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EF-G–induced ribosome sliding along the
noncoding mRNA
M. Klimova*, T. Senyushkina*, E. Samatova*, B. Z. Peng, M. Pearson, F. Peske, M. V. Rodnina†
Translational bypassing is a recoding event during which ribosomes slide over a noncoding region of the messenger
RNA (mRNA) to synthesize one protein from two discontinuous reading frames. Structures in the mRNA orchestrate forward movement of the ribosome, but what causes ribosomes to start sliding remains unclear. Here, we
show that elongation factor G (EF-G) triggers ribosome take-off by a pseudotranslocation event using a small
mRNA stem-loop as an A-site transfer RNA mimic and requires hydrolysis of about two molecules of guanosine
5′-triphosphate per nucleotide of the noncoding gap. Bypassing ribosomes adopt a hyper-rotated conformation,
also observed with ribosomes stalled by the SecM sequence, suggesting common ribosome dynamics during
translation stalling. Our results demonstrate a new function of EF-G in promoting ribosome sliding along the
mRNA, in contrast to codon-wise ribosome movement during canonical translation, and suggest a mechanism by
which ribosomes could traverse untranslated parts of mRNAs.

INTRODUCTION

Translational bypassing has been described in bacteria and mitochondria of yeast Magnusiomycetes (1, 2). The best-characterized example
of bypassing is the gene 60 mRNA of bacteriophage T4 (1). The ribosome reads the first 46 mRNA codons of the open reading frame
(ORF) up to the GGA triplet coding for amino acid glycine. The
subsequent codon is stop codon UAG (Fig. 1A), but instead of
terminating protein synthesis, the ribosome slides over a 50–nucleotide
(nt)–long noncoding gap, lands at a distal GGA codon, and resumes
translation to the end of the second ORF. Although all ribosomes
disengage from the take-off GGA codon and start sliding, only 50 to
60% of them synthesize the full-length protein, while the remaining
ribosomes stop translation due to termination or the spontaneous
drop-off of the peptidyl-tRNAGly (3–5).
Gene 60 mRNA elements that stimulate bypassing are located 5′
of the take-off site, in the take-off stem-loop (SL), and 3′ of the landing site (1, 3, 5–7). The roles of the 5′SL and 3′SL are to promote directionality of movement and to ensure correct landing, respectively
(3, 5). The role of the take-off SL is less clear, although it is critical for
bypassing (1, 5, 8). A recent cryogenic electron microscopy (cryo-EM)
structure revealed that, in the state stalled before bypassing, the
mRNA folds into a short dynamic SL that occupies the decoding
site of the small ribosomal subunit (6). The A-site SL could induce
a lateral tension on the mRNA–transfer RNA (tRNA) interaction,
which would cause the disengagement of the anticodon-codon interaction (5); however, the cryo-EM structure shows that the interactions of the peptidyl-tRNAGly anticodon with the mRNA codon
and the P site of the ribosome remain intact and there is no visible
tension in the complex (6). The short SL hinders the access of the
translation termination factor or near-cognate aminoacyl-tRNA
into the A site, thereby protecting the bypassing ribosomes from
termination or read-through (6).
Another prominent feature of the take-off complex is the nascent
peptide, which forms numerous interactions with the ribosome
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tunnel (6). The interactions stabilize the binding of the peptidyl-
tRNAGly to the ribosome during sliding. In addition, the contacts of
the nascent peptide residues in the vicinity of the peptidyl transferase
center stabilize its inactive conformation, which provides an additional mechanism to prevent the premature termination and readthrough. In the take-off complex, the ribosome adopts a rolled
conformation, which is also found in other stalled complexes (6, 9).
In contrast to normal translation, where ribosomes move by one codon
at a time, during bypassing, the ribosome slides over the mRNA. A
similar type of ribosome movement has been recently described in
3′ untranslated regions of eukaryotic mRNAs, where ribosome profiling identified nontranslating ribosomes that slide along the mRNA
(10, 11), but the mechanism is not known. It is also not known how
the ribosome deals with an SL structure in the A site before sliding.
Last, it remains unclear how ribosome dynamics is connected to
sliding and whether the movements are similar to other stalled
complexes. Here, we address these questions by a combination of
biochemical and single-molecule total internal reflection fluorescence
(TIRF) approaches.
RESULTS

Elongation factor G promotes bypassing at the cost of
guanosine 5′-triphosphate hydrolysis
To identify what triggers bypassing, we used the fully reconstituted
translation system, which functions with the speed and accuracy
comparable to those in vivo (12, 13). The bypassing efficiency on a
full-length gene 60 is ~60% (Fig. 1B). At low temperatures (4° to
10°C), ORF1 is translated, but the bypassing product is not formed.
Upon temperature shift to 37°C, the ribosomes resume bypassing
(Fig. 1C) (6). Those ribosomes that landed at the GGA codon at the
beginning of the second ORF read a leucine codon UUA when
resuming translation (Fig. 1A); hence, we used [14C]Leu incorporation into the nascent peptide as a readout for bypassing (Fig. 1D and
fig. S1). Raising the temperature and addition of EF-Tu–GTP–[14C]
Leu-tRNA alone do not result in productive bypassing. Ribosomes
incorporate [14C]Leu only when elongation factor G (EF-G) is
present in the reaction mixture, suggesting that bypassing is triggered
by EF-G. EF-G variants with mutations H583K or Q507D in its
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Fig. 1. EF-G initiates translational bypassing. (A) Schematic of the gene 60 mRNA. ORF1 (light green) spans codons 1 to 46 up to the Gly take-off codon, GGA (green),
followed by a UAG stop codon (red). ORF2 (blue) begins with a Leu codon UUA after the landing codon (green) (1, 3). (B) The translation products of gene 60 visualized
using a fluorescent reporter, BODIPY FL, incorporated cotranslationally at the N terminus of the nascent peptide (3). mRNA constructs that code for ORF1 alone (stop), the
full-length protein consisting of ORF1+ORF2 separated by a noncoding gap (WT), or the full-length protein synthesized as a single ORF1+ORF2 polypeptide without the
gap (gap). The short peptide corresponds to amino acids 1 to 46 (stop); bypassing results in a 160 amino acids long product that includes the second ORF (byp).
(C) Temperature dependence of bypassing. (D) Identification of the component that initiates bypassing. Take-off complexes were prepared and purified from translational
components at 10°C and transferred to 37°C (take-off). In all other experiments, EF-Tu–GTP–[14C]Leu-tRNA was added in the absence of EF-G (−EF-G) or in the presence of
EF-G(WT), EF-G with mutations in domain 4 [+EF-G(H583K) and +EF-G(Q507D)]. Error bars show the SD for n = 3 replicates. **P < 0.005 by Student’s two-tailed unpaired t test.
(E) Guanosine triphosphatase (GTPase) activity of EF-G during bypassing and the kinetics of bypassing measured by [14C]Leu incorporation. Error bars show the SD for
n = 3 replicates.

domain 4, which slow down the canonical tRNA-mRNA translocation (14), can also promote bypassing.
To test whether the role of EF-G is limited to a single action in
triggering sliding, we measured guanosine 5′-triphosphate (GTP)
hydrolysis by EF-G during bypassing and compared it to the kinetics
of bypassing as reported by [14C]Leu incorporation (Fig. 1E). EF-G
alone does not hydrolyze GTP; the reaction is activated by the interaction with the ribosome. During canonical translocation, EF-G
hydrolyzes about one GTP molecule each time the ribosome moves
by one codon. However, the factor can also slowly hydrolyze GTP
uncoupled from movement, i.e., on vacant or stalled ribosomes. To
account for the fraction of the ribosomes in the take-off complex
that do not bypass, we compared GTP hydrolysis on bypassing
ribosomes to that on the take-off complex in which bypassing is blocked
by truncation of the mRNA downstream of the stop codon; the difference in GTP hydrolysis by bypassing and stalled ribosomes is
shown in Fig. 1E. Bypassing ribosomes hydrolyze substantially more
GTP than expected from a single take-off event based on the bypassing efficiency (Fig. 1E), indicating multiple EF-G binding/GTP
hydrolysis events. The kinetics of GTP hydrolysis and bypassing are
identical. The time courses are single exponential, suggesting a single
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rate-limiting step for GTP hydrolysis and bypassing. When normalized for the number of ribosomes that reach the landing site and
assuming that GTP is hydrolyzed while the ribosome moves along
the mRNA, EF-G appears to hydrolyze, on average, about 90 molecules of GTP for each ribosome that completed bypassing. Considering the length of the noncoding gap (50 nt), EF-G hydrolyzes, on
average, 1.8 molecules of GTP per nucleotide of the sliding sequence.
This GTP expenditure may be required to maintain the ribosome
conformation that is prone to sliding or to facilitate the forward
direction of sliding, similar to the power-stroke action of EF-G in
translocation (15).
The role of the A-site mRNA SL element
We next asked the question whether the SL mRNA structure formed
in the A site plays a role in initiating bypassing (Fig. 2A). We introduced mutations into the mRNA that either disrupt or stabilize base
pairing in the hairpin and determined how these mutations affect
bypassing efficiency in the translation assay (Fig. 2B). The stability
of the SL mRNA element was calculated by mfold (http://unafold.
rna.albany.edu/?q=mfold). Plotting the bypassing efficiency against
the predicted folding energy shows a dose-dependent response with
2 of 9
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the bypassing efficiency increasing with helix stability up to about
−17 kcal/mol; further stabilization does not increase the bypassing
efficiency (Fig. 2, B and C). Thus, a stable A-site hairpin is needed
for efficient bypassing, which raises the question of what happens
with a stable hairpin when the ribosome slides along the mRNA.
We note that the A-site SL occupies the space where the tRNA anti-

codon domain is located during canonical translocation (6). It is possible that upon binding to the ribosome, EF-G domain 4 contacts the
SL and promotes a partial translocation event by analogy with the
translocation of the anticodon SL fragment of a tRNA (16). This
model explains how the A-site SL could contribute to promoting disengagement of anticodon-codon interactions of the P-site tRNAGly (5).

Fig. 2. The role of mRNA-encoded elements in initiating bypassing. (A) mRNA elements required for bypassing. The structure of the nascent peptide in the exit tunnel (left top
inset) is from a cryo-EM structure (6). PTC, peptidyl transferase center of the ribosome. The schematic of the -helical nascent peptide and the amino acid sequence indicated
below show the positions (red) that affect bypassing (3). Circles in the 5′SL indicate mutations introduced to disrupt (4M) or to restore (4MC), the putative secondary structure of the
5′SL (3). The mutated part of the take-off SL is highlighted in pink; the mutations in the loop are shown below the mRNA sequence. The cryo-EM structure of the folded A-site SL
(purple) and the P-site tRNA (green) within the ribosome (blue) (6) is shown in the right inset. (B) Effect of mutations in the apical part of the take-off SL on bypassing [nomenclature
taken from (1)]. (C) Bypassing efficiency at predicted folding energies of the take-off SL variants. (D) Temperature dependence of bypassing. (E) Effect of mutations in the take-off
SL, 5′SL, and the nascent peptide (Y16H, Y16H/V22D, and KKYK mutated to EEHE) on the temperature dependence of bypassing. Given is the temperature Tb at which
bypassing is half-maximal. Error bars show the SD for n = 3 replicates. ***P < 0.0005 by Student’s two-tailed unpaired t test.
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The anticodon-codon interactions in the P site are destabilized by
EF-G binding and translocation (17) and further by the departure
of the tRNA from the E site (5), which could allow the ribosome to
start sliding along the mRNA. However, in contrast to canonical
translocation, the P-site peptidyl-tRNA remains attached to the ribosome due to interactions of the nascent peptide with the exit tunnel walls (6).

large ribosomal subunits were labeled with Cy5 and Cy3, respectively,
and the subunit rotation dynamics was monitored by smFRET between the two dyes (23–27). The two canonical conformations of the
ribosome during translation, the nonrotated and rotated, correspond
to FRET efficiencies of ~0.7 and ~0.5, respectively (24, 27). The distance between the two reporters in the rolled and the nonrotated
state is similar, and in fact, most of the stalled take-off complexes
are in the FRET state of 0.7 at low temperature (Fig. 4A). At 22°C in
Conformational dynamics as modulator of bypassing
the absence of EF-G, a new ribosome population appears with the
The bypassing efficiency increases with temperature (Fig. 2D). The FRET efficiency of 0.3, indicating a higher degree of subunit rotatemperature at which the bypassing efficiency is half of its maximum tion than the canonical rotated state (Fig. 4B). The hyper-rotated
value, Tb, is 24.1° ± 0.2°C (Fig. 2E and fig. S2, B to D). The tempera- intermediate was not captured in previous smFRET experiments (5),
ture dependence manifests a conformational transition that is cru- most likely due to a different FRET pair used in that study. After incucial for bypassing, which prompted us to seek which element of the bation with EF-G–GTP at 37°C, i.e., under conditions where bypassing
complex—mRNA, ribosome, or any other translational component— is completed, ribosomes return to the rotated conformation (Fig. 4C).
determines the temperature dependence. The folding-unfolding Addition of EF-Tu–GTP–Leu-tRNALeu, which leads to Leu incortransitions of the mRNA elements would provide the simplest ex- poration into the nascent peptide and the next round of canonical
planation for the observed temperature effect. However, mutations translocation of the peptidyl-tRNALeu to the P site, brings the riboin the take-off or 5′SL do not affect the Tb value (Fig. 2E and fig. S2, some to the FRET state of 0.7, most likely the nonrotated, state (Fig. 4D).
B and C). Another important bypassing signal is provided by the Time-resolved smFRET traces obtained upon addition of EF-G to
interactions of the nascent peptide with the polypeptide exit tunnel the take-off complexes during imaging show transitions from the
of the ribosome (3, 5, 6). Replacement of residue Y16 to D (Y16D) hyper-rotated to the rotated state (Fig. 4E), whereas transitions to
or of the KKYK signature motif (amino acids 14 to 17) reduces and from the nonrotated state are not observed. This indicates that
bypassing [fig. S2A and (3)] but does not alter the temperature depen- higher temperature activates ribosomes by promoting the formation
dence (Fig. 2E and fig. S2D), whereas a double mutation Y16H/V22D of the hyper-rotated state and that the EF-G–dependent transition
shifts the Tb value substantially, from 24.1° to 28.3°C. Replacement from the hyper-rotated to the rotated state is a hallmark of bypassing.
of the entire KKYK motif with EEHE increases the Tb value markWe then analyzed which elements of the bypassing complex are
edly to 31.8°C.
needed to promote the hyper-rotated state (Fig. 4F). To simplify the
The A site of the ribosome provides the environment for the pre- comparison, we normalized the data to show only the expected posumed interactions between the mRNA take-off SL and the tip of tentially active complexes (Fig. 1C). Of those, 80% adopt the hyper-
EF-G domain 4, which prompted us to test how mutations in the ribo- rotated conformation at 22°C; after incubation with EF-G at 37°C,
some decoding site and in EF-G affect the temperature sensitivity. most complexes convert to the rotated state; addition of a large
Ribosomal protein S12 plays a key role in organizing the structure EF-G excess during imaging has no further effect, whereas the first
of the decoding site and controls aminoacyl-tRNA selection and round of translation of the second ORF brings about the nonrotated
tRNA translocation (18–20). We tested two S12 mutants with sub- state. The formation of the hyper-rotated state depends not only on
stitutions K42N or R49K. These amino acid residues are oriented the temperature but also on the interactions of the nascent peptide
toward the mRNA in the decoding center but do not affect canonical with the exit tunnel and the presence of a stable take-off SL, as mutranslocation (Fig. 3A and fig. S3, F and I). Mutations in S12, and in tations in the KKYK motif or the take-off SL inhibit formation of the
particular R49K, shift the Tb value toward lower temperatures; thus, hyper-rotated state (Fig. 4F and fig. S4, C to G).
the ribosomes show a relaxed phenotype that allows bypassing to
Last, we tested whether other stalled complexes proceed through
occur at lower temperatures than with wild-type ribosomes (Fig. 3B a hyper-rotated intermediate. Ribosomes trapped by the stalling motif
and fig. S3, A to E). In contrast to S12 mutations, replacements of of the secretion monitor protein (SecM) adopt a rolled conformation
key amino acids at the tip of domain 4 of EF-G (H583K and Q507D), similar to that of the gene 60 take-off complexes (6, 9), although the
which are known to interact with the tRNA in the A site (21, 22), stalling is achieved by a different mechanism (5). In the smFRET
shift the temperature dependence toward higher Tb values (Fig. 3B). experiments, SecM-stalled complexes are in the FRET state of 0.7 at
Combining S12 and EF-G domain 4 mutations shows that a mutation low temperature (Fig. 4G). Upon increasing the temperature, a fraction of
in domain 4, such as Q507D, can suppress the relaxed phenotype of the SecM-stalled complexes change the conformation to hyper-rotated
the S12 mutations. Thus, bypassing is sensitive to temperature- (Fig. 4H). Thus, the hyper-rotated conformation is sampled by two
dependent conformational dynamics of the decoding center, with functionally unrelated types of stalled complexes.
S12 restricting and EF-G promoting bypassing.
Dynamics of the ribosomes visualized by single-molecule
fluorescence resonance energy transfer
Ribosomes stalled at the take-off site at low temperature adopt an
unusual rolled conformation that differs from the classical nonrotated and rotated states sampled during regular translation (6). We
asked whether this conformation is retained during bypassing. We
monitored ribosome conformations using a single-molecule fluorescence resonance energy transfer (smFRET) technique. The small and
Klimova et al., Sci. Adv. 2019; 5 : eaaw9049
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DISCUSSION

Our results suggest how ribosomes can slide along the noncoding
mRNA region. Upon reaching the take-off codon, the ribosome
slows down (5) and pauses at the stop codon in an inactive rolled
conformation (6). At permissive temperatures, the rolled state is
transient and converts into the hyper-rotated state. The rolled conformation may contribute to the observed increased lifetime of
nonrotated states as the ribosome reaches the take-off codon (5),
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Fig. 3. Ribosomal protein S12 and EF-G tune the temperature dependence. (A) Schematic of mutations in S12 and EF-G. Superposition of the structures of a pretranslocation complex with tRNAs in the A and P sites (the tRNAs are red and green, respectively) and EF-G (yellow) (38) and of the take-off complex with the P-site peptidyl-tRNA
(light green) and the SL in the A-site (purple) (6). The position of the A-site SL in the bypassing complex overlaps with the A-site tRNA anticodon domain. Positions of point
mutations in EF-G and S12 (dark blue) are indicated. (B) The temperatures Tb at which bypassing is half-maximal is shown for the combinations of WT and mutant S12 and
EF-G. Error bars show the SD for n = 3 replicates. **P < 0.005 and ***P < 0.0005 by Student’s two-tailed unpaired t-test.

whereas the hyper-rotated state most likely corresponds to the noncanonical long-lived rotated state reported earlier (5). The transition
into a hyper-rotated state requires the take-off SL in the A site and
the nascent peptide in the exit tunnel. These results are in line with
previous suggestions that the long pause of the ribosome in a noncanonical state at the take-off site is a hallmark of bypassing induced
by the interactions of the nascent peptide (5). Recruitment of EF-G–
GTP facilitates a pseudotranslocation event using the A-site SL as a
tRNA mimic and allows the ribosome to start sliding along mRNA
until the landing site is reached. The efficiency of sliding depends
on thermally driven conformational transitions at the decoding
center and on interactions with the EF-G domain 4. EF-G makes
multiple rounds of GTP hydrolysis upon bypassing, with the stoichiometry close to two GTP molecules hydrolyzed per nucleotide of
the noncoding gap. The cycles of GTP hydrolysis and Pi release are
coupled to EF-G conformational changes that might unlock the ribosome, thereby allowing it to slide along the mRNA, or restrict the
backward movement of the ribosome. As the 5′SL elements upstream
of the take-off codon emerge from the ribosome, they fold into
structures that may prevent the ribosome to move backward (3, 6);
GTP hydrolysis by EF-G may further contribute to the directionality
of sliding. At the end of the noncoding mRNA gap, ribosome landing is guided by the 3′SL in the mRNA downstream of the landing
codon (3). When the landing codon is presented in the P site,
peptidyl-tRNAGly engages in the anticodon-codon interaction. Upon
landing and EF-G departure, the ribosome adopts a rotated conformation, confirming the previous finding that, at the landing site, the
next tRNA accommodates into the rotated ribosome (5). After peptide bond formation and subsequent translocation, the ribosome
returns into a canonical nonrotated state. The ribosome can now
resume translation in the second ORF. Ribosome dynamics during
bypassing, with the ribosome going through an unusual hyper-
rotated intermediate, is quite different from the cyclic movements
between rotated and nonrotated states during canonical translocation, where each cycle of EF-G binding and GTP hydrolysis moves
the ribosome by one codon.
The mechanism by which EF-G promotes sliding on gene 60 may
provide a general explanation as to how ribosomes move through
noncoding parts of mRNAs, such as 3′ untranslated regions of eukaryotic mRNAs (10, 11). These comparisons between the prokaryotic
and eukaryotic ribosomes are pertinent because ribosome sliding
Klimova et al., Sci. Adv. 2019; 5 : eaaw9049
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requires the most conserved elements of the translational machinery,
such as the decoding center of the ribosome and EF-G. Our previous
results suggested that pausing ribosomes may form short SL structures within the A site (6). It would be interesting to see whether these
structures form also when ribosomes stall during canonical translation and whether, in some cases, these potential structures are translocated, rather than unwound before translation can resume. Last,
the hyper-rotated state of the ribosome appears in both gene 60– and
(unrelated) SecM-stalled ribosomes. A similar hyper-rotated state
has been observed for ribosomes pausing at the regulatory SL element of dnaX mRNA (28). Thus, the hyper-rotated conformation is
likely to be a characteristic feature of stalled complexes before resuming translation. In summary, our results provide the mechanism for
unconventional EF-G–promoted movements of the ribosome through
the noncoding regions on the mRNA and suggest several new modes
of ribosome dynamics that are potentially applicable in prokaryotic
and eukaryotic translation.
MATERIALS AND METHODS

Buffer and reagents
All experiments were carried out in HiFi buffer [50 mM tris-HCl (pH 7.5),
70 mM NH4Cl, 30 mM KCl, 3.5 mM MgCl2, 8 mM putrescine, and 0.5 mM
spermidine) (3). Chemicals were from Roche Molecular Biochemicals,
Sigma-Aldrich, or Merck, and nucleotide triphosphates were from
Jena Bioscience. Radioactive compounds were from Hartmann Analytic.
Total Escherichia coli tRNA was from Roche Molecular Biochemicals.
EF-Tu, initiation factors, [3H]Met-tRNAfMet, f[3H]Met-tRNAfMet,
and BODIPY-[3H]Met-tRNAfMet were prepared from E. coli as described (3). Site-directed mutagenesis of the gene 60 construct (29)
was performed using the QuickChange polymerase chain reaction
(PCR) protocol (3). The sequence of the SecM mRNA construct was
ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGAATATCAACACTGGTTACGTGAAGCAATAAGCCAACTTCAGGCGAGCGAAAGCCCGCGGCGTGATGCTGAAATCCTGCTGGAACATGTTACCGGCAAAGGGCGTACTTTTATCCTCGCCTTTGGTGAAACGCAGCTGACTGACGAACAATGTCAGCAACTTGATGCGCTACTGACACGTCGTCGCGATGGTGAACCCATTGCTCATTTAACCGGGGTGCGAGAATTCTGGTCGTTGCCGT5 of 9
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Fig. 4. Ribosome conformation during bypassing visualized by smFRET. (A and B) FRET distribution histogram for the purified take-off complexes at 4° to 10°C and 22°C,
respectively. Black lines indicate the positions of main ribosome populations with FRET efficiencies of 0.3, 0.5, and 0.7 (for statistics, see table S1). Tim is the imaging temperature. (C) Landing complex obtained by incubation of the take-off complex with EF-G (1 M) and with GTP for 1 min at 37°C and imaged at 22°C. (D) Ribosome conformation
after addition of EF-G–GTP and EF-Tu–GTP–Leu-tRNA at 37°C; imaging was at 22°C. (E) Time-resolved smFRET recorded upon addition of EF-G (10 nM) with GTP to the imaging buffer. Time courses were synchronized at the first observed transition. Contour plot represents transitions from FRET states of 0.3 to 0.5; other types of transitions
were not observed. (F) Distribution of hyper-rotated, rotated, and nonrotated conformations in different complexes normalized to the activity of the take-off complex.
(G and H) FRET distribution histograms for the SecM-stalled ribosome complexes at 4° to 10°C and 22°C.

TATTCAGCACGCCCGTCTGGATAAGCCAGGCGCAAGGCATCCGTGCTGGCCCTATGTCCGGTAA A A T G A C T G G T A T C G T A A A A T G G T T C A A C G C T GACAAAGGCTTCGGCTTCATCACTCCT. mRNAs were produced
by T7 RNA polymerase in vitro transcription and purified by
ion exchange chromatography on a HiTrap Q HP 5-ml column
(GE Healthcare).
Cloning, expression, and purification of EF-G
and EF-G mutants
EF-G mutations H583K and Q507D were introduced by site-directed
mutagenesis into pET24EF-G plasmid containing E. coli EF-G gene
with a C-terminal His-tag. All constructs were verified by DNA sequencing. EF-G wild-type, EF-G(H583K), and EF-G(Q507D) were
expressed in BL21(DE3) and purified as described (30). Concentrations were determined spectrophotometrically at 280 nm and based
on SDS–polyacrylamide gel electrophoresis and densitometry using
a reference protein of known concentration.
Ribosomes
Ribosomes (70S) were prepared from E. coli according to the published protocol (31). Fluorescence labeling of ribosomal subunits is
described in detail (24). The extent of subunit labeling was determined spectroscopically and was close to 100%, and the activity was
tested as reported (24, 32). Mutations in the ribosomal protein S12
were introduced into the chromosome-encoded rpsL (ribosomal
Klimova et al., Sci. Adv. 2019; 5 : eaaw9049
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protein uS12) gene in E. coli strain MDS57 (33). The genomic region containing the gene was PCR-amplified as two overlapping
sections to simultaneously clone and introduce mutations. The R49K
mutation was introduced using primer pairs MDP_AEQ and MDP_
AER and MDP_AES and MDP_AER, generating strain MDP_224.
The K42N mutation was introduced using primer pairs MDP_AEQ
and MDP_AEX and MDP_AEW and MDP_AER, generating strain
MDP_232. The plasmid pKO3 (34) was PCR-amplified with primers
MP527 and MP528. Each set of three PCR products was assembled
into a circular plasmid using Gibson Assembly (35), and the scarless
genomic modifications were generated by two-step homologous recombination. The following primers were used:
MDP_AEQ, GCGGTATTGGTAGTCCCACAACACCGTAGGGATTTACCTTAAGCGGACTT;
MDP_AER, CGTCTATTGAATCGGAGCACCCACAGTCACCGGTGTAGAACAGAATACG;
MDP_AES, GAACTCCGCGCTGAAGAAAGTATGCCGTGTTCGTCTGACTAACGGTTTCG;
MDP_AET, CCGTTAGTCAGACGAACACGGCATACTTT
CTTCAGCGCGGAGTTCGGTTT;
MDP_AEW, TGTATATACTACCACTCCTAACAAACCGA
ACTCCGCGCTGCGTAAAGTAT;
MDP_AEX, TTCGGTTTGTTAGGAGTGGTAGTATATACACGAGTACATACGCCACGTTT;
MP527, ACTGTGGGTGCTCCGATTCAATAGACGGA
TCCTCTAGAGTCGACCGGAGA;
6 of 9
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MP528, TACGGTGTTGTGGGACTACCAATACCGCGGCCGCGATCCCCGGGTACCGA.
Beginning with a single colony, a 50-ml culture was grown overnight at 37°C with shaking in LB medium without antibiotics. The
following day, 1 ml was transferred into each of 12 500 ml of LB medium
in flasks (6 liters in total) and grown for ~24 hours at 37°C with shaking in LB medium. The following day, the cells were centrifuged for
10 min at 4000 rpm in 1-liter buckets, resuspended and combined in
500 ml of fresh LB medium at 37°C, and allowed to grow with shaking for
1 hour at 37°C. The cells were then centrifuged 10 min at 4000 rpm in
a 1-liter bucket. The cells were washed once with buffer A [20 mM
Tris-Cl (pH 7.5), 100 mM KCl, and 15 mM MgCl2], and the pellet
was either frozen in liquid nitrogen or directly resuspended in ~100 ml
of ice-cold buffer A for lysis. The cells were lysed with a single
pass through an EmulsiFlex homogenizer. The lysate was then clarified by (2×) 10-min centrifugation at 13,000 rpm in Falcon tubes.
The clarified lysate was then layered on top of a 30-ml cushion of
buffer A containing 40% sucrose in Ti45 tubes and centrifuged 17
to 24 hours at 37,000 rpm in a Ti45 rotor. All of the pellets were
briefly washed with buffer A and then resuspended in ~500 l of
buffer A (2 to 3 ml in total volume) using small stir bars at 4°C. The
resuspended ribosomes were transferred to 1.5-ml tubes, heated to
37°C for 5 min, and then centrifuged at max speed at 4°C in a tabletop
centrifuge for 5 min. The supernatant was transferred to fresh tubes,
either frozen in liquid nitrogen or diluted to 20 mg/ml, layered on top
of 10 to 40% sucrose gradients in buffer A in SW32 tubes (~10 mg
ribosomes per gradient; 500 l), and centrifuged at 22,000 rpm for
17 hours with an SW32 rotor. The gradients were fractionated from
the top by hand, in 1-ml fractions, into 1.5-ml tubes. The optical
density at 260 nm (OD260) for each fraction was checked and plotted to
determine which fractions contained the 70S ribosomes. These fractions were combined and centrifuged in a Ti45 rotor 17 to 24 hours
at 37,000 rpm. The 70S pellets were resuspended in buffer A, and the
buffer was exchanged three times using a centrifugal concentrator
with a 100,000 molecular weight cutoff. The concentration was
adjusted to 8 M (20 mg/ml), and 50 ml of aliquots was frozen in
liquid nitrogen and stored at −80°C.
In vitro translation
Translation was carried out as described (3) with the following modifications. Initiation complexes were formed by incubating ribosomes (0.5 M), mRNA (1.5 M), IF1, IF2, and IF3 (0.75 M each),
GTP (1 mM), and either BODIPY-[3H]Met-tRNAfMet or initiator
f[3H]Met-tRNAfMet (0.5 M) in HiFi buffer for 30 min at 37°C. The
ternary complex EF-Tu–GTP–aminoacyl-tRNA was prepared by incubating EF-Tu (58 M) with GTP (1 mM), phosphoenol pyruvate
(3 mM), and pyruvate kinase (0.1 mg/ml) for 15 min at 37°C, then
adding purified total aminoacyl-tRNA (about 60 M) and EF-G
(2 M), and incubating for 1 min at 37°C. In vitro translation was
started by mixing initiation ribosome complexes (0.08 M) with the
ternary complexes (50 M) with total aminoacyl-tRNA (containing
[14C]Leu-tRNALeu) and incubated at temperature ranging from 10° to
37°C for 20 min. Products were separated by Tris-Tricine gel electrophoresis (36). Fluorescent peptides were detected after gel electrophoresis using Starion IR/FLA-9000 scanner (Fujifilm) and quantified
using the Multi Gauge software. Bypassing efficiency was calculated
as a ratio of the density corresponding to the byp band to the sum of
the byp and stop bands. The identity of the products was confirmed
as previously described (3, 6).
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Stalled take-off complexes
To prepare take-off complexes, translation mixtures containing 70S
ribosomes or fluorescence-labeled 30S subunits together with a 1.5fold excess of labeled 50S subunits (0.16 M) were incubated for
20 min at 10°C, and the resulting ribosome complexes were purified by gel filtration on BioSuite 450 HR 8-m column (Waters) at
4°C. The amount of the nascent peptide bound to the ribosome was
calculated from the ratio f[3H]Met-tRNAfMet radioactivity to OD260
in the ribosome fraction.
Leucine incorporation into nascent peptide
Leucine incorporation experiments were performed by mixing stalled
take-off complex (0.1 M) with ternary complex EF-Tu–GTP–[14C]
Leu-tRNALeu (0.3 M), EF-G (2 M), and GTP (1 mM) (as indicated).
After 2-min incubation at 37°C, samples were quenched with 1/2 volume of 1 M KOH and hydrolyzed for 30 min at 37°C. After neutralization with 1/10 volume of acetic acid, the products were analyzed
by high-performance liquid chromatography (HPLC) (LiChrospher
100 RP-8 HPLC column, Merck) using an adapted gradient of acetonitrile in 0.1% trifluoroacetic acid.
The GTP hydrolysis assay
The assay was performed by mixing stalled take-off complexes
(0.1 M) with EF-G (0.1 M) and GTP (10 M) containing trace
amounts of [-32P]GTP. Reactions were incubated at 37°C, and aliquots were taken at indicated time intervals and quenched with one
volume of 50% formic acid. Samples were analyzed by thin-layer
chromatography (Polygram CEL 300, Macherey-Nagel) using a 0.5 M
potassium phosphate (pH 3.5) running buffer. Radioactivity was
detected using a phosphoimager system. The reaction was carried out
under initial velocity conditions, as GTP consumption did not exceed
20% at any reaction point. The extent of bypassing was measured in
parallel using the [14C]Leu incorporation assay carried out at exactly
the same concentrations as the GTPase assay but with addition of
EF-Tu–GTP–[14C]Leu-tRNALeu (0.3 M). The bypassing efficiency
(20%) is somewhat lower than in all other experiments due to limiting concentrations of EF-G (0.1 M instead of 2 M) and GTP (10 M
instead of 1 mM) used in these experiments, which were chosen to
maximize the sensitivity of the assay to GTP hydrolysis.
Translocation assay
Translocation with catalytic amounts of EF-G (turnover reaction) and
spontaneous translocation in the absence of EF-G were measured
using the puromycin assay. Pretranslocation complexes carrying
tRNAfMet in the P site and f[3H]Met[14C]Phe-tRNAPhe in the A site
were prepared as described (30). Pretranslocation complexes (wild
type or mutant) (0.1 M) were incubated with a catalytic amount of
EF-G (1 nM) or without EF-G in TAKM7 buffer [50 mM Tris-HCl
(pH 7.5) 70 mM NH4Cl, 30 mM KCl, and 7 mM MgCl2]. Samples
were taken and reacted with puromycin (1 mM) for 10 s before
being quenched with 1.5 M sodium acetate (pH 4.5) saturated with
MgSO4. f[3H]Met[14C]Phe-puromycin was extracted with ethyl acetate and quantified by radioactivity counting. Single-round translocation experiments were carried out in TAKM7 buffer containing
1 mM GTP in a stopped-flow apparatus (SX-20MV, Applied Photophysics) at 37°C. Pretranslocation complexes programmed with an
Alexa Fluor 405–labeled mRNA (mMF14Alx405) (0.05 M) were rapidly mixed with EF-G (4 M). The dye was excited at 400 nm, and fluorescence was measured after passing a KV418 cutoff filter (Schott).
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tRNA stability assay
Pretranslocation complexes with tRNAfMet in the P site and f[3H]
Met[14C]Phe-tRNAPhe in the A site were incubated in TAKM7 buffer
at 37°C. tRNA binding was assayed by nitrocellulose filtration of the
complexes, and the amount of bound tRNA was quantified by radioactive counting.
Single-molecule experiments using TIRF microscopy
Single-molecule FRET experiments were carried out at 22°C or 4° to
10°C temperature as stated. The stalled ribosome complexes were diluted in HiFi buffer to a final concentration of 1 nM and immobilized
on biotin–polyethylene glycol quartz slides preincubated with
NeutrAvidin (Thermo Fisher Scientific) using the mRNA annealed
to a biotinylated primer. The imaging buffer was HiFi containing 3.5 mM
MgCl2 supplemented with an oxygen-scavenging system (5 mM
protocatechuic acid and 50 nM protocatechuate-3,4-dioxygenase
from Pseudomonas) and a triplet-state quencher mixture (1 mM Trolox
and 1 mM methylviologen) (Sigma-Aldrich), as described (37).
smFRET experiments were performed on an IX81 inverted objective-
based TIRF microscope with a 100× 1.45 numerical aperture oil
immersion objective (PLAPON, Olympus). A charge-coupled device
C9100-13 camera (Hamamatsu) was used for recording images at a
time resolution of 30 frames/s. To image complexes at low temperature, we used an aluminum alloy cube that was cooled on ice and
placed on the microscope slide during the measurements. The temperature was controlled and maintained constant within approximately 1°C. Fluorescence time traces for donor (Cy3) and acceptor
(Cy5) were extracted and analyzed using custom-made MATLAB
(MathWorks) software according to published protocols (37). The
distribution of FRET states shown in the state histograms was fitted
to a sum of Gaussian functions using a nonlinear minimization procedure (fminsearch, MATLAB). The R2 value for all fits was larger
than 0.98. FRET states and corresponding population values were
defined from three independent datasets and presented as means ± SD
in table S1. For normalization shown in Fig. 4F, we estimated that
about 37% of complexes can change the conformation from the
nonrotated to either rotated or hyper-rotated under the conditions
of the smFRET experiment (Fig. 4B), consistent with the bypassing
efficiency (40%) upon temperature shift (Fig. 1C), whereas the
remaining fraction remains in the nonrotated state and was omitted
from the calculations.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaaw9049/DC1
Fig. S1. HPLC separation of the take-off and landing products.
Fig. S2. Temperature dependence of bypassing: The effect of mRNA elements and the nascent
peptide.
Fig. S3. The effect of mutations in S12 and EF-G.
Fig. S4. FRET distribution histograms.
Table S1. Summary of the smFRET data.
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