-
location correlated with higher frameshifting efficiency,
suggesting that opening a time window for the tRNAs to
equilibrate between frames promotes slippage (Peng et al.
2019). Kinetic analysis provided an estimate for the rate of
the slippage, which reflects the energy barrier due to

—1frame FS
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DG rame > AG_1 frame

AGO frame = AG—1 frame
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Figure 2: Mechanism of spontaneous ribosome frameshifting. (A) Free energy difference as the driving force for frameshifting. Thick arrows show the
thermodynamically favorable direction. Pie charts show the experimentally calculated frameshifting efficiency (FS, grey) for each sequence (Bock et al.
2019). AAA and AAG code for Lys; S is 5-methylaminomethyl-2-thio uridine 34 in the tRNA“®. (B) Kinetic model of translocation on slippery mRNA. A fraction
of ribosomes translocates in slow mode, where peptidyl-tRNA fluctuates between CHI and P/P, whereas locking of the P/P state is impaired. Deacylated
tRNA translocates rapidly and dissociates from the ribosome, thus allowing pept-tRNA to sample 0- and -1-frame codons. Back swiveling of the SSU head
is delayed as a result of peptidyl-tRNA fluctuations. Rates of the elemental reactions are indicated (Poulis et al. 2022).
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breaking codon-anticodon interactions in the 0 frame and
re-establishing them in the -1 frame). At the rate of 3-10
s7!, slippage into the trans frame is slower than trans-
location in the 0 frame, which explains why frameshifting
is upregulated by the elements that slow down ribosome
progression, such as regulatory mRNA elements. However,
ribosome stalling is not the only reason for frameshifting.
Single-molecule FRET studies reveal that translocation on
a slippery mRNA can follow two modes: a fast, accurate and
a slow, frameshifting-prone mode (Poulis et al. 2022). In
the fast mode, timely ribosome unlocking drives fast and
synchronized tRNA translocation and locking of the tRNAs
in POST states by inducing rapid SSU head back swiveling
(Peng et al. 2019; Poulis et al. 2022). In the frameshifting-
prone mode, tRNA movements are uncoupled: 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 CHI (ap/P) and POST (P/P) states (Figure 2B) (Peng
et al. 2019; Poulis et al. 2022). During slow translocation of
the peptidyl-tRNA, the SSU head domain remains in a long-
lived swiveled conformation (Peng et al. 2019; Poulis et al.
2022). This allows sampling between the 0- and —1-frame
codons by the peptidyl-tRNA, which creates the time win-
dow for the tRNA to shift the reading frame. EF-G, via the
residues Q507 and H583 at the tip of D4, suppresses the
frameshifting-prone pathway, thus allowing the ribosome
to maintain the ORF (Peng et al. 2019; Poulis et al. 2022). A
recent study suggested that also GTP hydrolysis by EF-G
facilitates reading frame maintenance by preventing EF-G
drop-off during translocation (Rexroad et al. 2022). How-
ever, replacement of GTP by a non-hydrolysable analog
does not facilitate frameshifting, because translocation is
stalled at an early stage of translocation prior to the for-
mation of the CHI state (Poulis et al. 2022). In summary,
these results show that EF-G-orchestrated translocation is
important not only for rapid ribosome movement along
the mRNA, but also for the reading frame maintenance on
slippery sequences.

5 “Hungry” frameshifting and the
production of neopeptides

Although EF-G usually prevents spontaneous frameshifting,
limited availability of charged cognate aa-tRNAs can cause
depletion-triggered, or “hungry”, frameshifting. Hungry
frameshifting occurs in “idling” ribosome complexes
residing on slippery sequences when the cognate tRNA
reading the next A-site codon is lacking (Figure 3A and B)
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(Caliskan et al. 2017; Riegger and Caliskan 2022). This can
occur when nutrient starvation depletes the pool of a
particular amino acid, or when a tRNA is not available,
either because it is naturally rare or because its production
is altered at stress conditions (Figure 3A). In the time window
where the A site is unoccupied by aa-tRNA, the interactions
of the P-site peptidyl-tRNA with the 0-frame codon can be
disrupted and the tRNA can re-pair with a trans-frame codon
(Figure 3B) (Caliskan et al. 2017). Hungry frameshifting can
move the ribosome in both -1 and +1 direction. For example,
a structure of the POST complexes on the slippery sequence
CCC U (CCC and CCU are read by the same tRNA™™ iso-
acceptor) shows that the anticodon stem loop of the P-site
tRNA"™ moved into an intermediate position between the P
and E sites on the SSU (denoted as e*/E, clearly distinct from
the canonical P/P conformation), accompanied by an mRNA
compaction that brings the +1 base closer to the tRNA anti-
codon thus conferring +1 frameshifting (Hoffer et al. 2020).
In some cases, hungry frameshifting acts to regulate gene
expression. A well-studied example is the autoregulation of
the synthesis of release factor 2 (RF2) that mediates peptide
release during translation termination (Baranov et al. 2002;
Craigen and Caskey 1986; Donly and Tate 1991). The avail-
ability of RF2 in the cell regulates its production by fine
tuning termination on its own prfB mRNA. When RF2 is
abundant, translation is efficiently terminated on a 0-frame
stop codon leading to synthesis of a short peptide of RF2. In
contrast, when RF2 is limiting, termination on the 0-frame
stop codon is impaired, resulting in an idle ribosome com-
plex that carries peptidyl-tRNA in the P site. The peptidyl-
tRNA shifts into the +1 frame and resumes translation that
produces the active form of RF2.

Hungry frameshifting is increasingly linked to
different human diseases. For example, it appears to plays
an important role in maintaining viral protein production
during human immunodeficiency virus (HIV) infection
(Korniy et al. 2019a). A hallmark of the HIV genome is a
frameshifting site, where the second slippery codon (UUA)
of the slippery sequence in the 0 frame is decoded by a
tRNA™" isoacceptor with an anticodon UAA (Figure 3C)
(Korniy et al. 2019a). Under conditions where tRNAX"A% jg
depleted, an alternative —1-frame product is formed as a
result of hungry frameshifting (Korniy et al. 2019a). Notably,
tRNAL"UAY js significantly less abundant in human T lym-
phocytes and macrophages, the cell types mainly targeted by
HIV, than in other cell types (Korniy et al. 2019a). Further-
more, hungry frameshifting has recently been implied in
neurodegeneration and cancer. The pathological forms of
the ATXN3 and HTT genes, the causative factors of spino-
cerebellar ataxia type 3 and Huntington’s disease, respec-
tively, contain expanded CAG repeats on the genomic level
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ribosome resumes translation in —1 frame. (C) cis and trans stimulatory elements of viral programmed frameshifting sites. Helical regions are shown in

violet, green and purple shades. Protein 2A of EMCV is shown in orange.

that are translated into poly-glutamine stretches (Girstmair
et al. 2013; McLoughlin et al. 2020; Stochmanski et al. 2012;
Tabrizi et al. 2020; Toulouse et al. 2005). However, poly-
alanine and poly-serine variants have also been detected in
postmortem brain samples from patients (Ayhan et al. 2018;
Davies and Rubinsztein 2006; Gaspar et al. 2000; Stochman-
ski et al. 2012; Toulouse et al. 2005; Wojciechowska et al.
2014). Previous studies suggested that the pathologically long
CAG repeats on the mRNA exhaust the cellular pool of
tRNA®" (Girstmair et al. 2013). This leads to ribosome stalling
on CAG stretches and hungry frameshifting, thus allowing
incorporation of alternative tRNAs, such as tRNA®? in —1
frame or tRNAS® 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,
which can result in neuron death and neurodegeneration
(Ayhan et al. 2018; Davies and Rubinsztein 2006; Girstmair
et al. 2013). In cancer, it has recently been shown that
interferon-y-based antitumor therapy causes upregulation
of tryptophan catabolism enzymes, which leads to intracel-
lular Trp depletion, thereby decreasing the availability of
charged Trp-tRNA™ (Bartok et al. 2021; Champagne et al.
2021). This triggers cancer-specific hungry frameshifting and
the production of frameshifted neopeptides, i.e., unique
cancer-specific peptides that are targeted with high selec-
tivity by the immune system. The neopeptides are then
processed by the immunoproteasome generating neo-
antigens presented at the cancer cell surface and recognized
by T cells, which in turn mediate cancer cell clearance
(Bartok et al. 2021; Champagne et al. 2021).

6 Programmed ribosome
frameshifting

Frameshifting can be promoted by cis mRNA elements that
hinder ribosome progression across the mRNA, which is
usually described as programmed ribosome frameshifting
(PRF, Figure 3C) (Caliskan et al. 2014; Chung et al. 2010;
Giedroc and Cornish 2009; Namy et al. 2006). PRF is prev-
alent in mobile genetic elements such as viruses, trans-
posons and retroviral insertion remnants. In viruses, —1PRF
regulates the synthesis of polyproteins that are essential for
virus propagation and particle assembly (Atkins et al. 2021;
Kelly et al. 2020; Kendra et al. 2017, 2018; Moomau et al. 2016;
Napthine et al. 2019, 2021; Riegger and Caliskan 2022; Wang
etal. 2019; Zimmer et al. 2021). A well-studied example is the
production of the Gag-Pol polyprotein of HIV (Jacks et al.
1988). The synthesis of the Gag-Pol polypeptide chain
depends on a —1PRF event at the 3' end of the gag gene,
where a stem loop is formed downstream of the slippery
sequence (Figure 3C). 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). The resulting Gag-Pol poly-
protein is then cleaved by viral proteases to generate the
Gag and Pol viral proteins. Similar strategy to produce
proteins are found in coronaviruses, such as SARS-CoV-2,
the causative agent of the Covid-19 pandemic, where a
pseudoknot structure (Figure 3C) downstream of a slippery
sequence stimulates frameshifting in the border of ORFla
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and ORF1b (Bhatt et al. 2021; Riegger and Caliskan 2022).
Due to the essential role of PRF in virus propagation, there
is a growing interest in the design of small molecules that
bind the stimulatory elements and antiviral strategies that
target PRF (Anokhina and Miller 2021; Kelly et al. 2021;
Korniy et al. 2019b; Matsumoto et al. 2018; Ritchie et al.
2014).

The mechanism of —1PRF shows similarities but also
differences to spontaneous frameshifting. In both cases, the
overall EF-G dwell time on the ribosome is increased, while
translocation of the peptidyl-tRNA from the A to the P site
and the SSU head back swiveling are delayed (Caliskan et al.
2014; Chen et al. 2014; Choi et al. 2020). The main difference is
that, during —1PRF, the dissociation of the deacylated tRNA
from the E site is also delayed (Caliskan et al. 2014; Chen et al.
2013a), in contrast to the undisturbed and rapid tRNA release
during spontaneous frameshifting (Peng et al. 2019; Poulis
et al. 2022). The completion of translocation during —1PRF
occurs when the secondary structure unwinds, most likely
by proteins uS3, uS4 and uS5 that possess a helicase activity
(Desai et al. 2019; Takyar et al. 2005). Notably, unwinding of
mRNA secondary structure can by itself shift to the slow
ribosome gear, although — in contrast to spontaneous fra-
meshifting — the translocation appears to be stalled at an
early stage, prior to CHI formation (Desai et al. 2019). Pre-
vious studies identified that the stimulatory mRNA second-
ary structures can adopt a wide spectrum of conformers
(Halma et al. 2019, 2021; Neupane et al. 2021; Ritchie et al.
2017). Such structural plasticity, in combination with the
stability of the RNA secondary structures, modulates the
timing of ribosome stalling and the efficiency of frame-
shifting (Bao et al. 2022; Choi et al. 2020; Ritchie et al. 2012).
Additionally, EF-G may perform multiple rounds of binding
and dissociation before translocation is complete and the
extent of this sampling is affected by the stability of the
mRNA structure (Chen et al. 2014; Choi et al. 2020). Dissoci-
ation of EF-G from ribosome complexes that did not com-
plete translocation alleviates the EF-G-dependent reading
frame control and may allow the tRNAs to move into their
thermodynamically favored reading frame, thereby pro-
moting frameshifting.

In addition to the cis elements encoded in the mRNA,
also trans factors such as viral or host proteins can modulate
viral PRF. In contrast to cis elements, which appear to define
a constant frameshifting efficiency by stalling the ribosome
in the CHI state, trans factors can provide a temporal regu-
lation of PRF efficiency. An example of temporal modulation
of PRF by viral protein 2A is described in cardioviruses (Hill
et al. 2021; Napthine et al. 2017). During infection by the
encephalomyocarditis virus (EMCV), protein 2A gradually
accumulates reaching higher concentrations at late stage of
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infection. Protein 2A interacts with the secondary structure
element of the frameshifting site and stabilizes the structure
(Figure 3C) (Hill et al. 2021). Therefore, frameshifting is
increased and protein synthesis is directed towards the
production of structural viral proteins. Interferon-induced
host antiviral factors also act in-trans to abolish viral fra-
meshifting. The short isoform of the zinc-finger antiviral
protein (ZAP-S) recognizes the viral stimulatory element
in the frameshifting site and destabilizes its structure,
causing inhibition of frameshifting (Zimmer et al. 2021).
The interferon-induced protein Shiftless binds to ribo-
somes at the frameshifting site and recruits the termina-
tion and mRNA degradation machinery that targets the
viral genome (Jager et al. 2022; Napthine et al. 2021; Wang
et al. 2019).

PRF has also been described in cellular genes. In bac-
teria, it is implicated in the fine tuning of protein stoichi-
ometry (Blinkowa and Walker 1990). The most prominent
example is the dnaX mRNA of E. coli, which encodes for the y
and 7 subunits of the DNA polymerase holoenzyme (Blin-
kowa and Walker 1990; Caliskan et al. 2017). Translation in
0 frame produces the 7 subunit chain and terminates on a
0-frame stop codon. However, a frameshifting site at the 3’
end of the 7 subunit ORF leads to slippage to the —1frame and
translation continues towards the synthesis of the 7 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 the shift to the —1 frame synthesizes a copper chap-
erone that facilitates the trafficking of copper ions to the
transporter.

7 Translational bypassing

Another very interesting example of an unconventional
EF-G function is translational bypassing, i.e., the skipping of
an mRNA sequence by the translating ribosome to produce a
protein from two discontinuous ORFs (Rodnina et al. 2020).
Gene 60 of bacteriophage T4 is a well-studied example of
ribosome bypassing. The bypassing site of the mRNA is
highly structured containing a 5’ stem loop, a take-off stem
loop, the 50-nt non-coding sequence and a downstream 3'
stem loop (Figure 4A) (Agirrezabala et al. 2017; Klimova et al.
2019). The ribosome translates the first 46 codons of ORF1
and pauses when the GGA take-off codon is in the P site
(Figure 4B). During pausing, the take-off stem loop forms a
secondary structure in the A site that mimics a tRNA anti-
codon stem loop, prevents accommodation of aa-tRNAs and
accessory factors and induces a hyper-rotated state of the
SSUbody (Agirrezabala et al. 2017; Klimova et al. 2019). In this
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Figure 4: The mechanism of ribosome bypassing. (A) Schematic of the bypassing site on the phage T4 gene 60. ORF1 is shown in green, take-off stem loop
(SL) in yellow, matching take-off and landing codons in deep green, stop codon in red, ORF2 in orange. (B) Molecular mechanics of ribosome bypassing.
The ribosome stalls on the take-off codon of ORF1. EF-G (red) binds to a hyper-rotated ribosome and induces pseudo-translocation and sliding. Finally, the

ribosome lands on the landing codon and resumes translation in ORF2.

non-canonical conformation, EF-G drives a round of
pseudo translocation that dislocates the peptidyl-tRNA
from the P-site codon and initiates sliding. During sliding,
EF-G hydrolyzes GTP to a greater extent compared to
canonical translocation, while refolding of the 5" and take-
off stem loops prevent backward movement. At the same
time, retention of the peptidyl-tRNA®Y on the ribosome is
supported by extensive interactions between the nascent
peptide chain and the peptide exit tunnel, thus preventing
tRNA drop-off or termination (Agirrezabala et al. 2017). In
the end, the 3' stem loop guides the landing of the peptidyl-
tRNA®Y on an identical GGA codon. The ribosome adopts
a canonical conformation and resumes translation in
the ORF2 (Figure 4B). Further examples of translational
bypassing are found in the mitochondria of yeast Magnu-
siomycetes capitatus (Lang et al. 2014). This non-canonical
function of EF-G may be involved not only in bypassing, but
also in ribosome movement along the 3' UTRs (Guydosh
and Green 2014; Miettinen and Bjorklund 2015), although
the functional role of this movement remains unclear.

8 Conclusions and perspectives

Recent advances in understanding the action of EF-G
revealed how this translational GTPase facilitates move-
ment in alarge macromolecular complex. While the key role
of GTP hydrolysis and P; release has been discovered a while
ago, recent structures show the exact mechanism by which
P; release alters the interactions of EF-G with the ribosome
and results in the stabilization of the CHI state, the key
intermediate of tRNA translocation. However, we know

surprisingly little about the subsequent steps of trans-
location, e.g., the timing and order of steps upon tRNA
movement from the CHI to the P/P-E/E state, dissociation of
the E-site tRNA, the concomitant back swiveling of the SSU
head and dissociation of EF-G. Understanding these late
steps in translocation is important, because uncoupling of
tRNA movements and EF-G dissociation facilitates frame-
shifting, leading to synthesis of neopeptides linked to
different medical conditions. Mutations in EF-G are often
associated with antibiotic resistance, however, except for
well-studied resistances against the antibiotic fusidic acid,
little is known about how mutations confer the resistance
phenotypes. Switching between the fast and slow modes
of translocation is a new and exciting finding raising
many questions about the role of EF-G in the switching,
and prevalence of this mechanism in regulating trans-
lation. Understanding the multitude of frameshifting
mechanisms - spontaneous, hungry, and programmed by
cis and trans elements — allows to predict the sequence of
potential neopeptides, which can be validated by the anal-
ysis of proteomics data, and provide new insights into
mechanisms by which cells increase their proteomic reper-
toire and respond to environmental cues. Finally, the non-
canonical role of EF-G in facilitating ribosome sliding along
the mRNA shows how fundamental mechanisms of molec-
ular movement can be repurposed and raises the question of
how the propensity for sliding is used in the cell. The role of
EF-G in maintaining the reading frame and in recoding
events shows how a translational GTPase connects protein
synthesis by the ribosome to maintenance of the cellular
proteostasis and regulates the cellular response in health
and disease.
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