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Abstract: Translational G proteins, whose release from the ribosome is triggered by GTP hydrolysis,
regulate protein synthesis. Concomitantly with binding and dissociation of protein factors, translation
is accompanied by forward and reverse rotation between ribosomal subunits. Using single-molecule
measurements, we explore the ways in which the binding of translational GTPases affects inter-
subunit rotation of the ribosome. We demonstrate that the highly conserved translation factor LepA,
whose function remains debated, shifts the equilibrium toward the non-rotated conformation of the
ribosome. By contrast, the catalyst of ribosome translocation, elongation factor G (EF-G), favors
the rotated conformation of the ribosome. Nevertheless, the presence of P-site peptidyl-tRNA and
antibiotics, which stabilize the non-rotated conformation of the ribosome, only moderately reduces
EF-G binding. These results support the model suggesting that EF-G interacts with both the non-
rotated and rotated conformations of the ribosome during mRNA translocation. Our results provide
new insights into the molecular mechanisms of LepA and EF-G action and underscore the role of
ribosome structural dynamics in translation.

Keywords: ribosome; inter-subunit rotation; EF-G; single-molecule Forster Resonance Energy
Transfer (smFRET)

1. Introduction

Protein synthesis is accompanied by ~10° forward and reverse rotation between the
small (30S in bacteria) and large (50S in bacteria) ribosomal subunits [1]. The inter-subunit
rotation was discovered in cryo-EM reconstructions of the ribosome bound with the catalyst
of mRNA-tRNA translocation, universally conserved elongation factor G (EF-G) [2]. The
following structural and single-molecule fluorescence studies showed that spontaneous
movement of peptidyl- and deacylated tRNAs into the hybrid A/P and P/E sites, which
occurs during each elongation cycle after the formation of new peptide bond [3], is coupled
to the transition from the non-rotated (NR) to rotated (R) conformation of the ribosome [4,5].
EF-G transiently stabilizes the R, hybrid state conformation, and then induces mRNA-tRNA
translocation on the small ribosomal subunit that is coupled to reverse rotation between
ribosomal subunits [4,5].

Acylation state of P-site tRNA plays a critical role in control of inter-subunit rotation.
The presence of peptidyl-tRNA in the P site fixes the ribosomes in the NR conformation [6].
Deacylation of P-site tRNA by peptidyl transfer during the elongation phase of protein
synthesis or peptide release during translation termination enable spontaneous inter-
subunit rotation [6-8].

The binding of translation and inter-subunit dynamics is linked in the intricate in-
terplay that is yet to be fully understood. On the one hand, translation factors perturb
the equilibrium between different states of inter-subunit rotation. For example, initiation
factor 2 (IF2), release factors 1 and 2 (RF1 and RF2) and ribosome recycling factor (RRF)
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were demonstrated to stabilize the semi-rotated, non-rotated and rotated conformations of
the ribosome, respectively [8-12]. On the other hand, the acylation state of P-site tRNA,
which controls inter-subunit dynamics, might regulate binding of translation factors to the
ribosome. In particular, the binding sites of translational G proteins (EF-Tu, EF-G, RF3, IF2,
LepA and BipA) extensively overlap. GTPase activity of these factors is invariably triggered
by interaction with the sarcin-ricin loop (SRL) of 235 rRNA of the 50S subunit [1]. At least
in part, the correct order for the binding of translational GTPases might be regulated by
conformational rearrangements of the ribosome, including oscillation between the NR and
R conformations.

In this work, we examine the ways in which the binding of ribosome GTPases LepA
and EF-G affects the equilibrium between the NR and R conformations of the ribosome.
We also explore the regulation of EF-G binding by acylation state of P-site tRNA. Our
results provide new insights into relationship between inter-subunit rotation and binding
of translational GTPases.

2. Results
2.1. LepA Stablizes the Non-Rotated Conformation of the Ribosome

LepA is a ribosome-dependent GTPase that is highly conserved among bacteria,
eukaryotic mitochondria and chloroplasts. Paradoxically, despite the high levels of conser-
vation, deletion of genes encoding LepA in Escherichia coli [13,14] and its yeast homologue
Gufl in Saccharomyces cerevisiae [15] have no phenotype under normal growth conditions.
Knockout of mitochondrial homologue of LepA in mice causes male infertility [16].

Initially, bacterial LepA was described as a back-translocase that induces reverse
translocation of tRNA and mRNA in the ribosome [17]. Subsequent studies implicated
LepA in 30S subunit biogenesis [18]. In addition, several studies indicated that LepA
is associated with the cell membrane [15,19] and is needed for synthesis of a number of
membrane-associated proteins [20]. Thus, the role of LepA in translation remains elusive.

Cryo-EM and X-ray crystal structures of LepA-ribosome complexes revealed extensive
interactions of C-terminal domain of LepA with acceptor stems of both P-site and A-
site tRNAs [21-23]. Furthermore, structures of LepA-ribosome complexes revealed 4-5°
clockwise rotation of the small ribosomal subunit relative to the large subunit when the
ribosome was viewed from the solvent side of the 30S subunit and compared to the
non-rotated, classical state conformation [21,22]. This rearrangement is distinct from
the counterclockwise rotation observed in the rotated, hybrid state conformation of the
ribosome.

To gain new insights into LepA function and to test whether LepA induces a distinct
conformation of the ribosome, we employed single-molecule Forster Resonance Energy
Transfer (smFRET) microscopy. Using smFRET, we examined the effects of LepA binding on
ribosome inter-subunit dynamics. Inter-subunit rotation was followed by energy transfer
between acceptor (Cy5) fluorophore attached to protein bS6 on the small subunit and donor
(Cy3) attached to protein bL9 on the large subunit [6,11,24]. Numerous independent studies
have previously shown that the NR and R conformations of the ribosome correspond to
0.6 and 0.4 FRET states of this FRET pair [6,11,24].

We non-enzymatically bound deacylated tRNA™Me to the P site of S6-Cy5/L9-Cy3
ribosomes programmed with a short-model mRNA. Previous studies demonstrated that
ribosomes containing deacylated tRNA™ét in the P site are more dynamic than complexes
assembled with elongator tRNAs [6,25]. tRNAMet_bound ribosomes exhibit multiple
spontaneous fluctuations between the NR and R conformations of the ribosome in the
absence of factors of translation [6]. In agreement with published data, the NR (0.6 FRET)
and R (0.4 FRET) conformations were nearly equally populated in ribosomes containing
P-site tRNAMet (Figure 1a). Over 40% of ribosomes showed spontaneous fluctuations
between 0.4 and 0.6 FRET states.
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Figure 1. LepA stabilizes the non-rotated conformation of the ribosome. Histograms show FRET
distribution in S6-Cy5/1.9-Cy3 ribosomes. Ribosomes bound with P-site deacylated tRNAMet
(a—d) were incubated with RF36GDPNP (b) or LepAeGDPNP (c) or LepAeGDPCP (d). Ribosomes
bound with P-site deacylated tRNAP® and A-site N-Ac-Tyr-tRNA" (e f) were incubated with
LepAeGDPNP (f). N indicates the total number of FRET traces compiled into each histogram. % fluc
designates the percentage of traces that show fluctuations. Yellow lines show individual Gaussian
fits. Black line indicates the sum of Gaussian fits. The fraction of the ribosomes in the R and NR
conformations are shown above the corresponding 0.37 and 0.56 Gaussian peaks.

To test sensitivity of our experimental setup to perturbation of NR<+R equilibrium,
we incubated S6-Cy5/L9-Cy3 ribosomes containing P-site tRNA™et with 2 uM release
factor 3 (RF3) and non-hydrolysable analogue of GTP, GDPNP, which traps RF3 on the
ribosome. RF3 stimulates dissociation of release factors 1 and 2 (RF1 and RF2) from
post-termination ribosome and stabilizes the R conformation of the ribosome [8,12,26].
Consistent with previous reports, nearly all (95%) of RF3-bound ribosomes were observed
in the R conformation (Figure 1b). Furthermore, RF3 binding dramatically diminished the
number of traces showing spontaneous fluctuations (Figure 1b).
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When S6-Cy5/19-Cy3 ribosomes containing P-site tRNA™Met were incubated with
2 uM LepA and one of non-hydrolysable analogues of GTP, GDPNP or GDPCP, the NR<«+R
equilibrium shifted toward the NR conformation as 70% of ribosomes were observed in
0.6 FRET state. Importantly, we did not detect an additional high FRET state that would
be consistent with clockwise inter-subunit rotation observed in X-ray crystal structures of
LepA-ribosome complexes.

Because LepA was shown to interact with P-site and A-site tRNAs, we next assembled
pre-translocation ribosomes that contained deacylated tRNA in the P site and peptidyl-
tRNA analogue N-acetyl(Ac)-Tyr-tRNAD in the A site (Figure le). Incubation with LepA
and GDPNP led to significant stabilization of the NR conformation as the fraction of
ribosomes showing 0.6 FRET increased from 55% to 82% (Figure 1lef).

Taken together, our data do not support the idea that LepA induces a unique confor-
mation of the ribosome. Instead, LepA stabilizes the NR, classical-state conformation of the
ribosome.

2.2. EF-G interacts with Both the Rotated and Non-Rotated Conformations of the Ribosome

Universally conserved translational GTPase EF-G (EF-2 in eukaryotes) catalyzes codon-
by-codon ribosome translocation along mRNA. Early cryo-EM structures revealed EF-G
bound to the R, hybrid-state conformation of the ribosome [2,27]. In addition, biochemical
experiments suggested that the presence of P-site peptidyl-tRNA, which fixes the ribo-
some in the NR conformation, essentially prevents EF-G binding [28]. These observations
together with several smFRET studies [29,30] led to the model that EF-G binding is re-
stricted to the R, hybrid-state conformation of the ribosome. Other single-molecule and
ensemble kinetic studies argued that EF-G can bind to NR ribosomes, transiently induce
the R conformation before completion of translocation coupled to the return to the NR
conformation [31-34] (detailed discussion of these models can be found in [35]).

We re-examined the effect of EF-G binding on the NR«R equilibrium. When EF-G
was incubated with ribosomes containing deacylated tRNAMet in the P site (Figure 1a) in
the presence of either GDPNP or GDPCP, ~70% of ribosomes exhibited 0.4 FRET consistent
with stabilization of the R conformation by EF-G (Figure 2a,b). Importantly, mRNA translo-
cation requires the presence of both A- and P-site tRNAs [36]. Therefore, our smFRET
measurements in ribosomes bound with a single deacylated P-site tRNAs reflect changes
in the NR<+R equilibrium of pre-translocation ribosomes rather than switching from pre-
to post-translocation conformation state of the ribosome.

Noteworthy, EF-G was present at concentration (2 pM) that is two orders of magnitude
higher than reported Kp for EF-G binding [37]. Nevertheless, 30% of ribosomes were
observed in the NR conformation and 15% of ribosomes showed fluctuations between
0.4 and 0.6 FRET states. For comparison, RF3 binding produced much stronger stabilization
of the R conformation as only ~5% of ribosomes showed 0.6 FRET and spontaneous
FRET fluctuations (Figure 1b). These results are consistent with smFRET experiments
demonstrating prevalence of tRNA fluctuations between classical and hybrid states of
tRNA binding coupled to the L1 stalk movement that were observed in ribosomes bound
with EF-GeGDPNP [25].

Next, we tested whether EF-G interacts with ribosomes containing peptidyl-tRNA in
the P site. When EF-GeGDPNP was incubated with ribosomes containing peptidyl-tRNA
analogue N-Ac-Tyr-tRNADT in the P site, the fraction of ribosomes in the NR (0.6 FRET)
conformation decreased from 77 to 45% (Figure 2c,d). This result indicates that EF-G
interacts ribosomes containing peptidyl-tRNA in the P site and switches some of them from
the NR to R conformation.
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Figure 2. EF-G stabilizes the rotated conformation of the ribosome. Histograms show FRET distri-
bution in $6-Cy5/1.9-Cy3 ribosomes. Ribosomes bound with P-site deacylated tRNA™Met (a,b) were
incubated with either EF-GeGDPNP (a) or EF-GeGDPCP (b). Ribosomes bound with P-site acylated
N—Ac—Tyr—tRNATyr (c,d) were incubated with EF-GeGDPNP (d). N indicates the total number of
FRET traces compiled into each histogram. % fluc designates the percentage of traces that show
fluctuations. Yellow lines show individual Gaussian fits. Black line indicates the sum of Gaussian fits.
The fraction of the ribosomes in the R and NR conformations are shown above the corresponding
0.37 and 0.56 Gaussian peaks.

To further investigate the ways in which the presence of peptidyl-tRNA in the P site
affects EF-G binding, we measured dissociation constants of EF-G binding using previously
established equilibrium titration assay [37]. Fluorescein-labeled EF-G was incubated with
increasing amounts of 70S ribosomes containing either deacylated or peptidyl-tRNA in the
P site. Fluorescein quenching indicates ribosome binding (Figure 3). Dissociation constants
for EF-G binding to ribosomes containing deacylated tRNAMet or tRNAPh were 16 and
14 nM, respectively (Figure 3a,b, Table 1). The presence of N-acetyl (Ac)-aminocyl moiety
at the acceptor stem of P-site tRNA increased the dissociation constant of EF-G binding
by 2 (N-Ac-Phe-tRNAPP¢)—4 (N-Ac-Met-tRNAMet)_fold (Figure 3b, Table 1). Therefore,
our data demonstrate that P-site peptidyl-tRNA only moderately weakens EF-G binding
relative to deacylated tRNA.
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Figure 3. Deacylation of P-site tRNA moderately enhances EF-G binding. (a) EF-G fluorescence
(I) normalized to fluorescence observed in the absence of the ribosome (I) was measured with
increasing concentrations of ribosome complex P-site tRNAMet (blue), N-Ac-Met-tRNAMet (black),
tRNAPPe (red) or N-Ac-Phe-tRNAPhe (orange). (b) Dissociation constants (Kp) of EF-G binding
determined using fluorescein quenching by ribosomes that contain in the P site either deacyl- or
N-Ac-aminoacyl-tRNAs.

Table 1. Effects of P-site tRNA deacylation and antibiotics on dissociation constants (Kp) of EF-G
binding.

P Site Antibiotic Kp, nM p Value
Vacant - 115+5
tRNAMet - 16 +2

N-Ac-Met-tRNAMet - 66 + 2 8 x 1077
- 1442

Phe Blasticidin S 37+ 4 7 %x10°°

ERNA Sparsomycin 24 +3 1x1073

Viomycin <5 4 %1073

N-Ac-Phe-tRNAhe - 31+4 1x 1073

Dissociation constants (Kp) of EF-G binding to ribosomes assembled with P-site peptidyl-tRNA, or antibiotics
were different from those measured in ribosomes containing deacylated tRNA in the P site as p-values determined
by the two-tailed Student t-test were below « (0.05). p-values were calculated relative to Kp values measured in
ribosomes bound with either P-site tRNAMet (blue) or tRNAPPe (red).

Next, we explored whether antibiotics that are known to stabilize either the NR or
R conformation affect EF-G binding. Antibiotics blasticidin S and sparsomycin interact
with the acceptor end of P-site tRNA and stabilize the ribosomes in the NR conformation
by enhancing binding of CCA end of deacylated tRNA to the 50S P site and inhibiting
tRNA translocation into P/E hybrid state [38,39]. Pre-incubation of ribosomes containing
deacylated tRNAPP® in the P site with either blasticidin S or sparsomycin increased the
dissociation constant of EF-G binding by ~2-fold (Figure 4a,b, Table 1). These results were
similar to moderate reduction in EF-G affinity toward the ribosome containing peptidyl-
tRNA in the P site (Figure 3).
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Figure 4. Antibiotics known to perturb the NR«+R equilibrium mildly affect EF-G binding. (a) EF-G
fluorescence (I) normalized to fluorescence observed in the absence of the ribosome (Iy) was measured
with increasing concentrations of ribosome complexes containing P-site tRNA® in the presence of
200 uM blasticidin S (BlaS, red), 40 uM sparsomycin (Spars, blue), 500 uM viomycin (Vio, orange) or
in the absence of antibiotics (none, black). (b) Dissociation constants (Kp) of EF-G binding determined

in the presence or absence of antibiotics.

In contrast to blasticidin S and sparcomycin, translocation inhibitors viomycin traps the
ribosome in the R conformation [6,40]. Pre-incubation of ribosomes containing deacylated
tRNAPhe in the P site with viomycin decreased the apparent dissociation constant for EF-G
binding to 5 nM. Because EF-G concentration in titration experiments was 10 nM, 5 nM
value of the apparent dissociation constant indicates stochiometric mode of EF-G binding.
We could not perform titration experiments at lower EF-G concentrations to accurately
determine dissociation constant for EF-G binding in the presence viomycin because of
experimental limitation, i.e., fluorimeter sensitivity and necessity to use small sample
volumes. Hence, 5 nM value represents an upper boundary for dissociation constant of
EF-G binding in the presence of viomycin. Nevertheless, our results indicate that viomycin
enhances EF-G binding to the ribosome that is consistent with early non-equilibrium
measurements [41].

3. Discussion

Our equilibrium titration experiments show that stabilization of the NR conforma-
tion of the ribosome by the presence of polypeptide moiety of P-site tRNA or antibiotics
sparsomycin and blasticidin S leads to 2—4-fold reduction in ribosome affinity for EF-G.
Stabilization of the R, hybrid-state conformation by viomycin enhances EF-G binding.
Nevertheless, EF-G is present in E. coli cells at 50-100 pM concentration [42], which is about
three orders of magnitude higher than dissociation constants of EF-G binding measured
in our equilibrium titration experiments (Table 1). Hence, switching between the R and
NR conformations of the ribosome unlikely results in “on-off” regulation of EF-G binding.
Hence, our results support the model suggesting that EF-G binds both the R and NR
conformations of the pre-translocation ribosome [35]. Upon binding to NR ribosomes, EF-G
induces the R, hybrid-state conformation [32] that is consistent with stabilization of the R
conformation of the ribosome in equilibrium smFRET experiments (Figures 2 and 5a).



Int. J. Mol. Sci. 2023, 24, 6878

8 of 12

NR, R,
Classical Hybrid
E P A E P A
OH | Pep EF-GeGTP OH | Pep
50S a
h
E P A E P A
(a)
E P A E P A
OH |Pep LepAeGTP OH | Pep
50S E
>
E P A E P A
(b)

Figure 5. Effects of EF-G (a) and LepA (b) binding on the equilibrium between the NR, classical and
R, hybrid states of the ribosome. Letters E, P and A indicate exit, peptidyl and aminoacyl tRNA
binding sites on the 30S and 50S subunits.

The ability of EF-G to interact with both NR and R conformations is also important for
inducing translocation of mRNA and tRNAs on the 30S subunit. mMRNA-tRNA translocation
is coupled to the reverse inter-subunit rotation from the R to NR conformation upon which
domain IV of EF-G displaces peptidyl-tRNA in the A-site [1,2,32,43-45]. The reverse inter-
subunit rotation also coincides with dissociation of the GTPase domain from the SRL
followed by EF-G release from the ribosome [1,46]. However, non-hydrolysable analogues
of GTP (i.e., lack of GTP hydrolysis) decouple the reverse inter-subunit rotation from EF-G
release [1,44].

Our smFRET experiments with another ribosome GTPase, LepA, showed that this
factor stabilizes the NR conformation of the ribosome (Figures 1c—f and 5b). Our results
provide no supporting evidence for 4-5° clockwise rotation of the small ribosomal sub-
unit relative to the large subunit observed in X-ray crystal and cryo-EM structures of
LepA-ribosome complexes [21,22]. However, our results are consistent with the cryo-EM
reconstruction of LepA bound to NR ribosomes [47].

The NR conformation was most prevalent in LepA-bound ribosomes in the presence
of both A- and P-site tRNAs (Figure 1). This observation is consistent with cryo-EM and
X-ray crystal structures of LepA-ribosomes complexes that demonstrate interactions of C-
terminal domain of LepA with both A- and P-site tRNAs [21-23]. These structures together
with our smFRET data suggest that LepA interacts with the ribosome during elongation
phase of protein synthesis. Since LepA was implicated in synthesis of membrane-associated
proteins [20], we speculate that LepA is involved in membrane-tethered protein synthesis
mediated by the insertase of Oxal/Alb3/YidC protein family, which directs the biogen-
esis of membrane proteins in mitochondria, chloroplasts and bacteria, respectively [48].
Structural data indicate that LepA distorts the acceptor step of A-site tRNA away from
the peptidyl-transferase center of the 50S subunit [21-23]. Perhaps, LepA-induced dis-
tortion of A-site peptidyl-tRNA pulls nascent peptide inside the ribosome exit tunnel to
promote polypeptide backtracking or to mechanically unfold nascent polypeptide that
might facilitate membrane tethering [49].
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4. Materials and Methods

Buffer systems. Experiments were performed in polyamine buffer: 50 mM HEPES,
pH 7.5, 6 mM MgCl,, 150 mM NH4Cl, 6 mM (-mercaptoethanol, 0.1 mM spermine and
2 mM spermidine.

Preparation of ribosome, translation factors, tRNA and mRNA. Cy3 and Cy5
maleimide were purchased from Click Chemistry Tools; GDPNP—]Jena Biosciences (Jena,
Germany); GDPCP—Sigma Aldrich (St. Louis, MI, USA). 56-Cy5/L9-Cy3 ribosomes were
prepared by partial reconstitution of AS6-30S and AL9-50S E. coli subunits with 56-41Cys-
Cy5 and L11-11Cys-Cy3 proteins as previously described [11,50]. tRNAMet {RNAPhe and
tRNADT were purchased from Chemical Block (Moscow, Russia). tRNAs were aminoacy-
lated using S100 cell extract; Tyr-tRNA™Y" and Met-tRNA™Met were acetylated as previously
described [40]. EF-G with Hisq C-terminal tag was purified using affinity chromatography
followed by Superdex-200 gel filtration [51]. LepA with a TEV protease-cleavable Hisg
N-terminal tag was expressed and purified as previously described [52]. The plasmid
encoding histidine-tagged LepA was a gift from Clint Spiegel.

Model mRNAs HIV_NSAFSS [53] and m291 [36] were transcribed using run-off tran-
scription catalyzed by T7 RNA polymerase according to standard procedures. HIV_NSAFSS
mRNA: 5 GGUUUUUCUUCUGAAGAUAAAGCAACAACAACAAGGCAAGGAGGAAA
AAUGUUCUACAA 3’ (AL2-complementray sequence is italicized; Shine-Dalgarno se-
quence is in bold; AUG codon is underlined). mRNA m291: 5 GUAAAGUGUCAUAG-
CACCAACUGUUAAUUAAAUUAAAUUAAAAAGGAAAUAAAAAUGUUUGUAUAC
AAAUCUACUGCUGAACUCGCUGCACAAAUGGCUAAACUGAAUGGCAAUAAAGG
UUUUUCUUCUGAAGAUAAAG 3' (AL2-complementray sequence is italicized; Shine—
Dalgarno sequence is in bold; AUG codon is underlined).

Ribosome complex assembly for smFRET experiments. To fill P site of the ribosome,
0.3 uM S6/1.9-labeled 70S ribosomes were incubated with either 0.9 pM tRNAMet tRNAPhe
or N-Ac-Tyr-tRNA™" in the presence of 0.6 pM mRNA for at 37 °C 10 min. HIV_NS AFSS
mRNA was used to assemble ribosome complexes with P-site tRNAP"® or N-Ac-Tyr-
tRNATT; m291 mRNA was used to assemble complexes with P-site tRNAMet, HIV_AFSS
and 291 mRNAs were pre-annealed to 3’ and 5 biotin-AL2 DNA oligo, respectively (AL2
oligo: 5 CTTTATCTTCAGAAGAAAAACC 3'). To bind aminoacyl-tRNA to the A site,
0.6 uM N-Ac-Tyr-tRNAT was incubated with ribosomes containing P-site tRNAFM® at
37°C for 20 min. Ribosomal complexes were diluted to 2 nM before smFRET imaging.

smFRET measurements. Quartz slides were coated with dichlorodimethylsilane
(DDS), bound with biotin-BSA and passivated by Tween-20. To enable tethering to
biotin-BSA, 30 uL 0.2 mg/mL neutravidin dissolved in H50 buffer (20 mM HEPES (pH
7.5) and 50 mM KCl). Non-specific sample binding to the slide was checked in the ab-
sence of neutravidin. Ribosomal complexes were imaged in polyamine buffer containing
0.8 mg/mL glucose oxidase, 0.625% glucose, 0.4 pug/mL catalase and 1.5 mM 6-hydroxy-
2,5,7 8-tetramethylchromane-2-carboxylic (Trolox). A total of 2 uM of EF-G, RF3 or LepA
were added to imaging buffer together with 250 uM GDPCP or GDPNP as indicated.
smFRET was excited by 532 nm laser and measured by prism-type inverted TIRF (Total
Internal Reflection Fluorescence) microscope with a water-immersion objective (Olympus,
UplanApo, 60x, NA 1.2). A DV2 (Photometrics) dual-view imaging system equipped with
a 630 nm dichroic mirror was used to split the fluorescence into Cy3 and Cy5 channels. TIRF
microscopy signal was acquired by “Single” software (http:/ /ha.med.jhmi.edu/resources/,
accessed on 12 February 2013) and detected with an EMCCD camera (iXon, Andor Technol-
ogy, Belfast, UK) with 100 ms integration time and with 300 EM gain.

IDL software (ITT) was used to extract fluorescence intensities of Cy3 donor (Ip) and
Cyb5 acceptor (I4), from which apparent FRET efficiency (Eprer, hence referred as FRET)
was calculated: |
A

_— 1
Ip+Ip M

ErreT =


http://ha.med.jhmi.edu/resources/
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Traces with single-step photobleachings for both Cy5 and Cy3 were selected using
MATLAB. FRET distribution histograms compiled from hundreds of smFRET traces were
smoothed with a 5-point window using MATLAB and fit to two Gaussians corresponding
to 0.37 and 0.56 FRET states for S6/L9 FRET Assay.

EF-G quenching assay. EF-G-591Cys was labeled with fluorescein maleimide and
used in quenching assay as previously described [37]. Ribosomal complexes were titrated
from 0 to 1.6 uM in reactions that contained 10 nM EF-G-591-fluorescein, 0.5 mM GDPNP,
polyamine buffer and 0.01% Nikkol. EF-G and ribosomes were incubated for 20 min at
37 °C in a total volume of 30 pL. Fluorescence spectra (505-600 nm) were acquired using
a Fluoromax 4 (Horiba, Kyoto, Japan) fluorimeter at 22 °C with excitation at 485 nm, in a
10 pL cuvette (Starna Cells, Atascadero, CA, USA). Fluorescent signal (I) was normalized
to that of EF-G in the absence of the ribosome (Ij); the Kp for EF-G binding was determined
by fitting the data to the following equation [54]:

I/IO =1-—-Ax [KD + PO + [RS] — SQRT((KD + PO + [RS])2 — 4P0>< [Rs])]/2 X P(), (2)

where P is EF-G concertation (constant), [Rs]—ribosome concentration (variable), A and
Kp are amplitude and dissociation constant (parameters).

Author Contributions: Conceptualization, D.N.E.; investigation, A.D. (smFRET experiments and
analysis) and N.A. (EF-G binding experiments); writing—original draft preparation, A.D. and D.N.E.;
writing—review and editing, A.D., N.A. and D.N.E.; funding acquisition, D.N.E. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by grant from the US National Institutes of Health R35GM141812
(to D.N.E.).

Data Availability Statement: All data are available upon request.

Acknowledgments: The authors thank Clint Spiegel for providing the LepA expression plasmid and
Jillian Dann for EF-G and LepA purification.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Korostelev, A.A. The Structural Dynamics of Translation. Annu. Rev. Biochem. 2022, 91, 245-267. [CrossRef] [PubMed]

2. Frank, J.; Agrawal, R.K. A ratchet-like inter-subunit reorganization of the ribosome during translocation. Nature 2000, 406,
318-322. [CrossRef] [PubMed]

3.  Moazed, D.; Noller, H.F. Intermediate states in the movement of transfer RNA in the ribosome. Nature 1989, 342, 142-148.
[CrossRef] [PubMed]

4. Ling, C.; Ermolenko, D.N. Structural insights into ribosome translocation. Wiley Interdiscip. Rev. RNA 2016, 7, 620-636. [CrossRef]

5. Frank, J.; Gonzalez, R.L., Jr. Structure and dynamics of a processive Brownian motor: The translating ribosome. Annu. Rev.
Biochem. 2010, 79, 381-412. [CrossRef]

6. Cornish, P.V.; Ermolenko, D.N.; Noller, H.F.; Ha, T. Spontaneous intersubunit rotation in single ribosomes. Mol. Cell 2008, 30,
578-588. [CrossRef]

7. Marshall, R.A.; Dorywalska, M.; Puglisi, ].D. Irreversible chemical steps control intersubunit dynamics during translation. Proc.
Natl. Acad. Sci. USA 2008, 105, 15364-15369. [CrossRef]

8. Sternberg, S.H.; Feli, J.; Prywes, N.; McGrath, K.A.; Gonzalez, R.L., Jr. Translation factors direct intrinsic ribosome dynamics
during translation termination and ribosome recycling. Nat. Struct. Mol. Biol. 2009, 16, 861-868. [CrossRef]

9. Kaledhonkar, S.; Fu, Z; Caban, K,; Li, W,; Chen, B.; Sun, M.; Gonzalez, R.L., Jr.; Frank, ]J. Late steps in bacterial translation
initiation visualized using time-resolved cryo-EM. Nature 2019, 570, 400—404. [CrossRef]

10. Dunkle, J.A.; Wang, L.; Feldman, M.B.; Pulk, A.; Chen, V.B.; Kapral, G.J.; Noeske, ]J.; Richardson, ].S.; Blanchard, S.C.; Cate, ].H.
Structures of the bacterial ribosome in classical and hybrid states of tRNA binding. Science 2011, 332, 981-984. [CrossRef]

11. Ling, C.; Ermolenko, D.N. Initiation factor 2 stabilizes the ribosome in a semirotated conformation. Proc. Natl. Acad. Sci. USA
2015, 112, 15874-15879. [CrossRef]

12.  Adio, S.; Sharma, H.; Senyushkina, T.; Karki, P.; Maracci, C.; Wohlgemuth, I.; Holtkamp, W.; Peske, F.; Rodnina, M.V. Dynamics of
ribosomes and release factors during translation termination in E. coli. Elife 2018, 7, e34252. [CrossRef]

13.  Shoji, S.; Janssen, B.D.; Hayes, C.S.; Fredrick, K. Translation factor LepA contributes to tellurite resistance in Escherichia coli but

plays no apparent role in the fidelity of protein synthesis. Biochimie 2010, 92, 157-163. [CrossRef]


http://doi.org/10.1146/annurev-biochem-071921-122857
http://www.ncbi.nlm.nih.gov/pubmed/35287473
http://doi.org/10.1038/35018597
http://www.ncbi.nlm.nih.gov/pubmed/10917535
http://doi.org/10.1038/342142a0
http://www.ncbi.nlm.nih.gov/pubmed/2682263
http://doi.org/10.1002/wrna.1354
http://doi.org/10.1146/annurev-biochem-060408-173330
http://doi.org/10.1016/j.molcel.2008.05.004
http://doi.org/10.1073/pnas.0805299105
http://doi.org/10.1038/nsmb.1622
http://doi.org/10.1038/s41586-019-1249-5
http://doi.org/10.1126/science.1202692
http://doi.org/10.1073/pnas.1520337112
http://doi.org/10.7554/eLife.34252
http://doi.org/10.1016/j.biochi.2009.11.002

Int. ]. Mol. Sci. 2023, 24, 6878 11 0f12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dibb, N.J.; Wolfe, P.B. lep operon proximal gene is not required for growth or secretion by Escherichia coli. J. Bacteriol. 1986, 166,
83-87. [CrossRef]

Bauerschmitt, H.; Funes, S.; Herrmann, ].M. The membrane-bound GTPase Gufl promotes mitochondrial protein synthesis under
suboptimal conditions. . Biol. Chem. 2008, 283, 17139-17146. [CrossRef]

Gao, Y,; Bai, X;; Zhang, D.; Han, C.; Yuan, J.; Liu, W.; Cao, X.; Chen, Z.; Shangguan, F.; Zhu, Z.; et al. Mammalian elongation factor
4 regulates mitochondrial translation essential for spermatogenesis. Nat. Struct. Mol. Biol. 2016, 23, 441-449. [CrossRef]

Qin, Y.; Polacek, N.; Vesper, O.; Staub, E.; Einfeldt, E.; Wilson, D.N.; Nierhaus, K.H. The highly conserved LepA is a ribosomal
elongation factor that back-translocates the ribosome. Cell 2006, 127, 721-733. [CrossRef]

Gibbs, M.R.; Moon, K.M.; Chen, M.; Balakrishnan, R.; Foster, L.J.; Fredrick, K. Conserved GTPase LepA (Elongation Factor 4)
functions in biogenesis of the 30S subunit of the 70S ribosome. Proc. Natl. Acad. Sci. USA 2017, 114, 980-985. [CrossRef]

March, PE.; Inouye, M. GTP-binding membrane protein of Escherichia coli with sequence homology to initiation factor 2 and
elongation factors Tu and G. Proc. Natl. Acad. Sci. USA 1985, 82, 7500-7504. [CrossRef]

Fishbein, S.R.S.; Tomasi, EG.; Wolf, 1.D.; Dulberger, C.L.; Wang, A.; Keshishian, H.; Wallace, L.; Carr, S.A.; Ioerger, T.R.; Rego, E.H.;
et al. The conserved translation factor LepA is required for optimal synthesis of a porin family in Mycobacterium smegmatis. J.
Bacteriol. 2020, 203, 13370-13383. [CrossRef]

Gagnon, M.G.; Lin, J.; Bulkley, D.; Steitz, T.A. Crystal structure of elongation factor 4 bound to a clockwise ratcheted ribosome.
Science 2014, 345, 684-687. [CrossRef] [PubMed]

Zhang, D.; Yan, K.; Liu, G.; Song, G.; Luo, J.; Shi, Y.; Cheng, E.; Wu, S; Jiang, T.; Lou, J.; et al. EF4 disengages the peptidyl-tRNA
CCA end and facilitates back-translocation on the 70S ribosome. Nat. Struct. Mol. Biol. 2016, 23, 125-131. [CrossRef] [PubMed]
Connell, S.R.; Topf, M.; Qin, Y.; Wilson, D.N.; Mielke, T.; Fucini, P.; Nierhaus, K.H.; Spahn, C.M. A new tRNA intermediate
revealed on the ribosome during EF4-mediated back-translocation. Nat. Struct. Mol. Biol. 2008, 15, 910-915. [CrossRef] [PubMed]
Ermolenko, D.N.; Majumdar, Z.K.; Hickerson, R.P.; Spiegel, P.C.; Clegg, R.M.; Noller, H.F. Observation of intersubunit movement
of the ribosome in solution using FRET. ]. Mol. Biol. 2007, 370, 530-540. [CrossRef] [PubMed]

Fei, J.; Richard, A.C.; Bronson, J.E.; Gonzalez, R.L., Jr. Transfer RNA-mediated regulation of ribosome dynamics during protein
synthesis. Nat. Struct. Mol. Biol. 2011, 18, 1043-1051. [CrossRef]

Prabhakar, A.; Capece, M.C.; Petrov, A.; Choi, ].; Puglisi, ].D. Post-termination Ribosome Intermediate Acts as the Gateway to
Ribosome Recycling. Cell Rep. 2017, 20, 161-172. [CrossRef]

Valle, M.; Zavialov, A.; Sengupta, J.; Rawat, U.; Ehrenberg, M.; Frank, J. Locking and unlocking of ribosomal motions. Cell 2003,
114,123-134. [CrossRef]

Zavialov, A.V.; Ehrenberg, M. Peptidyl-tRNA regulates the GTPase activity of translation factors. Cell 2003, 114, 113-122.
[CrossRef]

Chen, J.; Petrov, A,; Tsai, A.; O’Leary, S.E.; Puglisi, ].D. Coordinated conformational and compositional dynamics drive ribosome
translocation. Nat. Struct. Mol. Biol. 2013, 20, 718-727. [CrossRef]

Munro, J.B.; Wasserman, M.R,; Altman, R.B.; Wang, L.; Blanchard, S.C. Correlated conformational events in EF-G and the
ribosome regulate translocation. Nat. Struct. Mol. Biol. 2010, 17, 1470-1477. [CrossRef]

Chen, C,; Stevens, B.; Kaur, J.; Cabral, D.; Liu, H.; Wang, Y.; Zhang, H.; Rosenblum, G.; Smilansky, Z.; Goldman, Y.E.; et al.
Single-molecule fluorescence measurements of ribosomal translocation dynamics. Mol. Cell 2011, 42, 367-377. [CrossRef]
Ermolenko, D.N.; Noller, H.E. mRNA translocation occurs during the second step of ribosomal intersubunit rotation. Nat. Struct.
Mol. Biol. 2011, 18, 457-462. [CrossRef]

Holtkamp, W.; Cunha, C.E.; Peske, F; Konevega, A.L.; Wintermeyer, W.; Rodnina, M.V. GTP hydrolysis by EF-G synchronizes
tRNA movement on small and large ribosomal subunits. EMBO ]. 2014, 33, 1073-1085. [CrossRef]

Walker, S.E.; Shoji, S.; Pan, D.; Cooperman, B.S.; Fredrick, K. Role of hybrid tRNA-binding states in ribosomal translocation. Proc.
Natl. Acad. Sci. USA 2008, 105,9192-9197. [CrossRef]

Holtkamp, W.; Wintermeyer, W.; Rodnina, M.V. Synchronous tRNA movements during translocation on the ribosome are
orchestrated by elongation factor G and GTP hydrolysis. Bioessays 2014, 36, 908-918. [CrossRef]

Joseph, S.; Noller, H.F. EF-G-catalyzed translocation of anticodon stem-loop analogs of transfer RNA in the ribosome. EMBO J.
1998, 17, 3478-3483. [CrossRef]

Lancaster, L.; Lambert, N.J.; Maklan, E.J.; Horan, L.H.; Noller, H.F. The sarcin-ricin loop of 23S rRNA is essential for assembly of
the functional core of the 50S ribosomal subunit. RNA 2008, 14, 1999-2012. [CrossRef]

Ermolenko, D.N.; Cornish, P.V.;; Ha, T.; Noller, H.F. Antibiotics that bind to the A site of the large ribosomal subunit can induce
mRNA translocation. RNA 2013, 19, 158-166. [CrossRef]

Svidritskiy, E.; Ling, C.; Ermolenko, D.N.; Korostelev, A.A. Blasticidin S inhibits translation by trapping deformed tRNA on the
ribosome. Proc. Natl. Acad. Sci. USA 2013, 110, 12283-12288. [CrossRef]

Ermolenko, D.N.; Spiegel, P.C.; Majumdar, Z.K.; Hickerson, R.P; Clegg, R.M.; Noller, H.F. The antibiotic viomycin traps the
ribosome in an intermediate state of translocation. Nat. Struct. Mol. Biol. 2007, 14, 493-497. [CrossRef]

Modolell, J.; Vazquez. The inhibition of ribosomal translocation by viomycin. Eur. J. Biochem. 1977, 81, 491-497. [CrossRef]
[PubMed]

Wang, M.; Herrmann, C.J.; Simonovic, M.; Szklarczyk, D.; von Mering, C. Version 4.0 of PaxDb: Protein abundance data,
integrated across model organisms, tissues, and cell-lines. Proteomics 2015, 15, 3163-3168. [CrossRef] [PubMed]


http://doi.org/10.1128/jb.166.1.83-87.1986
http://doi.org/10.1074/jbc.M710037200
http://doi.org/10.1038/nsmb.3206
http://doi.org/10.1016/j.cell.2006.09.037
http://doi.org/10.1073/pnas.1613665114
http://doi.org/10.1073/pnas.82.22.7500
http://doi.org/10.1128/JB.00604-20
http://doi.org/10.1126/science.1253525
http://www.ncbi.nlm.nih.gov/pubmed/25104389
http://doi.org/10.1038/nsmb.3160
http://www.ncbi.nlm.nih.gov/pubmed/26809121
http://doi.org/10.1038/nsmb.1469
http://www.ncbi.nlm.nih.gov/pubmed/19172743
http://doi.org/10.1016/j.jmb.2007.04.042
http://www.ncbi.nlm.nih.gov/pubmed/17512008
http://doi.org/10.1038/nsmb.2098
http://doi.org/10.1016/j.celrep.2017.06.028
http://doi.org/10.1016/S0092-8674(03)00476-8
http://doi.org/10.1016/S0092-8674(03)00478-1
http://doi.org/10.1038/nsmb.2567
http://doi.org/10.1038/nsmb.1925
http://doi.org/10.1016/j.molcel.2011.03.024
http://doi.org/10.1038/nsmb.2011
http://doi.org/10.1002/embj.201387465
http://doi.org/10.1073/pnas.0710146105
http://doi.org/10.1002/bies.201400076
http://doi.org/10.1093/emboj/17.12.3478
http://doi.org/10.1261/rna.1202108
http://doi.org/10.1261/rna.035964.112
http://doi.org/10.1073/pnas.1304922110
http://doi.org/10.1038/nsmb1243
http://doi.org/10.1111/j.1432-1033.1977.tb11974.x
http://www.ncbi.nlm.nih.gov/pubmed/202460
http://doi.org/10.1002/pmic.201400441
http://www.ncbi.nlm.nih.gov/pubmed/25656970

Int. ]. Mol. Sci. 2023, 24, 6878 12 0of 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Brilot, A.F.; Korostelev, A.A.; Ermolenko, D.N.; Grigorieff, N. Structure of the ribosome with elongation factor G trapped in the
pretranslocation state. Proc. Natl. Acad. Sci. USA 2013, 110, 20994-20999. [CrossRef] [PubMed]

Gao, Y.G.; Selmer, M.; Dunham, C.M.; Weixlbaumer, A.; Kelley, A.C.; Ramakrishnan, V. The structure of the ribosome with
elongation factor G trapped in the posttranslocational state. Science 2009, 326, 694-699. [CrossRef]

Ratje, A.H.; Loerke, J.; Mikolajka, A.; Brunner, M.; Hildebrand, PW.; Starosta, A.L.; Donhofer, A.; Connell, S.R.; Fucini, P.; Mielke,
T.; et al. Head swivel on the ribosome facilitates translocation by means of intra-subunit tRNA hybrid sites. Nature 2010, 468,
713-716. [CrossRef]

Carbone, C.E.; Loveland, A.B.; Gamper, H.B,, Jr.; Hou, Y.M.; Demo, G.; Korostelev, A.A. Time-resolved cryo-EM visualizes
ribosomal translocation with EF-G and GTP. Nat. Commun. 2021, 12, 7236. [CrossRef]

Kumar, V.; Ero, R.; Ahmed, T.; Goh, K.J.; Zhan, Y.; Bhushan, S.; Gao, Y.G. Structure of the GTP Form of Elongation Factor 4 (EF4)
Bound to the Ribosome. |. Biol. Chem. 2016, 291, 12943-12950. [CrossRef]

Pohlschroder, M.; Hartmann, E.; Hand, N.J.; Dilks, K.; Haddad, A. Diversity and evolution of protein translocation. Annu. Rev.
Microbiol. 2005, 59, 91-111. [CrossRef]

Itoh, Y.; Andrell, J.; Choi, A.; Richter, U.; Maiti, P; Best, R.B.; Barrientos, A.; Battersby, B.J].; Amunts, A. Mechanism of membrane-
tethered mitochondrial protein synthesis. Science 2021, 371, 846-849. [CrossRef]

Rexroad, G.; Donohue, J.P,; Lancaster, L.; Noller, H.E. The role of GTP hydrolysis by EF-G in ribosomal translocation. Proc. Natl.
Acad. Sci. USA 2022, 119, €2212502119. [CrossRef]

Salsi, E.; Farah, E.; Dann, J.; Ermolenko, D.N. Following movement of domain IV of elongation factor G during ribosomal
translocation. Proc. Natl. Acad. Sci. USA 2014, 111, 15060-15065. [CrossRef]

Walter, ].D.; Hunter, M.; Cobb, M.; Traeger, G.; Spiegel, P.C. Thiostrepton inhibits stable 70S ribosome binding and ribosome-
dependent GTPase activation of elongation factor G and elongation factor 4. Nucleic Acids Res. 2012, 40, 360-370. [CrossRef]
Bao, C.; Loerch, S.; Ling, C.; Korostelev, A.A.; Grigorieff, N.; Ermolenko, D.N. mRNA stem-loops can pause the ribosome by
hindering A-site tRNA binding. Elife 2020, 9, €55799. [CrossRef]

Roy, S. Fluorescence quenching methods to study protein-nucleic acid interactions. Methods Enzymol. 2004, 379, 175-187.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1073/pnas.1311423110
http://www.ncbi.nlm.nih.gov/pubmed/24324137
http://doi.org/10.1126/science.1179709
http://doi.org/10.1038/nature09547
http://doi.org/10.1038/s41467-021-27415-0
http://doi.org/10.1074/jbc.M116.725945
http://doi.org/10.1146/annurev.micro.59.030804.121353
http://doi.org/10.1126/science.abe0763
http://doi.org/10.1073/pnas.2212502119
http://doi.org/10.1073/pnas.1410873111
http://doi.org/10.1093/nar/gkr623
http://doi.org/10.7554/eLife.55799
http://doi.org/10.1016/S0076-6879(04)79010-2

	Introduction 
	Results 
	LepA Stablizes the Non-Rotated Conformation of the Ribosome 
	EF-G interacts with Both the Rotated and Non-Rotated Conformations of the Ribosome 

	Discussion 
	Materials and Methods 
	References

