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tRNA Fluctuations Observed on Stalled Ribosomes
Are Suppressed during Ongoing Protein Synthesis
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ABSTRACT The pretranslocation complex of the ribosome can undergo spontaneous fluctuations of messenger RNA and
transfer RNAs (tRNAs) between classical and hybrid states, and occupation of the hybrid tRNA positions has been proposed
to precede translocation. The classical and hybrid state tRNA positions have been extensively characterized when the ribosome
is stalled along the messenger RNA by either the absence or delayed addition of elongation factor G (EF-G), or by the presence
of antibiotics or GTP analogs that block translocation. However, during multiple ongoing elongation cycles when both EF-G and
ternary complexes are present, EF-G can bind to the pretranslocation complex much faster than the timescale of the classic-
hybrid transitions. Using single-molecule fluorescence resonance energy transfer between adjacent tRNAs and between
A-site tRNA and ribosomal protein L11, we found that the tRNAs do not fluctuate between the hybrid and classical states,
but instead adopt a position with fluorescence resonance energy transfer efficiencies between those of the stalled classical

and hybrid states.

INTRODUCTION

During protein synthesis, transfer RNAs (tRNAs) succes-
sively occupy three positions on the ribosome: A (aminoacyl),
P (peptidyl), and E (exit) sites. After an aminoacylated tRNA
enters the A site, a new peptide bond is formed as the nascent
peptide chain is transferred from the P-site tRNA to the A-site
tRNA. The resulting pretranslocation (PRE) complex of the
ribosome undergoes elongation factor G (EF-G)-catalyzed
translocation (1-5) to a posttranslocation (POST) complex,
which shifts the messenger RNA (mRNA) by one three-
base codon relative to the ribosome, and moves the tRNAs
from the A and P sites to the P and E sites, respectively. Bind-
ing of the next aminoacylated tRNA into the A site initiates a
subsequent cycle of elongation. The PRE complex formed by
ribosomes stalled in the absence of EF-G fluctuates between
so-called “classical” and “hybrid” states (6—8).

In these earlier works, the structural distinction between
classical and hybrid states was focused on the tRNA posi-
tions within the ribosome’s active site: “classical” tRNA
positions referred to the A/A and P/P locations of bound
tRNAs, where the first and second letters represent binding
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sites on the 30S and 50S subunits, respectively, and a canon-
ical hybrid state, in which tilted tRNAs bound in mixed A/P
and P/E positions. The hybrid state was proposed to be an
intermediate between the classical PRE state and the
POST complex in which the tRNAs are bound at P/P and
E/E sites. Concurrent and subsequent structural studies
showed that EF-G catalysis of tRNA-mRNA translocation
was also accompanied by large-scale motions within the
ribosome as a whole, including 6° (9) to 9° (10,11) rotations
of the 30S subunit with respect to the 50S subunit, and of the
head region of the 30S subunit relative to its body (12,13).
These studies were supported by fluorescence resonance en-
ergy transfer (FRET) measurements in both single-molecule
(14-24) and ensemble (25,26) experiments. Further struc-
tural studies identified additional distinct states of the PRE
complex containing tRNAs in somewhat different and/or
intermediate locations from the canonical hybrid A/P and
P/E sites, which have been identified as ap/ap:pe/E (27),
ap/P:pe/E (28), and A/P*:P/E (12).

It was proposed that tRNA tilting, rotations of the large and
small subunits, and motions of protein L1 could be consid-
ered as coupled, defining two main global states: classical
states with unrotated large and small subunits and nontilted
tRNAs, and hybrid states with rotated subunits and tilted
tRNAs (29). However, more recent evidence demonstrates
that tRNA tilting, subunit rotations, and L1 stalk motions
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are temporally distinct processes (18,25,26,30) that are not
tightly coupled.

Before the work presented here, single molecule fluores-
cence resonance energy transfer (SmFRET) studies that
monitored changes in tRNA positions during EF-G-catalyzed
translocation have been conducted mainly by adding EF-G to
stalled PRE complexes, formed in the absence of EF-G, that
were equilibrated between the classical and canonical hybrid
states, with a significant fraction displaying reversible
fluctuations between these two states (13,21,31-34). These
studies supported the notion that the classical-hybrid transi-
tion in PRE complexes plays an important role during trans-
location. One study that did observe multicodon elongation
with EF-G present in the solution (22) observed extremely
slow fluctuations in the PRE state, but monitored subunit
rotations rather than tRNA positions.

Once EF-G binds to the ribosome, tRNA and subunit
fluctuations diminish or stop (21,22). Our recent study
employing smFRET to monitor ongoing translation of a
full-length protein gave results indicating that A-site-bound
peptidyl-tRNA in PRE complexes did not fluctuate and had,
at most, a minor fraction (<6%) in the hybrid position (35).
This result raised the interesting question of whether the
translocation pathway during ongoing polypeptide synthesis
might differ in important ways from the translocation
pathway resulting from EF-G addition to stalled PRE com-
plexes. However, it did not resolve that question because it
employed a time resolution similar to the measured rate of
classical-hybrid tRNA fluctuations (which could have pre-
vented their detection) and at one EF-G-GTP concentration.

In this work, we overcome these limitations in studying
elongation in ribosomes that are not stalled. We use
smFRET between two ribosome-bound tRNAs, and be-
tween a tRNA and L11, a ribosomal protein located near
the A site, to monitor translocation during ongoing transla-
tion of a model polypeptide at much higher time resolution,
at varying levels of EF-G-GTP, and during the synthesis of
peptides of various lengths (dipeptide, tripeptide, hexapep-
tide, heptapeptide). These results show that an EF-G-GTP
concentration of 2 uM is sufficient to rapidly place an
incoming tRNA in a position between the canonical clas-
sical and hybrid states before its translocation into the
P site. We discuss differences in our results from those of
previous studies, and the implications of our work for trans-
location within cells.

MATERIALS AND METHODS

In brief, 70S initiation complexes were formed using a 5'-biotinylated
mRNA (Dharmacon RNAi Tech; sequences in Supporting Materials and
Methods), and fluorescence-labeled ternary complexes (TCs) were pre-
formed from elongation factor thermo unstable (EF-Tu), GTP, and charged
tRNAs labeled with either Cy3 or CyS5 at dihydrouridine positions in the
D loop (36). For stalled experiments, the unlabeled TCs, (as well as the
labeled Phe TC in the particular case of tRNA-tRNA FRET experiments),
2 uM EF-G, and 3 mM GTP were added to the initiation complexes and
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incubated for 5 min, followed by immobilization of the resulting POST
complexes on a streptavidin/biotin-PEG-coated glass surface (21.37).
Unbound reaction components including EF-G were then washed out of
the channel. Labeled Val TC was then added in the absence of EF-G to
form a new PRE complex, with image stacks recorded either during
the addition or after washing away unbound labeled TCs. For ongoing
experiments, the initiation complexes alone were immobilized on the slide,
and all cognate TCs (labeled and unlabeled) were added in the presence of
2 uM EF-G and 3 mM GTP during recording.

Cy3 and Cy5 fluorescence intensities (allowing calculation of FRET
between Cy3 and Cy5) were collected using the alternating laser excitation
(ALEX) mode to switch between 532 nm and 640 nm lasers on an objec-
tive-type total internal reflection fluorescence microscope (21). Except as
otherwise indicated, stalled experiments were recorded with ALEX at
35 ms integration time per frame, resulting in a net time resolution of
70 ms, whereas ongoing translation experiments were recorded solely
with 532 nm excitation, giving 35 ms time resolution. Most translation ex-
periments were carried out with buffer TAM;s (15 mM MgAc,, 50 mM
Tris-HC1 (pH 7.5), 30 mM NH4Cl, 70 mM KCI, and 1 mM DTT) at
23°C. More extensive details of materials preparation, the experimental
setup, FRET measurements, alternative buffers, swapped labels, and data
analysis are described in the Supporting Materials and Methods.

RESULTS
Labeled complexes

We examined the dynamics of FRET between A-site tRNA
and L11 or between adjacent tRNAs in the A- and P-sites,
or P- and E-sites, during ongoing polypeptide elongation
experiments when EF-G is continuously present from the
start of elongation. For this purpose, we used ribosomes
programmed with mRNA-6,7 (Table 1) and four fluores-
cence-labeling schemes: A) Val-tRNAY*(Cy3) and Cy5-L11
[denoted V’(Cy3)-L11(Cy5)], B) Phe-tRNAF™(Cy5) and
Val-tRNAY*(Cy3) [F(Cy5)-V'(Cy3)], C) Phe-tRNAP™(Cy3)
and Val-tRNAY*(Cy5) [F%(Cy3)-V’(Cy5)], and D) Phe-
tRNAP"(Cy3) and Cy5-L11 [F®(Cy3)-L11(Cy5)]. Experi-
ments on ribosomes programmed with mRNA-2,3 tested
dynamics of FRET between A-site bound tRNA and L11
earlier in elongation with three labeling schemes: E) Val-
tRNAY*(Cy3) and Cy5-L11 [V*(Cy3)-L11(Cy5)], F) Val-
tRNAY*(Cy5) and Cy3-L11 [V*(Cy5)-L11(Cy3)], and G)
and Phe-tRNA™(Cy3) and Cy5-L11 [F*(Cy3)-L11(Cy5)].

smFRET in stalled PRE complexes

Stalled PRE complexes formed in the absence of EF-G-GTP
displayed high and low values for both tRNA-L11 FRET
and tRNA-tRNA FRET, associated with the classical and
hybrid tRNA positions, respectively, consistent with previ-
ous work by ourselves and others (8,21,23,31) and observed
with labeling schemes A-G. To examine the stalled
V7(Cy3)—L11(Cy5) (labeling scheme A, Fig. 1, A-C) and
F(Cy5)-V'(Cy3) (labeling scheme B, Fig. 2, A-C) Val-
tRNAY*(Cy3) states, TC was added to a sample containing
stalled POST-6 complexes (with P-site bound fMYYYYF-
tRNAPP) in the absence of EF-G, forming the stalled
PRE-7 complex. FRET efficiency distribution for each
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TABLE 1 Summary of smFRET results
FRET Efficiencies
Labeling Stalled-PRE  Stalled-PRE (Eongoing — Enybria)/
mRNA scheme Fluorescent Labeling Scheme FRET Pair Classic Hybrid INTongoing  (Ectassicat = Enybria)
mRNA-6,7 A AUG UAU UAU UAU UAU UUC GUG CGU UAU UAU UAU UAU UAU V7(Cx3)—L]l( Cy5) 0.73 £ 0.01 049 = 0.02 0.65 = 0.01 0.67
fMet Tyr Tyr Tyr Tyr Phe Val Arg Tyr Tyr Tyr Tyr Tyr (Fig 1C) (Fig 1C) (Fig 1F)
1 2 3 4 5 6 7 8 9 10 11 12 13
B AUG UAU UAU UAU UAU UUC GUG CGU UAU UAU UAU UAU UAU F6(Cy5)-V7(Cx31 0.68 = 0.01 0.39 = 0.01 0.58 = 0.01 0.66
fMet Tyr Tyr Tyr Tyr Phe Val Arg Tyr Tyr Tyr Tyr Tyr (Fig 2C) (Fig 2C) (Fig 2F)
1 2 3 4 5 6 7 8 9 10 11 12 13
C AUG UAU UAU UAU UAU UUC GUG CGU UAU UAU UAU UAU UAU FG(CX3)—V7(Cy5) 0.73 = 0.01 0.40 = 0.01 0.57 = 0.02 0.52
fMet Tyr Tyr Tyr Tyr Phe Val Arg Tyr Tyr Tyr Tyr Tyr (Fig S1C) (Fig S1C) (Fig S1F)
1 2 3 4 5 6 7 8 9 10 11 12 13
D AUG UAU UAU UAU UAU UUC GUG CGU UAU UAU UAU UAU UAU FﬁgCXS)—LI]( Cy5) 0.73 £ 0.01 043 = 0.01 0.69 = 0.01 0.87
fMet Tyr Tyr Tyr Tyr Phe Val Arg Tyr Tyr Tyr Tyr Tyr (Fig S2C) (Fig S2C) (Fig S2F)
1 2 3 4 5 6 7 8 9 10 11 12 13
mRNA-2,3 E AUG UUC GUG CGU UAU UAU UAU UAU UAU UAU UAU UAU UAU V3(Cx3)—L1 1(Cy5) 0.73 = 0.01 0.46 = 0.02 0.66 = 0.01 0.74
fMet Phe Val Arg Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr (Fig S1J) (Fig S1J) (Fig S1IM)
1 2 3 4 5 6 7 8 9 10 11 12 13
F AUG UUC GUG CGU UAU UAU UAU UAU UAU UAU UAU UAU UAU V3(Cy5 )-L11(Cy3) 0.70 = 0.01 0.49 £ 0.03 0.63 = 0.02 0.67
fMet Phe Val Arg Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr (Fig S1Q) (Fig S1Q) (Fig S1T)
1 2 3 4 5 6 7 8 9 10 11 12 13
G AUG UUC GUG CGU UAU UAU UAU UAU UAU UAU UAU UAU UAU FZ(CX3)—L11( Cy5) 0.74 = 0.01 043 = 0.01 0.68 = 0.01 0.81
fMet Phe Val Arg Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr (Fig S2L) (Fig S2L) (Fig S20)
1 2 3 4 5 6 7 8 9 10 11 12 13

mRNA-6,7 and mRNA-2,3 displayed in the table were used to program unlabeled ribosomes (B and C), L11(Cy5) ribosomes (A, D, E, and G), and L11(Cy3) ribosomes (F) for smFRET experiments using the
FRET pairs listed in the table, corresponding to the italicized (Cy5) or underlined (Cy3) codons in the sequences. PRE complexes were stalled by the absence of EF-G and used to form two-peaked FRET
distributions fit with a double Gaussian function, giving the high and low FRET peaks corresponding to the classical and hybrid tRNA positions. The peak centers from aggregated data, as well as SEs of the
peaks from multiple replicate experiments, are displayed in the table. Experiments were also conducted during ongoing translation in the presence of 2 uM EF-G, which yielded single-peaked FRET
distributions of aggregate data, whose values are displayed in the table along with SEs from multiple replicate experiments. The single peaks (corresponding to INT,,40ine) had FRET efficiencies in between

the stalled classical and hybrid values, as expressed in the ratio (Eongoing — Enybria)/(Eclassical — Enybria)-
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FIGURE 1 Stalled and ongoing tRNA-L11 FRET measurements. L11(Cy5) ribosomes were programmed with mRNA-6,7 (Table 1) and underwent FRET

with Val-tRNAY*(Cy3). (A) Schematic of classical/hybrid equilibrium of a stalled ribosome. The green and red stars represent Cy3 fluorophore and Cy5
fluorophore, respectively. (B) Representative FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked distribution fit with a double
Gaussian function (n = 592 molecules). (D-F) 2 uM EF-G was present during ongoing translation from codons 1-7. (D) Reaction scheme for ongoing trans-
lation. (E) A representative trace with the following FRET states: i) the POST state after the ribosome has translated through the fifth (Tyr) and sixth (Phe)
codons, with peptidyl—tRNAPhe residing in the P site; ii) INTongoing; and iii) the POST complex after translocation. (F) Frames of traces during ongoing trans-
lation formed a peaked PRE-state distribution fit with a single Gaussian component (n = 3664 molecules).

FRET pair had two clear peaks that were fit with double
Gaussian functions to provide the classical and hybrid
FRET efficiencies for tRNA-L11 (0.73 = 0.01 and
049 + 0.02) and for tRNA-tRNA (0.68 = 0.01 and
0.39 + 0.01, Table 1, schemes A and B). Hidden Markov
analysis of the fluctuating complexes, using HaMMy soft-
ware (38), identified two states with essentially the same
FRET values identified by fitting Gaussian components.
Similar results were obtained for the stalled PRE-6,
PRE-3, and PRE-2 complexes formed using labeling
schemes D-G (Figs. S2-S6; Table 1). These classical and
hybrid states had average dwell times in the range of 0.4—
1.7 s (Table S1), measured by fitting exponential decays to
their dwell time distributions (Fig. S7).

smFRET in PRE complexes formed during
ongoing translation at 2 uM EF-G

tRANA-L11

In marked contrast to the results obtained with the stalled
PRE-7 complex formed using V’(Cy3)-L11(Cy5) in the
absence of EF-G, the PRE-7 complex formed in the
presence of EF-G during ongoing translation after six elon-
gation cycles displayed a single, dominant, high-FRET ef-

ficiency centered at 0.65 * 0.01 (Fig. 1 F; Table 1,
scheme A) on binding of Val-tRNAY?(Cy3) to the transient
POST-6 complex (Fig. | E). This state was followed by a
period with much lower FRET efficiency (<0.15), as ex-
pected for translocation of peptidyl-tRNAY*(Cy3) to the P
site. No FRET signal was observed when Phe-tRNAP,
cognate to codon 6, was omitted from the reaction mixture,
demonstrating that the observed FRET events depended on
translation from codon 1 to codon 7, which is cognate to
Val-tRNAY(Cy3).

Importantly, contour plots derived from ongoing traces
synchronized to the start (Fig. 3 A) or end (Fig. 3 B) of
the high FRET events show a single, dominant state
throughout their duration, with less than 6% of traces
showing transitions to either the lower (0.49) or higher
(0.73) efficiency characteristic of the stalled PRE-7 complex
(Table S1). This low number of transitions implies a fluctu-
ation rate slower than 0.03 s_l, rather than the 0.6-2.3 s !
that we observed in stalled ribosomes (Fig. 1 B), consistent
with earlier results of ours showing that binding of EF-G
suppresses classical-hybrid fluctuations established in
stalled PRE complexes by at least 5-60 fold (21,39). In
addition to this PRE-7 complex, measuring tRNA-LI11
FRET during ongoing translation gave very similar results:
almost no fluctuations for the PRE-6, PRE-3, and PRE-2
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FIGURE 2 Stalled and ongoing tRNA-tRNA FRET measurements. Unlabeled ribosomes were programmed with mRNA-6,7 (Table 1) and
Phe—tRNAPhe(CyS) at codon 6 underwent FRET with Val—tRNAV“l(Cy3) at codon 7. (A) Schematic of classical/hybrid equilibrium of a stalled ribosome.
The green and red stars represent Cy3 fluorophore and Cy5 fluorophore, respectively. (B) Representative FRET recording. (C) Frames of fluctuating stalled
traces formed a two-peaked distribution fit with a double Gaussian function (n = 531 molecules). (D-F) 2 uM EF-G was present during ongoing trans-
lation from codons 1-7. (D) Reaction scheme for ongoing translation. The yellow triangle represents EF-G; the purple disc represents EF-Tu. (E) A repre-
sentdtive trace with the following FRET states: i) the POST state after the ribosome has trdnslated through the ﬁfth (Tyr) and sixth (Phe) codons, with

after dissociation of tRNA™™(Cy5) from the E-site. (F) Frames of traces during ongomg translation formed a peaked PRE state dlstnbutlon fit with a single
Gaussian component (n = 2359 molecules).

complexes earlier in elongation, with complexes formed The brief FRET events during ongoing translation
using labeling schemes D-G (Figs. S2-S6; Table 1). (Fig. 1 E; Fig. S3 E, S4 E, S5 E, and S6 E) terminated upon

The nonfluctuating FRET state (which we term translocation and dissociation of E-site tRNA. Duration his-
INTongoing) Was also clearly shown in histograms formed tograms of the PRE states are shown in Fig. S7 and Table S2.
from the average FRET efficiencies of FRET events in  In principle, the disappearance of FRET might also occur
each trace during ongoing synthesis (Fig. S8, A and B, rather because of photobleaching of the Cy5 acceptor
than from each movie frame as in Figs. 1, C and F and 2, fluorophore. To check whether Cy5 photobleaching was a
C and F), which provides a complementary method of substantial contributor to the termination of the FRET events,
analyzing the data. Although histograms from frames a control experiment was performed alternating the excita-
(rather than event averages) better reflect the measurements’ tion wavelength between 532 nm (to excite the Cy3 probes
signal/noise ratios, the histograms of event averages reduce and measure FRET) and 640 nm to directly excite Cy5
the frame-to-frame noise that might have caused an artefac- (ALEX excitation, Fig. S1, A-D) (40). This procedure
tual merger of FRET distributions arising from a wide showed that the majority (>83%) of the FRET events at
bimodal population of PRE complexes. However, the peak =~ 2 uM EF-G terminated because of translocation rather than
centers remain the same, indicating that is not the case. In  photobleaching (see Supporting Materials and Methods,
addition, negative cross-correlation of donor and acceptor Photobleaching). Because ALEX results in a two-fold
intensities is a mark of fluctuating distance between tRNA decrease in time resolution of the experiment, subsequent
and L11 in stalled PRE complexes. Lack of this negative data were collected without ALEX to obtain higher time res-
cross-correlation in the PRE-7 complex formed during olution adequate for detecting fast fluctuations or transitions.
ongoing polypeptide synthesis provided additional evidence To distinguish whether the dominant single tRNA-L11
for the lack of distance fluctuations at the 35 ms camera FRET state in ongoing translation (INTyngoing) results
timescale, and is further supported by time lag analysis of =~ from immediate binding of the TC to the previous
the decay of the stalled and ongoing cross-correlation sig- POST state or from the presence of EF-G when the TC
nals (Fig. S8 E; Table S4). binds, we paused elongation at the POST-6 complex in the
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FIGURE 3 Dynamics of tRNA-L11 and tRNA-tRNA FRET. (A-C) L11(Cy5) ribosomes were programmed with mRNA-6,7 (Table 1) and underwent
FRET with Val—tRNAV“l(Cy3). (D-F) Unlabeled ribosomes were programmed with mRNA-6,7 (Table 1), and Phe—tRNAPhe(CyS) at codon 6 underwent
FRET with Val-tRNAY*/(Cy3) at codon 7, all in the presence of 2 uM EF-G during ongoing translation. FRET recordings were shifted in time to synchronize
their beginnings ((A and D) presynchronized) or terminations ((B and E) postsynchronized) and overlaid to form contour plots. The color maps indicate the
number of frames recorded at each FRET value and time. (C and F) Lowering EF-G concentration increased the percentage of fluctuating PRE complexes

during ongoing translation; mean * SE.

V7(Cy3)-L11(Cy5) experiment by waiting 5 min before
injecting Val-tRNAY*(Cy3)-EF-Tu-GTP and EF-G-GTP
together. We found the pause to have essentially no effect
on the FRET results obtained, indicating that suppression
of fluctuations and the intermediate FRET efficiency during
ongoing translation do not arise as a consequence of the
short lifetime of the POST-6 complex, but rather depend
on EF-G being present when Val-TC is added to form
PRE-7 (Fig. S1, E=G). Thus, when EF-G is present before
PRE complex formation, the canonical classical-hybrid
transitions found in stalled PRE complexes (Fig. 1, A-C)
are almost completely absent (Table S3).

When FRET recordings were initiated before the addition
of TC in the absence of EF-G, the initial PRE state was
mainly classical and the partition between classical and
hybrid emerged gradually during the next 5-15 s (Fig. S8,
I-K). This contrasts strongly with the time course and distri-
bution of FRET values in the presence of EF-G, which
entered the state with FRET efficiency in between classical
and hybrid values within 100 ms (Fig. 1; Fig. S3— S6).

tRNA-tRNA

The PRE-7 complex formed in the presence of EF-G during
ongoing translation using F°(Cy5)-V’(Cy3), labeling

scheme B, displays a single, dominant FRET efficiency
(Fig. 2, D—F; Table 1, scheme B) that is in between the
values found for the classical and hybrid tRNA positions,
with minimal detectable fluctuations (Table S3), paralleling
the tRNA-L11 results for INT,pg0ing T€ported above using
V7(Cy3)—L1 1(Cy5). As expected, FRET efficiency declines
and becomes zero after translocation and dissociation of
tRNAP™ from the ribosome. That the tRNA-tRNA FRET
efficiency in the transient POST-7 complex before tRNAF™
dissociation is indistinguishable from the FRET efficiency
of the corresponding PRE-7 complex is not surprising. We
have previously shown that the tRNA-tRNA FRET
efficiency in a POST complex formed on addition of
EF-G to a stalled PRE complex has an intermediate value
between those found for the classical and hybrid PRE
complexes (21).

As mentioned, ALEX experiments ruled out a major
component of Cy5 photobleaching in tRNA-L11 experi-
ments. For tRNA-tRNA experiments, we could provide an
additional safeguard against premature photobleaching by
swapping the labeling positions. In labeling scheme
C, FCy3)-V'(Cy5) (Fig. S3, D and E), binding of
tRNAY(Cy5) caused reduction of Cy3 fluorescence due
to energy transfer, and both Cy3 and Cy5 fluorescence
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decreased after translocation and dissociation of the
tRNAP"(Cy3). Photobleaching of the Cy5 after formation
of the PRE state would have caused return of the high
Cy3 fluorescence intensity, in contrast to its observed disap-
pearance. Thus, the essentially identical results of FRET
efficiency and virtually no fluctuations obtained using
F°(Cy5)-V'(Cy3) (scheme B) and F°(Cy3)-V’(Cy5)
(scheme C, Fig. S3; Table 1, scheme C) show that the stable
PRE FRET state terminates upon translocation and dissoci-
ation of the E-site tRNA.

As discussed for tRNA-L11 FRET, event histograms for
tRNA-tRNA FRET also exclude a merged bimodal popula-
tion of classical and hybrid states during ongoing translation
(Fig. S8, C and D), and cross-correlation analysis excludes
fluctuations at or slower than the 35 ms frame rate (Fig. S8
G). The nonfluctuating INType0ine conformation was also
observed in experiments with a commonly used alternative
buffer containing a lower (4.5 mM) Mg*" concentration
and polyamines (Supporting Materials and Methods (41)),
thus it is not unique to the TAM; 5 buffer (Fig. S9).

PRE complex dwell times during ongoing translation

In the presence of 2 uM EF-G, all of the FRET pairs exam-
ined had dwell time distributions with both fast and slow
phases, similar to what has been observed by others
(24,42). Both phases had the same intermediate FRET value
for all complexes studied. Dwell times for the fast phase
(110-510 ms) and slow phase (1.2-2.5 s) (Fig. S7;
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tRNA-tRNA: ~0.6

Table S2), correspond to translocation rates of 2-9 s~

and 0.4-0.8 s, respectively, measured at 23°C. The fast-
phase rates are reasonably consistent with in vivo rates of
protein synthesis (12-21 s~ ") measured at 37°C (43),
because the 14°C increase in temperature should result in
> 5-fold increase in translation rate, based on ensemble re-
constituted, cell-free protein synthesis rates measured at
25°C (0.3 s ! (44)) and 37°C (1.5 s ! (45)). These rates
are comparable to those previously reported for single-
molecule reconstituted experiments: 0.57 s~ at 30°C (35),
0.45 s~ ! at room temperature (46), and 0.1—1 s~ ! at room
temperature (47).

SmFRET in PRE-7 complexes formed during ongoing
translation at decreasing EF-G

The experiments displayed in Figs. 1, 2, and S2—-S6 demon-
strate nearly complete absence of fluctuations or classical-
hybrid transitions (Table S1) in the presence of 2 uM
EF-G. The proportion of ribosomes exhibiting fluctuations
increased as EF-G concentration was decreased to 20 nM
(Fig. 3, C and F), which is attributable to delayed binding
of EF-G to the PRE complex at low EF-G, thereby permitting
temporary partitioning between the classical and hybrid po-
sitions. This interpretation is supported by the dynamics of
those complexes that did fluctuate, which showed similar
gradual establishment of classical-hybrid FRET values and
fluctuations (Fig. S10). Although fluctuating PRE complexes
atlow EF-G concentrations translocated from either classical



or hybrid positions as previously observed (21-23), the pro-
portion of translocation from the hybrid tRNA positions
increased as EF-G concentration was lowered (Fig. S10).

DISCUSSION

Here we demonstrate that the presence of EF-G during
ongoing polypeptide synthesis, even at a concentration
(2 uM) well below that present in the bacterial cell [10-20
uM (48,49)], is sufficient to suppress fluctuations of tRNAs
within PRE complexes during translocation. A single, domi-
nant PRE-state intermediate during ongoing translation,
termed INT,neoing, is detected by either tRNA-L11 or
tRNA-tRNA FRET (Table 1). We further show that such sup-
pression is common within PRE-2 and PRE-3 complexes
shortly after polypeptide synthesis is initiated, and within
PRE-6 and PRE-7 complexes when the ribosome has moved
out of the initial phase (50,51). tRNA-L11 and tRNA-tRNA
FRET fluctuations appear as EF-G concentration is reduced
below 500 nM, until between 20 and 40 nM EF-G, these fluc-
tuations mimic those seen previously in stalled complexes
(14,19,21,30,31,33) and here. This negative dependence of
active site fluctuations on EF-G concentration provides
strong evidence that such fluctuation will only occur if there
is sufficient time between PRE complex formation on bind-
ing of the cognate TC and binding of EF-G to initiate trans-
location. At 2 uM, EF-G binds to the ribosome at a rate of
~60-300 s~ (52,53), suggesting that the onset of active
site fluctuations in stalled PRE complexes requires times
greater than 15 ms before EF-G binding.

A possible caveat to the conclusion that EF-G suppresses
fluctuations and induces formation of a stable intermediate
FRET state during translocation would be that bound EF-G
strongly accelerates active site fluctuations so that, rather
than occurring at rates of 0.5-2 g1 (14,19,21,30,31,33),
they occur at rates markedly faster than our experimental
frame rate of 35 ms. If this were true, our FRET results (Table
1) during ongoing synthesis would correspond to two or more
rapidly equilibrating states, rather than to a single state.
Although we cannot formally rule out this possibility, the
cross-correlation analysis of Fig. S8 indicates that such an
acceleration would require vastly different dynamics than
have ever been observed in a stalled ribosome.

In earlier studies, Sharma et al. (25,26) have shown that
saturating EF-G accelerates the counterclockwise rotation
of the 30S subunit with respect to the 50S subunit within
the PRE complex by 5-fold, affording a rate constant of
12-14 s~' under conditions (22°C, 15 mM Mg*") closely
approximating our own. As mentioned, the putative tRNA-
tRNA and tRNA-L11 fluctuations would have to proceed
considerably more rapidly for us not to detect them. How-
ever, recent evidence strongly suggests that rotation of the
30S subunit with respect to the 50S subunit, or of the
head region of the 30S subunit relative to the body, are
both uncoupled from (and proceed more rapidly than)
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tRNA motions in either the stalled or translocating PRE
complex (25,26). Because subunit rotations do not neces-
sarily require fluctuations of the tRNA positions, they would
be consistent with the stable intermediate tRNA conforma-
tion we observed.

This hypothesis raises the question of whether INT,,g0ing
corresponds to a known or novel structure. The tRNA-tRNA
FRET efficiency values reported in Table 1, 0.57 and 0.58,
lead to apparent distances of ~53 A between the Cy3 and
Cy5 dyes bound to the two tRNA D loops. These values are
compatible with D-loop:D-loop tRNA-tRNA distances of
46-50 A observed in three high-resolution structures of ribo-
somal complexes containing two tRNAs and bound EF-G
before formation of the POST state (12,27,28). Those com-
plexes were stabilized by the antibiotics neomycin and/or
fusidic acid in conformations corresponding to neither the
canonical classical or hybrid states formed in the absence of
EF-G. An intermediate tRNA-tRNA FRET state was also
formed on addition of EF-G to a stalled PRE complex in (24).

In contrast, the tRNA-L11 FRET efficiencies (0.63—-0.69,
Table 1) of INT,g0ing correspond to distances of 49-51 A
between the Cy3 and Cy5 dyes bound to the peptidyl-
tRNA D loop and position 87 of L11, which are inconsistent
with distances of 77-81 A estimated from the chimeric or
hybrid state structures cited above (12,27,28). Instead,
INToneoing tRNA-L11 FRET efficiencies fall in between
those found for the stalled classical and hybrid PRE
complexes (but closer to the classical value). They are
inconsistent with a putative translocation state identified in
an L11-peptidyl-tRNA FRET study of Adio et al. (23),
which has a FRET efficiency of 0.4, considerably lower
than the FRET efficiencies determined for the stalled clas-
sical (0.8) and hybrid (0.6) complexes. In that study, for
which translocation was initiated from a stalled PRE com-
plex, no transient state was demonstrated on addition of
native EF-G and GTP, but the 0.4 FRET state was demon-
strated using a variety of protocols that stabilized transloca-
tion states, including the use of lower activity mutant
variants of EF-G, the replacement of GTP by the nonhydro-
lyzable GTP analog GTPvS, and the addition of fusidic
acid. This approach contrasts quite sharply with our use of
native EF-G and GTP during ongoing translation in the
absence of antibiotics. In addition, we labeled L11 at posi-
tion 87, within the C-terminal domain, which interacts
strongly with 23S ribosomal RNA (54,55), whereas Adio
et al. labeled position 38 in the more flexible N-terminal
domain that is held less tightly within the 50S structure,
and may be freer to move during translocation.

Other than the continuous presence of EF-G during
ongoing translation in the experiments presented here, it is
unclear which of these further differences contribute to the
discrepancy between our tRNA-L11 results and these other
reports. The disparity between tRNA-L11 smFRET results
summarized in Table | and the prior structural and smFRET
results discussed above suggests that INT,,g0ine has tRNA
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positions similar to the chimeric states, but a tRNA-LI11
distance that has not been previously observed in structural
or single molecule studies. We speculate that it most likely
corresponds to an early stage of the translocation process
that precedes the larger separation between L11 and
peptidyl tRNA that has been seen in earlier work. On the
other hand, given the known mobility of L11 within the
ribosome structure (56), we cannot exclude the possibility
that INT,g0ing corresponds to a later stage of translocation
involving a larger displacement of the C-terminal domain
of L11 from the positions identified in previous reports.

Fig. 4 A is a scheme for ongoing protein synthesis that
illustrates the main conclusions we draw from our results.
During ongoing protein synthesis in the presence
of >2 uM EF-G, cognate aminoacyl-tRNA binds tran-
siently to an A/T site (Figs. S3, D, E, and H, and S6, D,
E, and H) before moving directly to the INTypgoing State
without detectable sampling of the canonical classical and
hybrid states characteristic of stalled PRE complexes. It
then translocates into the P site. EF-G is known to undergo
rapid, reversible, nonproductive binding events before the
final association that results in translocation (52,53,57),
leading to the inclusion of the reversible dissociation and re-
binding of EF-G to the PRE state in Fig. 4 A. The rapid
phase of PRE-state dwell times, 110-510 ms (Table S2),
is comparable to the average 200 ms residence time of
EF-G on the ribosome during the final binding event that
catalyzes translocation (57) at this temperature, indicating
that the rapidly translocating ribosomes experience limited
numbers of nonproductive interactions. Such interactions
should be much more prevalent for the slowly translocating
subpopulation having dwell times of 1.2-2.5 s. Despite this
difference, rapidly and slowly translocating ribosomes had
the same intermediate FRET value for each FRET pair, sug-
gesting that the FRET value of INT,nging results from EF-G
interacting with the PRE complex during both rapid on-off
events and the productive final interaction. This is in accord
with earlier work demonstrating the effects of transient
EF-G binding on ribosome dynamics (21).

We note that our study of the tRNA positions does not
address large and small subunit rotations or fluctuations of
their relative positions, which have been observed in many
structural studies. As mentioned, the structural studies
have required inhibitors or absence of EF-G to pause or stall
translation. Chen et al. (22) have reported smFRET signals
that monitored subunit rotations and fluctuations during
ongoing translation at 200-500 nM EF-G, but these fluctu-
ations were extremely slow, with dwell times greater than
10 s. Presumably, the very slow rotational fluctuations result
from delayed EF-G binding or dramatic slowing by EF-G.
Thus EF-G may also prevent the initiation of subunit rota-
tional fluctuations. Given the high concentrations of EF-G
in the cell, the translocation pathway of the tRNAs including
INTongoing (Fig. 4 A) is likely to be the dominant one, phys-
iologically. However, an alternative pathway in which
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peptidyl-tRNA fluctuates between canonical classical and
hybrid states in PRE complexes before translocation
(Fig. 4 B) could be physiologically important when local
EF-G concentration within the cell is atypically low.

SUPPORTING MATERIAL

Supporting Materials and Methods, ten figures, and four tables are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)30981-5.
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Figure S1. Control experiments for tRNA-L11 smFRET measurements. L11(Cy5) ribosomes were programmed with
mRNA-6,7 (Table 1) and underwent FRET with Val-tRNA"¥(Cy3). (A) Reaction scheme for ongoing translation, (B) a
representative trace using alternating laser excitation (ALEX) with the following FRET states: (i) the POST state after the
ribosome has translated from the 1% through the 5 (Tyr) and 6™ (Phe) codons, and peptidyl-tRNA™ residing in the P-site; (ii)
INT ongoing; @nd (iii) the POST complex following translocation. (C) Using ALEX, 83% of the traces were shown to translocate
before photobleaching, and (D) the FRET efficiencies from the frames of non-bleached traces formed a distribution with
approximately the same peak center as observed without ALEX. (E) The same L11(Cy5) ribosomes programmed with mRNA-
6,7 were delayed by 5 minutes after the formation of a POST state with peptidyl-tRNA™ residing in the P-site before addition of
Val-tRNAV?(Cy3) and 2 pM EF-G. The detected FRET during subsequent INT ongoing OCCUpancy formed a distribution with
approximately the same peak center (F) and dwell times (G) as observed without the POST delay.

=



I Labelling scheme C: F ¢ (Cy3) - V7 (Cy5) I

Stalled  Stalled x10* Donor (Cy3-tRNA)
classical  hybrid = 87 Aoceptor (CYS-RNA) fwn,
state state T 4 .m " J( s
r‘vr Ay P ML
22 _-wth)(h{y;)j( ’ﬂ'w “‘J »M w‘l‘ﬂﬂ” ", \;.“g
g-g -
1
-
EPA EPA bos3,
S
02
0
0 10 20
time (s)
D INT 4going State E
! i x10%
""""" ‘e @ 1
' : 2
A i@i POST POST é ! l'%‘
EPA EPA EEPAyE state state ?, -
7 ! Eﬁ' VoW v 0.8 m
ﬁ)@/} T @‘DJ?' 2 1 E 061
AN ! F 04
— , - e 02 il
| EPA____EPA EPA ! LEPA______EPA.. EFA o s :.?n e

040 0.73

0
0 02040608 1
FRET

(0]

p = 0.0005
p =0.0007
—=—

o
1=

=5

Center of FRET
o
S

efficiency distribution

o
]

D 0.2 04 06 08 1
FRET

Classical Ongoing Hybrid

Figure S2. tRNA-tRNA FRET with labels swapped. Unlabeled ribosomes programmed with mMRNA-6,7 (Table 1) and Phe-
tRNA™(Cy3) at codon 6 underwent FRET with Val-tRNAY?(Cy5) at codon 7. (A) Schematic of classical/hybrid equilibrium of a
stalled ribosome with (B) representative FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked
distribution fitted by a double Gaussian function (n = 497 molecules). For (D-F), EF-G was present at 2 UM during ongoing
translation. (D) Reaction scheme for ongoing translation, (E) a representative trace with the following FRET states: (i) an entire
translocation cycle with Phe-tRNA™(Cy3) entering the A-site and translocating to the P-site, resulting in a POST state after the

ribosome has translated from the 1% through the 5™ (Tyr) and 6™ (Phe) codons; (i, iii) INTnging and the initial POST state, which
have similar FRET efficiencies (Chen et al., 2011); and (iv) the POST state following dissociation of tRNA"™(Cy3) from the E-
site. (F) Frames of traces during ongoing translatlon formed a peaked distribution fitted with a single Gaussian component
(INTongoing: N = 200 molecules). (G) FRET distribution peak centers for ongoing translation were statistically different from the

stalled classical and hybrid peaks over multiple replicate experiments (means £ SEM).
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Figure S3. tRNAP™-L11 FRET in PRE-6. L11(Cy5) ribosomes were programmed with mMRNA-6,7 and underwent FRET with
Phe-tRNA™™(Cy3). (A) Reaction scheme of classical/hybrid equilibrium of stalled ribosomes. (B) Representative stalled FRET
recording. (C) Frames of fluctuating stalled traces formed a two-peaked FRET distribution fitted with a double Gaussian function
(C, n =451 molecules,). For (D-1), EF-G was present at 2 uM during ongoing translation. (D) Reaction scheme for ongoing
translation. (E) Representative trace with the following FRET states: (i) the POST state with peptidyl-tRNA™" at the 5™ codon
residing in the P-site; (ii) the very high FRET A/T state during Phe-tRNA®™ delivery but before full accommodation (seen in ~20%
of traces) as reported by others using Phe-tRNA"™-L11 FRET (Geggier et al., 2010). A similar state was seen in a small minority
(<5%) of Val-tRNAV?- L11 FRET traces during ongoing translation, but was much less prominent; (iii) INT ongoings @nd (iv) the
POST complex following translocation. (F) Frames of traces during ongoing translation formed a peaked PRE state distribution
fitted with a single Gaussian component (n = 1423 molecules). (G) FRET distribution peak centers for ongoing translation were
statistically different from the stalled classical and hybrid peaks over multiple replicate experiments (means = SEM). FRET
recordings were shifted in time to synchronize their beginnings (H, pre-synchronized) or terminations (I, post-synchronized) and
overlaid to form contour plots. The color maps indicate number of frames recorded at each FRET value and time.
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Figure S4: tRNAY?-L11 FRET early in translation (in PRE-3). L11(Cy5) ribosomes were programmed with mRNA-2,3 (Table
1) and underwent FRET with Val-tRNA"? (Cy5). (A) Schematic of classic/hybrid equilibrium of stalled ribosomes with (B) a
representative FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked distribution fitted with a double
Gaussian function (n = 541 molecules). For (D-F) EF-G was present at 2 uM during ongoing translation. (D) Reaction scheme
for ongoing translation, (E) representative FRET recording with the following FRET states: (i) the POST state after the ribosome
has translated through the 1% (fMet) and 2™ (Phe) codons, with peptidyl-tRNA™™ residing in the P-site; (ii) INTongoing; and (iii) the
POST complex following translocation. (F) Frames of traces during ongoing translation formed a peaked PRE state distribution
fitted with a single Gaussian component (INTogoing, N = 2157 molecules). (G) FRET distribution peak centers for ongoing
translation were statistically different from the stalled classical and hybrid peaks over multiple replicate experiments (means +
SEM).
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Figure S5. tRNAY?-L11 FRET early in translation (in PRE-3), with labels swapped. L11(Cy3) ribosomes were programmed
with mRNA-2,3 (Table 1) and underwent FRET with Val-tRNA¥(Cy5). (A) Schematic of classic/hybrid equilibrium of stalled
ribosomes with (B) a representative FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked distribution
fitted with a double Gaussian function (n = 139 molecules). For (D-F), EF-G was present at 2 uM during ongoing translation. (D)
Reaction scheme for ongoing translation, (E) representative FRET recording with the following FRET states: (i) the POST state
after the ribosome has translated through the 1% (fMet) and 2™ (Phe) codons, with peptidyl-tRNA™ residing in the P-site; (ii)
INT ongoing; @nd (iii) the POST complex following translocation. (F) Frames of traces during ongoing translation formed a peaked
PRE state distribution fitted with a single Gaussian component (n = 319 molecules). (G) FRET distribution peak centers for
ongoing translation were statistically different from the stalled classical and hybrid peaks over multiple replicate experiments

(means + SEM).
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Figure S6. tRNAP™-L.11 FRET very early in translation (in PRE-2). L11(Cy5) ribosomes were programmed with mRNA-2,3
and underwent FRET with Phe-tRNA™(Cy3). (A) Reaction scheme of classical/hybrid equilibrium of stalled ribosomes. (B)
Representative stalled FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked distribution fitted with a
double Gaussian function (n = 237 molecules). For (D-1), EF-G was present at 2 uM during ongoing translation. (D) Reaction
scheme for ongoing translation. (E) Representative trace with the following FRET states: (i) fMet-tRNA™ at the 1% codon
residing in the P-site; (ii) the very high FRET A/T state during Phe-tRNA"™ delivery but before full accommodation (seen in ~20%
of traces) and reported by others using Phe-tRNA"™- L11 FRET (Geggier et al., 2010). (iii) INTonging; and (iv) the POST
complex following translocation. (F) Frames of traces during ongoing translation formed a peaked PRE state distribution fitted
with a single Gaussian component (n = 434 molecules). (G) FRET distribution peak centers for ongoing translation were
statistically different from the stalled classical and hybrid peaks over multiple replicate experiments (means + SEM). FRET
recordings were shifted in time to synchronize their beginnings (H, pre-synchronized) or terminations (I, post-synchronized) and
overlaid to form contour plots. The color maps indicate number of frames recorded at each FRET value and time.
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Figure S7. Dwell times for the stalled classical and hybrid tRNA positions, and the ongoing intermediate state at 2 pM EF-
G. Double exponential fitting gave fast and slow phases for the lifetimes of each state, and weighted average durations, t,y,
according to Eq. S5, in Supplemental Methods.
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Figure S8. Event histograms, cross-correlation dynamics and temporal development of hybrid-classical partition. For both
V’(Cy3)-L11(Cy5) and F°(Cy3)-V'(Cy5) experiments, the average FRET efficiencies of each high or low FRET occupancy event
from the stalled traces formed two-peaked event distributions (A,C), while the average FRET efficiencies of each ongoing trace
formed a single-peaked event distribution (B, D). These event distributions are more narrow than the temporal histograms, from
individual frames, presented in the main text, because frame-to-frame noise (due to photon counting, camera amplification and
laser noise) are averaged out in these pre-averaged (event) histograms. The peaks of their distributions are the same as the
temporal histograms, demonstrating that those positions are not biased by the frame-to-frame noise. (E,G) Cross-correlation of
donor and acceptor intensities (Eq. S7) as a function of temporal lag for stalled ribosomes (red) and ribosomes during ongoing
translation (green); SEM <0.01, too small to be visible on the graph. (F,H) FRET distribution peak centers for ongoing
translation were statistically different from the stalled classical and hybrid peaks over multiple replicate experiments (means £
SEM). (1-K) Formation of the PRE complex in the absence of EF-G was observed by injecting Val-tRNA¥(Cy3) ternary
complex without EF-G into flow chambers containing stalled L11- POST-translocation ribosomes with peptidyl-Phe-tRNA"™ in
their P-sites and vacant A-sites. The subsequent FRET recordings lasting from tRNA binding until photobleaching, and were
used to form a pre-synchronized 2D contour plot (J) and histograms of cross-sections through the contour plot at indicated times
(K). The tRNA-L11 FRET pair initially exhibits high (classical) FRET efficiency before partitioning into a classical-hybrid
equilibrium without adopting the intermediate state seen during ongoing translation at 2 uM EF-G (n =192 molecules).
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Figure S9. Stalled and ongoing tRNA-tRNA FRET measurements at 4.5 mM Mg?*. Experiments were conducted in buffer
consisting of: 50 mM HEPES-KOH (pH 7.3), 4.5 mM MgAc,, 4 mM 2-mercaptoethanol, 150 mM NH,Ac, 0.05 mM spermine, 2
mM spermidine. Unlabeled ribosomes were programmed with mRNA-2,3 (Table 1) and Phe-tRNA"™(Cy5) at codon 2 underwent
FRET with Val-tRNA"¥(Cy3) at codon 3. (A) Schematic of classical/hybrid equilibrium of a stalled ribosome. (B)

Representative FRET recording. (C) Frames of fluctuating stalled traces formed a two-peaked distribution fitted with a double
Gaussian function (n = 221 molecules). For (D-F), 2 uM EF-G was present during ongoing translation from codon 1 through 3. (D)
Reaction scheme for ongoing translation, (E) a representative trace with the following FRET states: (i) the POST state after the
INT ongoiung State and the initial POST state, which have similar FRET efficiencies (Chen et al., 2011); and (iv) the POST state
following dissociation of tRNA™(Cy5) from the E-site. (F) Frames of traces during ongoing translation formed a peaked PRE
state distribution fitted with a single Gaussian component (n = 254 molecules).
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Figure S10. tRNA-L11 and tRNA-tRNA FRET at low EF-G

time (s)

time (s)

concentration. At 20 nM to 100 nM EF-G during ongoing

translation, a minority of the traces fluctuated between classical and hybrid states before translocating, despite the majority

adopting a non-fluctuating intermediate FRET efficiency. (A, E)

Reaction schemes indicating EF-G binding to either the classical

or hybrid state to catalyze translocation. Pre- and post- synchronized contour maps for tRNA-L11 (B-D) and tRNA-tRNA (F-H)
FRET demonstrate that at reduced EF-G concentrations, the hybrid state is more prominent and becomes the primary state from

which translocation occurs.
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. FRET
FRET o, | FRETEfficiency, | cilled | Efficiency, | oy, Stalled
Efficiency, . Stalled Classical lassical Stalled Hvbrid brid
Ongoing Ongoing tRNA Position Classica talle Hy_ ri Hybri
tRNA Position
V'(Cy3) - L11(Cy5),
(Fig. 1C.F) 0.65 0.12 0.73 0.08 0.49 0.11
F°(Cy5) - V'(Cy3),
(Fig. 2C.F) 0.58 0.16 0.68 0.10 0.39 0.12
F°(Cy3) - V'(Cy5)
(Fig. S2C.F) 0.57 0.16 0.73 0.12 0.40 0.15
F°(Cy3)-L11(Cy5),
(Fig. S3C.F) 0.69 0.09 0.73 0.09 0.43 0.12
V3(Cy3) - L11(Cy5),
(Fig. SAC.F) 0.66 0.12 0.73 0.09 0.46 0.11
V3(Cy5) - L11(Cy3)
(Fig. S5C.F ) 0.63 0.14 0.70 0.08 0.49 0.14
F?(Cy3)-L11(Cy5),
(Fig. S6C.F) 0.68 0.09 0.74 0.09 0.43 0.13
Supplemental Table 1: FRET efficiency distribution peak centers and standard deviations.
Stalled: High FRET
Proportion Proportion .
FRET pair Trast fast Fstow slow Tav agteo”g:;”r;me
V'(Cy3) - L11(Cy5) 0.46 s 0.63 1.59s 0.37 0.87s Fig. S3A
F°(Cy5) - V'(Cy3) 0.35s 0.74 1.18 s 0.26 0.56 s Fig. S3D
F°(Cy3)-L11(Cy5) 0.39s 0.70 1.37s 0.30 0.68s Fig. S3G
V3(Cy3) - L11(Cy5) 0.35s 0.75 1.01s 0.25 0.54 s Fig. S3G
F?(Cy3)-L11(Cy5) 0.30s 0.88 1.46s 0.12 0.44 s Fig. SIM
Stalled: Low FRET
. Proportion Proportion Dwell time
FRET pair Trast ?ast Tstow sﬁow Tav histogram
V'(Cy3) - L11(Cy5) 0.13s 0.48 2.27s 0.52 1.24s Fig. S3B
F°(Cy5) - V'(Cy3) 0.09 s 0.26 2.56's 0.74 0.88s Fig. S3E
F°(Cy3)-L11(Cy5) 0.14s 0.24 2.13s 0.76 1.66 s Fig. S3H
V°(Cy3) - L11(Cy5) 0.15s 0.30 1.67s 0.70 1.28s Fig. S3K
F(Cy3)-L11(Cy5) 0.25s 0.69 3.27s 0.31 1.27s Fig. S3N
Ongoing Translation (+2 pM EF-G-GTP)
. Proportion Proportion Dwell time
FRET pair Trast ?ast Tstow sF;ow Tweighted | histogram
V'(Cy3) - L11(Cy5) 0.51s 0.31 2.33s 0.69 1.76 s Fig. S3C
F°(Cy5) - V'(Cy3) 0.36 s 0.35 2.56 5 0.64 2.08 s Fig. S3F
F°(Cy3)-L11(Cy5) 0.21s 0.47 22253 0.53 1.28s Fig. S3I
V®(Cy3) - L11(Cy5) 0.20s 0.21 2.50s 0.79 1.69s Fig. S3L
F?(Cy3)-L11(Cy5) 0.11s 0.61 3.04s 0.39 1.28s Fig. S30

Supplemental Table 2: Dwell times PRE states for stalled and ongoing experiments calculated by fitting double exponential
decays to the unbinned dwell time data using maximum likelihood estimation as described in the Supplemental Methods, and
plotted in Fig. S7. 7, is the weighted average dwell time calculated using Eq. S5 in Supplemental Methods.
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Fraction of ongoing traces predicted to
FRET pair Fractjqn of ongoing traces obse_rved to | transition to the_hybrid state based on kinetic
transition to the canonical hybrid state rates observed in stalled ribosomes (Suppl.
Eg. S6)

V'(Cy3) - L11(Cy5) 184 /3664 = 0.050 0.65
F°(Cy5) - V'(Cy3) 100 / 2359 = 0.042 0.75
F°(Cy3) - V'(Cy5) 10 /200 = 0.050 0.49
F°(Cy3)-L11(Cy5) 11 /1423 =0.008 0.55
V*(Cy3) - L11(Cy5) 74 /2157 =0.034 0.65
V*(Cy5) - L11(Cy3) 18 /319 = 0.056 0.58
F?(Cy3)-L11(Cy5) 10/434 =0.025 0.50

Supplemental Table 3: Fraction of ongoing ribosome populations expected to undergo classical to hybrid transitions based on
stalled fluctuation dwell times.

1 Taecay TrOM Cross-
. ky; +k i correlation as a function
FRET pair thh_—»low low—_»hlgh °
P from weighted dwell times of lag for fluctuating stalled
fluctuating stalled ribosomes ribosomes
V'(Cy3) - L11(Cy5) 0.51s 0.52s
F°(Cy5) - V'(Cy3) 0.34s 0.31s

Supplemental Table 4: 74,4, from exponential fitting of cross-correlation as a function of lag (Supp. Eq. S7) for fluctuating
stalled ribosomes (Fig. S8E,G), compared to the expected rate constant calculated from the sum of the classical and hybrid FRET
tRNA position dwell times.

As the mentioned in the main text, stalled fluctuating traces had strongly anti-correlated donor and acceptor intensities as
expected for FRET intensities during fluctuations in distance. Ongoing traces did not (Fig. S8E,G) exhibit anti-correlated FRET
signals, thus ruling out fluctuations slower than 30 s™. This analysis can be extended by calculating the cross-correlation as a
function of lag in the time domain. Also called a “sliding inner product” or cross-correlogram, the two signals are shifted in time
with respect to each other before calculating the cross-correlation for each amount of shift (Supp. Eq. S7), a technique commonly
used in signal processing to search a long noisy signal for a shorter or encoded feature, or to determine the time delay between
signals (Lathi, 2004). In this context, a shift of integer numbers of camera frames between donor and acceptor intensities reduces
positive or negative correlations towards zero, since stochastic changes of the two channels’ intensities become out of sync as they
are shifted relative to each other. In fact, the negative cross-correlation of the stalled traces decayed to zero at a rate consistent
with the sum its kinetic constants (Kciassic—shybria + Knybridsclassic) s expected (Guttfreund, 1995). In contrast, the positive cross-
correlation of the ongoing translation intensities decayed to zero within one frame of lag (Fig. S8E,G), consistent with common-
mode noise (e.g. laser intensity fluctuations), rather than rapid distance fluctuations.
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Supplemental Experimental Procedures

MRNA sequences
5’-biotin- MRNA (Dharmacon, Inc.) had the following sequences:
FVR at beginning of message, mRNA-2,3: biotin-AUU UAA AAG UUA AUA AGG AUA CAU ACU AUG UUC GUG
CGU UAU UAU UAU UAU UAU UAU UAU UAU UAU. The italicized sequence codes for amino acids MFVRYYYYYYYYY.
FVR several codons into message, mRNA-6.7: biotin-AUU UAA AAG UUA AUA AGG AUA CAU ACU AUG UAU
UAU UAU UAU UUC GUG CGU UAU UAU UAU UAU UAU. The italicized sequence codes for MYYYYFVRYYYYY.
The underlined sequence is a strong Shine-Dalgarno region.

Initiation complex formation

Double variant C38S/S87C-L11 was constructed via site-directed mutagenesis of the N-terminal His-tagged L11 used previously
(Qin et al., 2009; Seo et al., 2006; Wang et al., 2007), expressed and labeled with Cy5-maleimide (GE) as previously described
(Chen et al., 2011). To reconstitute L11 ribosomes, a 2-fold molar excess of C38S/S87C-L11Cy5 was incubated with 2 uM
AMT7 70S ribosomes lacking L11 in TAMys buffer (50 mM Tris- HCI [pH 7.5], 15 mM Mg(OAc),, 30 mM NH,CI, 70 mM KClI,
1 mM DTT) (Chen et al., 2011)) with 5 mM additional Mg(OAc), for 15 min at 37 °C. The reconstituted ribosomes then
underwent ultracentrifugation as previously described (Qin et al., 2009; Wang et al., 2007). 70S initiation complex was formed by
incubating 1 uM 70S ribosomes, 4 uM biotin-mRNA (sequences listed above), 1.5 pM each of IF1, IF2, IF3 and fMet-tRNA™¢,
and 1 mM GTP in TAM;s buffer for 25 min at 37 °C.

tRNAs and ternary complex formation

tRNAs were prepared using the reduction and charging protocols previously described (Chen et al., 2011; Pan et al., 2009)
starting with E. coli tRNA™® tRNA™" tRNA"¥ and yeast tRNA™ purchased from Chemical Block (Moscow). tRNA™ and
tRNAY? were with Cy3, and tRNAV# with Cy5, via a dihydroU-hydrazine linkage as described (Kaur et al., 2011). Ternary
complex was formed by incubating 4 uM EF-Tu, 2 uM dye-labeled and charged tRNA, 3 MM GTP, 1.3 mM
phosphoenolpyruvate, and 5 pg/mL pyruvate kinase in TAM s buffer for 15 min at 37 °C.

Flow chamber construction

The sample flow chambers (8 puL) were formed on slides with holes drilled using a 1.25 mm diamond-tipped drill bit. Double-
sided tape laid between the drilled holes served as spacers and separated the flow chambers. Polyethylene tubing with 0.97 mm
outer diameter (Warner Instruments) was inserted into each hole and sealed with 5 min epoxy. The coverslips were then sealed in
place via the double-sided tape and epoxy at their edges. These flow chambers allow fast injection of reaction mixtures into the
channels while recording image series.

SMFRET: General conditions

SmFRET studies were carried out at 23 °C in TAM s buffer . An enzymatic deoxygenation system of 0.3% (w/v) glucose, 300
pg/ml glucose oxidase (Sigma-Aldrich), 120 pg/ml catalase (Roche), and 1.5 mM 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-
carboxylic acid (Trolox, Sigma-Aldrich) was added to TAMs to form the final imaging buffer to reduce fluorophore
photobleaching and blinking (Chen et al., 2011). Microscope slides and coverslips were coated with polyethylene glycol (m-PEG-
SVA-2000; Laysan Bio) to prevent nonspecific binding, as well as 1-5% biotinylated-PEG (biotin-PEG-SC-2000; Laysan Bio,
(Roy et al., 2008)), and flow chambers were constructed as described above. 0.5 mg/ml Streptavidin was applied to the surface
and washed away with TAM 5 buffer before 1 - 5 nM initiation complex was added and immobilized on the surface via biotin-
mRNA. Unbound initiation complex was washed away with TAM 5 buffer. Image stacks were recorded on a custom-built
objective-type total internal reflection fluorescence (TIRF) microscope based on a commercial inverted microscope (Eclipse Ti-E,
Nikon) and equipped with the ability to perform alternating-laser excitation (ALEX) between 532 nm and 640 nm laser beams
(Chen et al., 2011). For the experiments at lower Mg?* concentration presented in Fig. S9, the reaction buffer contained 50 mM
HEPES-KOH (pH 7.3), 4.5 mM MgAc,, 4 mM 2-mercaptoethanol, 150 mM NH,;Ac, 0.05 mM spermine, 2 mM spermidine
(Dinos et al., 2005).

Stalled ribosome SmFRET

After immobilizing the initiation complex on the slides, solutions with 10 nM un-labeled TC, 2 uM EF-G, and 3 mM GTP in
TAMg;5 were injected to allow the ribosome to translate through all of the codons preceding the codon corresponding to the tRNA.
For Val-tRNA"¥(Cy3)-L11(Cy5) experiments, the codons preceding Val required un Tyr-tRNA™" and Phe-tRNA™™ TCs,
whereas for Phe-tRNA™(Cy3)-L11(Cy5) experiments, only Tyr-tRNA™" TC was required. For Phe-tRNA"™(Cy5)-Val-
tRNA"?(Cy3) experiments, the Phe-tRNA™(Cy5) TC was injected along with the un-labeled Tyr-tRNA™" ternary complex; thus
the P-site was occupied with Cy5- tRNAP™ in the POST state.

The unbound ternary complex and EF-G were then washed out with TAM 5 buffer, and the vacant A-sites of the ribosomes
were filled by injecting 10 nM cognate TC, forming a stalled PRE state. Finally, unbound ternary complex was washed out by
TAM g5 buffer with imaging buffer, and image stacks were acquired at 35 ms per frame using ALEX illumination, resulting in a
net 70 ms time resolution. For the experiments observing PRE complex formation in real time, the un-labeled cognate ternary
complex was injected while recording 35 ms frames with only 532 nm laser illumination.
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Ongoing translation SmFRET

After the initiation complex was immobilized on the slides via biotin-streptavidin linkage as described above, unbound initiation
complex was washed out with TAM ;s buffer. While recording image stacks, imaging buffer solution was injected containing 2
UM EF-G, 3 mM GTP, 10 nM Tyr-tRNA™ ternary complex, and 10 nM each of Phe-tRNA™ TC and Val-tRNAY? TC (labeled
or un-labeled depending on the experiment). Ongoing translation experiments were recorded with 532 nm excitation at 35 ms time
resolution.

Calculation of FRET efficiency
FRET efficiency was calculated according to (Ha et al., 1999):

Ip y)_l _ s — xIp)
Iy — xIp o —xIp) + vIp

E= (1 + (s1)

where I, and I, are the raw fluorescence intensities of the donor and acceptor, y is the cross-talk of the donor emission into the
acceptor recording channel, and y accounts for the ratios of quantum yield and detection efficiency between the donor and the
acceptor channels. Based on bootstrapping with 1000 iterations, the 95% confidence intervals for the peaks of the FRET
efficiency distributions are all <0.005.

Compensating FRET efficiencies for 532 nm excitation of Cy5

The excitation spectrum for Cy5 includes a small component at 532 nm, leading to a very low amount of direct excitation of Cy5
by the 532 nm laser. For ongoing translation experiments with Cy3- tRNASs arriving at ribosomes already containing a Cy5- L11
subunit or Cy5- tRNA in the P-site, that excitation of Cy5 at 532 nm was taken into account by zeroing the very low sensitized
acceptor intensity immediately before the event began. Subsequently, the FRET efficiency during ongoing translation can be
directly calculated according to Equation S1. However, for the stalled traces in which the PRE complex was formed before the
recording began, zeroing the acceptor intensity to eliminate that component was not possible.

To quantitatively compare the stalled traces to ongoing traces, a correction factor ¢ representing this cross-excitation was
calculated using the stalled traces in which Cy3 bleached before Cy5:

[A,after event

Q= (82)

(IA,during event ~— XID,during event) + le,during event

Values of ¢ formed distributions that were fitted with single Gaussian components, and the corresponding peak center values
were used to calculate FRET efficiency as follows:

Ly—xlp — oy —xl, +vI
E= 2 —XxIp — @y — xIp +vIp) (S3)
Iy —xIp — oy — xIp +vIp) +YIp

This cross-excitation correction reduced the reported peak FRET efficiencies of the stalled classical and hybrid tRNA positions by
approximately 0.02.

Photobleaching

The dwell times for the PRE state during ongoing translation (Fig. S3) were much shorter than the bleaching times of the
fluorophores. Thus a Val-tRNAY?(Cy3) — L11(Cy5) experiment with alternating 532/640 nm laser excitation (ALEX) showed that
83% of the traces translocated before photo-bleaching (Fig. S1). This result is consistent with the 85-88% predicted for the entire
population of ongoing FRET events based on the photobleaching times while using ALEX (8.4-14 s), in which the acceptor (Cy5)
bleaches first in >90% of traces. If the analysis is restricted to the most biologically significant fast phase subpopulation, the
percentage of ribosomes translocating before photobleaching is even higher (94-98%). The direct excitation of the acceptor by the
640 nm laser during ALEX experiments accelerated the rate of photobleaching. Thus, the percentages given above of ribosomes
that translocate before photobleaching are lower limits for experiments using only 532 nm illumination.

Hidden Markov model analysis of SmFRET traces

Image stacks were converted to intensity recordings using an ImageJ plugin written in-house (Chen et al., 2011). FRET traces
were analyzed by Hidden Markov Model-based software (HaMMy)(McKinney et al., 2006); for the stalled traces no more than
two FRET states were identified by the program in any of the individual traces, and recordings with two FRET states were termed
fluctuating traces. Ongoing traces were analyzed by the same program, which identified multiple states in a very small proportion
(1% — 4%) of recordings at 2 uM EF-G (Table S3), but which did find more fluctuating examples at lower EF-G concentrations
(Fig. 3C,F, S10).

Selection of stalled ribosome SmFRET traces
To determine the high and low FRET values associated with the classical and hybrid tRNA positions of stalled ribosomes, only
ribosomes fluctuating between two FRET states (as identified by HaMMy) were used. That population is enriched for higher
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translational activity; approximately 80% of the ribosomes identified as fluctuating are capable of translocating after the injection
of EF-G, whereas less than 25% of ribosomes that do not fluctuate while stalled complete translocation (Chen et al., 2011).

Dwell time fitting and comparison with fluctuation rates
Dwell times for each of the states were poorly fit by single exponential decays. Double exponential functions of the form
-t @a-c¢) -t
e Tfast 4+ e Tslow (54)
Tfast Tstow
were fitted to unbinned dwell time data by maximum likelihood estimation (Bevington and Robinson, 2002; Woody et al., 2016),
in which the probability distribution is convolved with the camera instrument response function to account for finite camera
framing (Lewis et al., 2017).

The resulting fitting parameters were combined to estimate the average dwell time according to:
Tay = C Trast + (1 - C)Tslow (SS)

To separately analyze the FRET traces belonging to the faster component, a time threshold was determined such that that the
proportion of the double exponential distribution with dwell times below the threshold matches the fraction (C) that the fast phase
contributes to the whole distribution.

To estimate the numbers of ongoing traces that would have switched state if the ongoing FRET values were canonical
classical or hybrid tRNA positions, the transition rates of these processes were compared with the observed PRE dwell time. For
two competing exponential processes (fluctuation from the initial state and translocation), we seek the probability that a trace will
fluctuate before translocation. Taking the dwell times for both translocation and fluctuation as double exponential decays, the
probability of a fluctuation before translocation is given by:

o td —t —t
c, L 1-C) =L[c,; =ta 1-C,;) Zta
Plt; < tq] = L e +ueff2 R Sl U P dt, (S6)
f f
Tr1 Tr2 Ta1 Taz
tg tf
=0 =0

Where ¢y is the time until the stalled ribosome fluctuates, ¢, is the time until the ongoing PRE state translocates, 75, and 7y, are
the fast and slow phase time constants for the classical state of fluctuating stalled ribosomes, Cr and (1 — Cy) are their respective
contributions, 7,4, and 74, are the fast and slow phase time constants for the PRE state occupancy during ongoing translation, and
C, and (1 — C,) are their respective contributions. Values for this probability are given in Table S3, indicating that many more
ongoing ribosomes would have exhibited fluctuations than were observed if the ongoing FRET state is one of the canonical
classical or hybrid tRNA positions with normal stalled ribosome transition rates.

Donor-acceptor cross-correlation

The cross-correlation, Cy, between the donor (I;) and acceptor (I,) intensity traces of length n with a lag of k frames was
calculated by concatenating the donor vector with a second copy of itself and using the following equation (Weisstein, 2002), in
which I; and I, represent the average acceptor and donor intensities of each trace, while o, and o, represent the standard
deviations of those intensities throughout that trace.

_ 2?21[(111“.;( - El)(ldi B I:l)]

Ck
no,o,

(87)
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