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SUMMARY

Ribosome dynamics play an important role in trans-
lation. The rotation of the ribosomal subunits relative
to one another is essential for tRNA-mRNA translo-
cation. An important unresolved question is whether
subunit rotation limits the rate of translocation.
Here, we monitor subunit rotation relative to peptide
bond formation and translocation using ensemble ki-
netics and single-molecule FRET. We observe that
spontaneous forward subunit rotation occurs at a
rate of 40 s 7, independent of the rate of preceding
peptide bond formation. Elongation factor G (EF-G)
accelerates forward subunit rotation to 200 s '.
tRNA-mRNA movement is much slower (10-40 s ),
suggesting that forward subunit rotation does not
limit the rate of translocation. The transition back to
the non-rotated state of the ribosome kinetically co-
incides with tRNA-mRNA movement. Thus, large-
scale movements of the ribosome are intrinsically
rapid and gated by its ligands such as EF-G and
tRNA.

INTRODUCTION

Translation elongation involves repetitive cycles of mRNA de-
coding, peptide bond formation, and tRNA-mRNA translocation,
which result in a forward movement of the ribosome along the
mRNA as the nascent peptide is elongated. Translocation is a
critical point in reading frame maintenance and is a target for a
variety of antibiotics that attack bacterial and fungal cells, which
underscores the importance of the process. The translocation
step entails coordinated movements of the ribosomal subunits
and of the two tRNA molecules together with the mRNA and is
promoted by EF-G-GTP. Each time a peptide bond is formed,
the small ribosomal subunit (SSU) rotates spontaneously in
counterclockwise (CCW) direction relative to the large ribosomal
subunit (LSU) from the non-rotated (N) to the rotated (R) state of
the pre-translocation (PRE) complex (Agirrezabala et al., 2008;
Cornish et al., 2008; Ermolenko et al., 2007a; Frank and Agrawal,
2000; Julian et al., 2008; Zhang et al., 2009) (Figure S1A).
The transitions between the N and R states due to alternating
CCW and clockwise (CW) movements of the ribosomal subunits
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provide a signature of ongoing translation (Aitken and Puglisi,
2010; Chen et al., 2013a; Marshall et al., 2008). The acceptor
arms of the peptidyl-tRNA and deacylated tRNA move from their
classical (C) positions in the A and P sites, respectively, to hybrid
(H) states in which the tRNA acceptor ends have moved toward
the P and E sites on the LSU, while the anticodon arms of the two
tRNAs remain in the A and P sites on the SSU (Agirrezabala et al.,
2008; Blanchard et al., 2004; Dunkle et al., 2011; Fischer et al.,
2010; Moazed and Noller, 1989; Valle et al., 2003). The two
macro-states, C and H, entail a number of sub-states that differ
with respect to the exact position of the tRNAs and the degree
of subunit rotation (Fischer et al., 2010; Holtkamp et al.,
2014; Munro et al., 2007; Pan et al., 2007; Zhang et al., 2009).
Ribosomal protein L1 changes its position from open (L14pen)
to closed (L1g0seq) relative to the tRNA in the P/E state (Chen
et al.,, 2013b; Cornish et al., 2009; Fei et al., 2009; Fei et al.,
2008; Munro et al., 2010a, 2010b; Valle et al., 2003). The three
types of fluctuations—N < R, C < H, and L1gpen < Llgiosea—
are loosely coupled (Fischer et al., 2010) and have somewhat
different fluctuation kinetics (Munro et al., 2010a; Wasserman
et al., 2016). Biochemical and ensemble kinetics experiments
demonstrated that the R-H state (that is, the conformation of
the ribosome with ribosomal subunits in the rotated state and
tRNAs in hybrid states) is an authentic translocation intermedi-
ates that serves to accelerate tRNA movement through the ribo-
some (Dorner et al., 2006; Horan and Noller, 2007; Semenkov
et al., 2000). Binding of EF-G-GTP to the ribosome stops the
fluctuations of L1, stabilizes the R-H state and induces the
formation of yet another subset of conformations, the chimeric
(CHI) or intermediate (INT) states (Adio et al., 2015; Brilot et al.,
2013; Ramrath et al., 2013; Ratje et al., 2010; Wasserman
et al., 2016; Zhou et al., 2013, 2014). GTP hydrolysis by EF-G
promotes rapid movement of the tRNA-mRNAs complex into
the post-translocation (POST) state accompanied by CW rota-
tion of the ribosomal subunits into the N state (Belardinelli
et al., 2016; Ermolenko and Noller, 2011; Rodnina et al., 1997;
Wasserman et al., 2016).

Spontaneous fluctuations between C and H or N and R states
were studied by single-molecule fluorescence resonance energy
transfer FRET (smFRET) methods (Note S1 and references
therein). Estimations based on smFRET measurements indi-
cated that the spontaneous transitions toward the R-H-L1j0sed
states are rather slow, in the range from 0.05s™ ' to 10 s~ (Cor-
nish et al., 2008; Fei et al., 2008; Kim et al., 2007; Munro et al.,
2010a; Wasserman et al., 2016) (Note S1; Table S2). These rates
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are either slower or in the same range as the rates of tRNA trans-
location measured by ensemble kinetics and smFRET (Chen
et al., 2011; Holtkamp et al., 2014; Pan et al., 2007). The effect
of EF-G on this transition is difficult to estimate, because EF-G
binding to PRE complexes induces rapid transition toward CHI
and POST states. To overcome this limitation, the rates of the
transitions toward the R-H-L1.seq State were estimated on
translocationally inactive complexes, i.e., without a tRNA in the
A site. Also in the presence of EF-G, these rates are low and
comparable to the translocation rates. These results implied
that the rate of spontaneous fluctuations preceding EF-G bind-
ing may determine the global rate of EF-G binding and transloca-
tion (Munro et al., 2010a; Wang et al., 2011; Wasserman et al.,
2016). In contrast, ensemble kinetics hinted at a possibility that
in the presence of EF-G the N-to-R rotation rate of a PRE com-
plex is very high (>200 s~7), although the exact rates were not
determined and the rates of spontaneous fluctuations were not
measured (Ermolenko and Noller, 2011; Guo and Noller, 2012).
We note that it is important to study translocation on true PRE
complexes with a deacylated tRNA in the P site and a peptidyl-
tRNA in the A site, because the presence of an A site tRNA, or
at least its anticodon-stem loop domain, is essential for translo-
cation (Joseph and Noller, 1998) and the rate of translocation
depends on the acylation state of the tRNAs (Semenkov et al.,
2000). Furthermore, the rates of subunit rotations were mostly
measured at conditions dictated by smFRET experiments, typi-
cally at 20°C-25°C and with buffers containing high Mg®* or
polyamine concentrations, rather than at conditions optimal for
translation (Note S1). Surprisingly, although peptide bond forma-
tion was proposed to drive CCW rotation, no experiments have
been reported that compare the rates of the two reactions. The
lack of information on the relative rates of peptide bond for-
mation, CCW and CW subunit rotation, and tRNA translocation
at conditions of rapid and efficient translation is a major source
of ambiguity in the understanding of the mechanism of translo-
cation. This prompted us to re-examine the kinetics of sponta-
neous and EF-G-induced subunit rotation in the context of pep-
tide bond formation and translocation. We determined the rates
of peptide bond formation and translocation for different tRNA
pairs by quench flow and followed spontaneous R state forma-
tion by ensemble kinetics and smFRET using an established
FRET pair for monitoring subunit rotation. We then asked
whether EF-G-GTP binding modulates the rates of the CCW
rotation. Finally, we compared the rates of CCW and CW rota-
tions and tRNA translocation measured at 37°C and 22°C and
various buffer conditions. We show that EF-G binding substan-
tially accelerates CCW rotation, such that it becomes much
faster than tRNA-mRNA translocation, whereas CW rotation is
concomitant with translocation. The data provide an important
insight into the contribution of an authentic early on-pathway
conformational rearrangement to the energetics of translocation.

RESULTS
Experimental Approach
To follow the rotation of the SSU relative to the LSU, we used the

FRET assay developed and validated by Noller, Clegg, and col-
leagues (Cornish et al., 2008; Ermolenko et al., 2007a, 2007b,
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2013; Ermolenko and Noller, 2011; Hickerson et al., 2005; Ling
and Ermolenko, 2015; Majumdar et al., 2005). We attached
fluorophores to ribosomal proteins bS6 and bL9 (Experimental
Procedures). For ensemble experiments, bS6 was labeled with
Alexa 488, serving as FRET donor, and bL9 was labeled with
the acceptor dye Alexa 568 (Ermolenko et al., 2007a; Ermolenko
and Noller, 2011). For smFRET experiments, bS6 was labeled
with Cy5 and bL9 with Cy3 (Cornish et al., 2008; Qin et al.,
2014). The functional activity of the ribosomes was not changed
by labeling, as verified by their unaltered ability to bind tRNAs
and the unaffected rate of translocation, as assessed by time-
resolved puromycin (Pmn) assay (Figure S1B).

As shown previously (Belardinelli et al., 2016; Ermolenko et al.,
2007a; Ermolenko and Noller, 2011), subunit rotations result
in FRET changes between the S6-labeled SSU and L9-labeled
LSU. FRET causes a decrease of donor fluorescence and a
concomitant increase of acceptor fluorescence of the S6-L9
FRET pair (Belardinelli et al., 2016); for the ensemble kinetics,
we used the changes in the acceptor fluorescence to monitor
changes in FRET efficiency. The acceptor fluorescence de-
creases upon addition of the ternary complex, EF-Tu-GTP-
Phe-tRNAP", to the S6-L9 double-labeled initiation complex,
70S-mRNA-fMet-tRNA™®!, indicating subunit rotation. Addition
of EF-G-GTP to the resulting PRE complex causes tRNA trans-
location; fluorescence increases to the initial value (Figure S1C).
Fluorescence does not change when the PRE complex is
mixed with buffer in the absence of EF-G (Figure S1D). The
fluorescence anisotropy of the FRET donor, as measured on sin-
gle-labeled ribosomes, is rather low (0.197 + 0.003), indicating
sufficiently high mobility of the fluorophore to assume an orien-
tation factor k2 close to 2/3 (Majumdar et al., 2005). For the
acceptor fluorophore, the anisotropy is higher (0.292 + 0.002),
which, however, does not compromise the interpretation of
FRET changes in terms of distance changes (Ermolenko et al.,
2007a; Majumdar et al., 2005). These and other controls for the
photophysical effects of the double-labeled ribosomes suggest
that the observed changes in FRET can be interpreted in terms
of distance changes between the two reporter groups (Ermo-
lenko et al., 2007a; Hickerson et al., 2005; Majumdar et al., 2005).

Spontaneous CCW Subunit Rotation with Different
tRNAs in the P Site

We first measured the rates of peptide bond formation and
spontaneous CCW rotation by quench flow and stopped flow,
respectively (Figures 1A and 1B). We prepared POST complexes
with different dipeptidyl-tRNAs in the P site (fMetX-tRNAX, where
X is Lys, Val, Phe, or Pro, in the following denoted as fMX)
and rapidly mixed them with Pmn. Initially, we used Pmn as an
A-site substrate instead of native aminoacyl-tRNAs (aa-tRNA),
because Pmn binding and accommodation are not rate limiting
for peptide bond formation (Sievers et al., 2004), and thus the ki-
netics of peptide bond formation depends solely on the P-site
peptidyl-tRNA. The Pmn reaction is rapid with fMK, fMV, and
fMF and very slow with fMP (Figure 1A), in agreement with previ-
ous observations (Wohlgemuth et al., 2008). The subsequent
CCW rotation, which was monitored as a fluorescence decrease,
followed the same tendency (Figure 1B), with the apparent rate
constants (kapp) being generally lower than those of peptide
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Figure 1. CCW Rotation upon Reaction of Different P-Site Peptidyl-tRNAs with Pmn
(A) Time courses of peptide bond formation. POST complexes with fMetX-tRNAX in the P site, where X is Lys (red), Val (green), Phe (blue), or Pro (purple), were

rapidly mixed with Pmn (10 mM). Smooth lines represent global fits.
(B) CCW subunit rotation. Color code as in (A); smooth lines are global fits.

(C) The apparent rate constants (kapp) Of peptide bond formation and subunit rotation obtained by exponential fitting of the data from (A) and (B). Plotted are the

kapp Values of the major step (>80% of the total amplitude).

(D and E) Pmn concentration dependence of peptide bond formation (D) and spontaneous CCW rotation (E) for the fMK complex. Hyperbolic fits yield 240 +
20s ' and 40 + 1 s~ for the rate constants of peptide bond formation (Kpep) @and CCW rotation (ko) at saturation, with Ky values of 6 + 1 mM and 2.0 + 0.1 mM,
respectively. The elemental rate constant (kgcw) of subunit rotation is 48 + 3 s~ (Supplemental Experimental Procedures).

(F) Elemental rate constants of peptide bond formation (kpep) and subunit rotation (kccw) obtained by numerical integration analysis of the data from (A) and (B).

Values are mean + SD (n = 3 independent kinetic experiments).

Experiments were carried out in TAKM; at 37°C. See also Figures S1 and S2.

bond formation (Figure 1C). To determine the elemental rate
constant of the CCW rotation, we deconvoluted peptide bond
formation and subunit rotation. For this, we used two different
approaches. For the fMK POST complex, the Ky, value for Pmn
is very high, such that the maximum rate of peptide bond forma-
tion is not reached even at high Pmn concentration (10 mM)
(Wohlgemuth et al., 2008). Therefore, we measured the rates of
peptide bond formation and CCW rotation at increasing Pmn
concentrations. The rates of peptide bond formation and subunit
rotation at saturation with Pmn estimated by hyperbolic fitting
are 240 + 20 s ' and 40 + 2 s~ ', respectively (Figures 1D and
1E). Then, we calculated the elemental rate constant of CCW
rotation, kocw = 48 + 3 s~', from these two values (Figure 1F)
(Supplemental Experimental Procedures). In contrast to fMK,
the Ky, values for the Pmn reaction with fMV and fMF are lower,
such that a Pmn concentration of 10 mM is sufficient to attain the
near-maximum velocities (Wohlgemuth et al., 2008). These
values were thus taken as elemental rate constants of peptide
bond formation (Figure 1F).

As a second approach, we calculated kcow values by nu-
merical integration, assuming a sequential two-step model with
peptide bond formation followed by CCW subunit rotation;
where necessary, another step was added to account for a minor
additional fluorescence change (Supplemental Experimental
Procedures). We assumed that the subunit rotation was quasi-

irreversible at 37°C in TAKM7, because (1) the y axis intercept
of the concentration dependence of the respective Kagp, is close
to zero for the fMK complexes (Figure 1E) and (2) there was no
variation in the CCW rotation amplitude for different complexes.
For fMK, the calculation yielded a value of kgow = 46 + 2 577,
identical to the value obtained from the Pmn titration. For fMV
and fMF, the kgow values were in the same range (40-50 s ),
even though the rates of peptide bond formation varied with
the P site tRNA (Figure 1F). For the fMP complex, very slow pep-
tide bond formation limits the CCW rotation; therefore, an accu-
rate value of kgow could not be determined for that complex.
The rate constants of the spontaneous CCW rotation reported
here are at least ten times higher than the values obtained
by smFRET (Cornish et al., 2008; Ermolenko et al., 2013; Qin
et al.,, 2014; Wasserman et al., 2016). For better comparison
with smFRET results (typically obtained at ~22°C), we deter-
mined the rates of subunit rotation at different temperatures (Fig-
ure S2A). The Arrhenius plot is linear (Figure S2B), indicating that
a single elemental reaction was monitored, and the rate of CCW
rotation is ~8 s~ ' at 22°C. This value is somewhat higher than the
values obtained for the same S6-L9 reporter positions with a
synthetic analog of peptidyl-tRNA, N-Ac-Phe-tRNA™™, in the A
site (0.3-1.7 s~ ) (Cornish et al., 2008; Qin et al., 2014) but
in the same range as the values for the PRE complex of the
same composition obtained with labels on proteins S13 and
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Figure 2. Spontaneous CCW Rotation upon
Reaction with Different Aminoacyl-tRNAs

(A) Time courses of peptide bond formation. Initia-
tion complexes were rapidly mixed with ternary
complexes EF-Tu-GTP-X-tRNA* at saturating con-
centration (10 puM). X is Lys (red), Val (green),
Phe (blue), or Pro (purple). Smooth lines represent
global fits.

(B) CCW subunits rotation. Color code as in (A);
smooth lines represent global fits.

(C) Subunit rotation upon reaction of POST(fMF)
(blue) or POST(fMV) (green) complexes with the
ternary complex EF-Tu-GTP-Val-tRNA® or EF-Tu-
GTP-Phe-tRNAP", respectively, at saturating con-
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L1 (~5 s~') (Wasserman et al., 2016) and comparable to the
values we obtained by smFRET (see below).

Spontaneous CCW Rotation of PRE Complexes with
Different tRNAs in the A Site

Next, we monitored the kinetics of peptidyl transfer and sponta-
neous rotation with aa-tRNAs as A-site substrates. We prepared
initiation complexes with mRNAs that differed in the second
codon and rapidly mixed them with ternary complexes EF-Tu—
GTP-X-tRNAX, where X was Lys, Val, Phe, or Pro (Figure 2).
For comparison, we also used complexes carrying either
fMetPhe-tRNAP"® (POST(fMF)) or fMetVal-tRNAY2 (POST(fMV))
in the P site and mixed them with ternary complexes EF-Tu-
GTP-Val-tRNAY® or EF-Tu-GTP-Phe-tRNAP"®, respectively.
Rates of peptide bond formation were very similar with Lys-,
Val-, and Phe-ternary complexes and much lower with Pro,
consistent with the notion that aa-tRNA accommodation is rate
limiting for peptide bond formation unless the substrate reacts
exceptionally slowly, such as Pro (Wohlgemuth et al., 2008,
2010). While the FRET efficiency generally is decreased by the
CCW rotation, the final levels varied depending on the aa-tRNA
in the A site (Figure 2B), although the yield of dipeptide formation
was not significantly different (Figure 2A). The highest rotation
amplitude was observed when POST complexes (fMF or fMV) re-
acted with the ternary complexes (Figure 2C).

The different amplitudes of the subunit rotation (Figure 2B)
may reflect either different proportions of spontaneously formed
R and N states or the formation of additional, intermediate rota-
tion states depending on the A-site tRNA. To distinguish be-
tween these alternatives, we determined the population distribu-
tion of the different complexes by measuring smFRET. In all
cases, we found two subpopulations with FRET efficiencies of
0.7 (N state) and 0.5 (R state), but the ratio between the N and
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centration (10 pM). Smooth lines represent global
pep | fits.

(D) The rate constants of accommodation/peptide
cw bond formation (kpep) and the elemental rate con-
stants of subunit rotation (kccw and kcw) obtained
by numerical integration of the data from (A) and (B).
Values are mean + SD (n = 3 independent kinetic
experiments).

Experiments were carried outin TAKM; at 37°C. See
also Table 1.

R states depended on the A-site tRNA (Figure 3; Table S1).
In the PRE complex with deacylated tRNA™®! in the P site
and fMetPhe-tRNAP"® in the A site (PRE(fMF)) the R state was
favored. In contrast, the majority of the PRE(fMK) and PRE(fMV)
complexes was in the N conformation. Addition of EF-G and
translocation converted the ribosomes into the high-FRET
POST state, indicating that the majority of the formed POST
complexes assumed the N conformation. The rates of subunit
rotation (CCW and CW), as calculated from the spontaneous
transitions (Figure S3; Table 1), were similar to previously pub-
lished values (Cornish et al., 2008; Qin et al., 2014; Wasserman
et al., 2016).

Given that the spontaneous transition between N and R states
is reversible, we sought to determine the rate constants of
the spontaneous CCW and CW rotation from the kinetic data
(Figure 2). The rates of peptide bond formation measured at
saturating concentrations of the ternary complex (10 pM) reflect
the rate-limiting step for amino acid incorporation, which in
most cases is the accommodation of aa-tRNA in the A site fol-
lowed by rapid peptide bond formation, except for Pro, where
the chemistry is rate limiting (Wohlgemuth et al., 2008, 2010).
We determined the rates of CCW and CW rotations by numerical
integration, using a three-step sequential model, with the first,
irreversible step representing peptide bond formation, a second,
reversible step for subunit rotation, and an additional step of
unknown origin with a very small amplitude (<10% of the total
amplitude) (Supplemental Experimental Procedures). The values
were keow =40s 1t050s T and kew=7s""t0 27 s, depend-
ing on the tRNAs in the A and P site (Figure 2D; Table 1).

EF-G-Induced Subunit Rotation
We next asked how EF-G-GTP affects subunit rotation (Figures
4A and 4B). We prepared different PRE complexes, as described
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flects CCW rotation, is followed by an upward phase, reporting
CW rotation taking place upon translocation (Ermolenko and
Noller, 2011) (Figure 4A). For PRE(fMF) and PRE(fMP), the down-
ward amplitude was very small and the upward phase started
after a delay and proceeded with similar kinetics for all PRE com-
plexes studied. The complete analysis of translocation kinetics
with PRE(fMF) indicated that the delay phase comprised a small
downward phase followed by an upward phase that cancelled
out the signal change (Belardinelli et al., 2016); thus, the analysis
by exponential fitting was very difficult in this case. In contrast,
FRET changes with PRE(fMK) or PRE(fMV) are amenable for
analysis by exponential fitting. The dependence on the EF-G
concentration yields rate constants of CCW rotation (kgcw) of
200 £ 20 s~ or 210 = 10 s~! and of CW rotation (kcw) of 15 =
1s 'or 11 +1s ' for PRE(fMK) or PRE(fMV), respectively (Fig-
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fMK and fMV (Figure S4; Table 2), i.e., almost identical to the
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Tofurther correlate results from ensemble
kinetics and smFRET we also monitored
the kinetics of EF-G-promoted subunit rota-
tion at smFRET buffer and temperature
conditions (Figure 4B). For PRE(fMK) and
PRE(fMV), a downward CCW rotation phase
was well resolved from the subsequent
CW rotation. From the amplitude ratio of
the CCW phase and the overall R-to-N tran-
sition, we could estimate the fraction of PRE complex present
in the N state prior to EF-G addition (Table S1). The fraction of
the N state obtained by ensemble kinetics is very close to that ob-
tained from the state distributions in the single-molecule experi-
ments, indicating good agreement between the two approaches.
Analogous calculations from the CCW and CW amplitudes of the
stopped-flow experiment in TAKM7 at 25°C or 37°C yielded the
fraction of complexes in the N state for PRE(fMK) and PRE(fMV)
(Figures S2C and S2D; Table S1). For the PRE(fMF) complex,
the fraction of the N state was calculated from the intrinsic fluores-
cence intensity values (Belardinelli et al., 2016).

From the kinetic analysis of subunit rotation at smFRET condi-
tions, rate constants of EF-G-induced CCW rotation, kccw, are
~14 and 12 s for PRE(fMK) and PRE(fMV), which is much
higher than the rate constant of the CW rotation, kcw, and trans-
location, ky, 1.2 s~ and 0.5 s~", for PRE(fMK) and PRE(fMV)
(Table 2). In comparison to PRE(fMK) and PRE(fMV) complexes,
the time course of subunit rotation in the PRE(fMF) complex does
not entail a CCW phase, even though 47 % of the PRE complexes
are expected to be in the N state. The kinetic analysis of translo-
cation suggested that in the PRE(fMF) complex, CCW rotation
coincides with the initial EF-G binding step (Belardinelli et al.,
2016). It is thus likely that at the high EF-G concentration used
in these experiments, the rate of CCW rotation is too high to

1 N (87%)

1.0
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Table 1. Rates of Spontaneous N-to-R and R-to-N Transitions
Determined by smFRET and Ensemble Kinetics

Experimental Conditions
smFRET, 22°C

TAKM., 37°C*

1 1

koow, 87 Kow, 8~ koow, 87 Kow, 8~
PRE N - R R —- N N - R R —- N
MK (320)° 2.1+ 0.1 37+01  53+1 27+ 2
(8,557)° (8,561)°
MV (141)°  32+03 39+04  49:3 15 + 1
(1,153)° (1,168)°
MF (196)°  4.1+02 30402  41+1 741
(1,768)° (1,757)°

N is the population in high-FRET state (FRET efficiency = 0.7); R is the
population in low-FRET state (FRET efficiency = 0.5). All values are
mean + SD from three independent datasets. See also Figure S3 and
Table S1.

®Rates calculated from numerical integration analysis of data in Figure 2.
PThe number of dynamic traces used to calculate the transition rates
between the two populations in smFRET experiments.

°The number of transitions observed in smFRET experiments.

be monitored even with a stopped-flow instrument. The CW
rotation of the PRE(fMF) complex was at least biphasic, with
apparent rate constants of 11 s~ and 0.5 s, consistent with
a multistep mechanism of translocation (Belardinelli et al.,
2016; Wasserman et al., 2016). Thus, at all conditions studied,
EF-G accelerates the CCW rotation on the fraction of the PRE
complexes that remained in the N state after peptide bond for-
mation, such that the N-to-R transition becomes much faster
than the subsequent translocation and CW rotation steps.

DISCUSSION

In the present study we determined the rates of spontaneous
and EF-G-induced subunit rotation by ensemble kinetics and
compared them to those of peptide bond formation and translo-
cation. In principle, the peptidyl transfer reaction may promote
subunit rotation by forming a deacylated tRNA in the P site and
a peptidyl-tRNA in the A site, which are prone to form H states
and may thus favor subunit rotation for structural reasons (Blan-
chard et al., 2004; Cornish et al., 2008; Kim et al., 2007; Munro
et al., 2007). Alternatively, the energy of peptide bond formation
may be directly utilized to drive CCW subunit rotation (Marshall
et al.,, 2008). We find that at 37°C, the rate of spontaneous
CCW rotation keew is ~40 s~ with a number of different tRNAs
in P and A sites independent of the rate of peptide bond forma-
tion. The kcow values measured at smFRET conditions (22°C) for
PRE complexes formed as a result of peptide bond formation
(Table 1) or without peptide bond formation by direct binding
of a peptidyl-tRNA analog, N-Ac-Phe-tRNAP"®, into the A site
(Qin et al., 2014) are not grossly different, indicating that the en-
ergy of peptide bond formation is not utilized to drive the subunit
rotation. Furthermore, our data support the notion that sponta-
neous fluctuations in the PRE complex are reversible (Cornish
et al., 2008; Fei et al., 2008; Munro et al., 2007; Wasserman
et al., 2016). We find that the rate of the spontaneous N-to-R
rotation is independent of tRNA, whereas the rate of R-to-N rota-
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tion depends on the tRNA in the PRE complex and defines the
equilibrium between N and R states. The fraction of complexes
in the N state ranges from 0.1 to 0.4 at conditions of rapid trans-
lation and increases at conditions typically used in smFRET mea-
surements. These findings are consistent with other smFRET
and structural studies, as well as molecular dynamic simulations
that report the existence of largely iso-energetic fluctuating ribo-
some populations corresponding to the different subunit rota-
tional states and tRNA and L1 positions. Thus, we conclude
that peptide bond formation has a structural, rather than an en-
ergetic, effect on subunit rotation; the thermal energy is sufficient
to power the spontaneous fluctuations of the PRE complex
between the rotational states.

Upon initial binding to the ribosome, EF-G stabilizes the R-H-
L1c0seq State by halting backward fluctuations toward the N-C-
L1open State (Adio et al., 2015; Chen et al., 2011; Munro et al,,
2010a, 2010b, 2010c; Spiegel et al., 2007; Valle et al., 20083). A
question that remains controversial is whether EF-G can bind
to the N state or requires the N-to-R transition before binding
(Munro et al., 2010c; Wasserman et al., 2016). Analysis of the
conformational state of the ribosome immediately prior to trans-
location when monitored by smFRET between tRNA-L11 shows
that EF-G can bind to both C and H states (Adio et al., 2015;
Chen et al., 2011). Also, ensemble kinetic analysis suggests
that changing the fraction of C versus H state in the ribosome
population does not affect the rate of GTP hydrolysis by EF-G
or of tRNA movement, suggesting that either EF-G can bind to
either state or the transition between the N and R states is rapid
(Holtkamp et al., 2014; Rodnina et al., 1997; Walker et al., 2008).
Furthermore, two recent structures show EF-G bound to the
ribosome in the N state (Li et al., 2015; Lin et al., 2015). These
structures, together with the smFRET and ensemble kinetics,
provide strong evidence that EF-G can bind to either the N-C
or R-H state and engages in translocation via a transient
N-to-R rotation with concomitant stabilization of the R-H state.

One major challenge in dissecting the mechanism of transloca-
tion is to estimate the effect of EF-G on the rates of N-to-R tran-
sitions. This is because binding of EF-G induces rapid progres-
sion of the PRE complex through translocation intermediates
until the POST state is reached. Experiments with ribosome com-
plexes that do not translocate (i.e., with the vacant A site) suggest
that EF-G accelerates the L1 closure by a factor of six to eightto a
rate ofupto3s ™~ (Feietal., 2009; Munro et al., 2010b). When sub-
unit rotation is monitored using the S6-L9 reporter pair on the ri-
bosomes with a vacant A site, the effect is two-fold (to 1.2 s7)
(Cornish et al., 2008). Here, we show that EF-G-GTP-induced
CCW rotation on the fraction of PRE complexes that have re-
mained in the N state after peptide bond formation is extremely
fast (200 s~ ) (Figure 5). EF-G accelerates the CCW subunit rota-
tion to a similar extent for different tRNAs or experimental condi-
tions (i.e., approximately five-fold compared to spontaneous
rotation). This acceleration was not observed in previous
smFRET experiments, either because the reaction is too fast for
the time resolution of conventional smFRET experiments or
because CCW rotation is obscured by subsequent translocation
events (Chenetal., 2013a; Cornish et al., 2008; Wasserman et al.,
2016). On the other hand, our results are consistent with
ensemble kinetic experiments (performed at 22°C), which noted
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Figure 4. EF-G-Induced Subunit Rotation
(A) Subunit rotation upon addition of EF-G-GTP to
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PRE complexes with fMetX-tRNAX in the A site,
where X is Lys (red), Val (green), Phe (blue), or Pro
(purple) in TAKM; at 37°C. Smooth lines are two-
exponential fits.

(B) Same as (A) in smFRET buffer at 22°C.

(C and D) Concentration dependence. Apparent rate
constants of CCW (Kapp1) and CW (Kapp2) subunit
rotation upon translocation with Lys (red) and Val
(green) complexes at 37°C in TAKM-. Hyperbolic fits
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yield rate constants for CCW rotation of 200 + 20 s~
(Km = 1.2 + 0.4 uM) for PRE(fMK) and 210 + 10 s~
(Km = 1.4 £ 0.2 uM) for PRE(fMV). The rate constants
of CW rotation are 15 = 15~ (Kyy = 0.7 = 0.1 pM) and

Cw

- 11+ 1s ' (Ky = 0.5 + 0.1 uM), respectively.
See also Figures S2 and S4.

unlocking (Belardinelli et al., 2016; Was-
serman et al., 2016). The unlocking step
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0 1 1 1
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EF-G, uM

a very rapid CCW rotation upon EF-G-GTP addition to a PRE
complex with N-Ac-Phe-tRNAP"® in the A site (Ermolenko and
Noller, 2011). Likewise, our recent translocation experiments
with the PRE(fMF) complex and EF-G-GTPvS revealed a very
rapid CCW subunit rotation upon EF-G binding preceding tRNA
translocation (Belardinelli et al., 2016). In comparison to CCW
subunit rotation, CW rotation and tRNA translocation are largely
concomitant, but much slower, steps (Belardinelli et al., 2016; Er-
molenko and Noller, 2011). CW rotation and translocation appear
to be coupled kinetically and structurally, as inhibiting tRNA
translocation results in impaired CW rotation (Belardinelli et al.,
2016; Wasserman et al., 2016).

The finding that EF-G-catalyzed CCW rotation is much faster
than tRNA translocation has important consequences for under-
standing the thermodynamic landscape of translocation. When
aa-tRNA has accommodated in the A site and peptide bond
formation has taken place, the SSU starts to rotate in the CCW
direction driven by thermal energy. At the high cellular EF-G
concentrations, the factor is recruited to the ribosome with a
rate of >500 s~' (10 uM [EF-G] x 55-150 uM~'s~'; Belardinelli
et al., 2016; Katunin et al., 2002), almost instantaneously after
EF-Tu has been released. EF-G—presumably in a compact
form (Lin et al., 2015)—rapidly binds to either the N or the R state,
accelerates CCW rotation on the remaining N complexes to
koow =200s ™1, and stabilizes the R state by blocking the reverse
transitions (Figure 5). Thus, the predicted lifetime of the PRE
complex in the N state is negligibly small. Rather, the rotation
from N to R is one of the fastest events on the reaction coordinate
and is not rate limiting for tRNA-mRNA translocation. After GTP
hydrolysis and factor engagement, EF-G promotes translocation
by inducing a conformational state of the ribosome in which the
body of the SSU starts to move toward the N state, whereas the
SSU head swivels further in CCW direction, resulting in ribosome

4

EF-G, uM

(40 s7") (Belardinelli et al., 2016) kineti-
cally dominates both the tRNA movement
and release of Pi from EF-G (Savelsbergh
et al., 2003). The subsequent Pi release
and tRNA movement from the A to P and
P to E sites are rapid reactions (Savelsbergh et al., 2003) but
may entail additional intermediates that can be isolated by
blocking translocation with antibiotics, mutations in EF-G or a
lack of GTP hydrolysis (Holtkamp et al., 2014; Pan et al., 2007;
Zhou et al., 2014). At this stage, the SSU head and body both
move in a CW direction. The E-site tRNA then moves away
from the E site at a rate of 14 s~ through at least one additional
intermediate state and then dissociates from the ribosome (Be-
lardinelli et al., 2016; Wasserman et al., 2016). The head and
the body of the SSU continue to move backward until EF-G dis-
sociates from the ribosome in a relatively slow reaction of ~4 s’
which also completes the re-locking of the ribosome (Belardinelli
et al., 2016); this process may entail additional intermediates or
conformational varieties of the POST state (Wasserman et al.,
2016). All these movements are controlled by the interplay
among the tRNAs, EF-G, and GTP hydrolysis. Thus, although
the ribosome is a very large particle, movements of its parts
are rapid, spontaneous, and driven by thermal energy. Translo-
cation is gated by the ribosome ligands, tRNAs, and EF-G, which
control the conformational state of the ribosome, maintain the
reading frame, and promote directional movement of the ribo-
some along the mRNA.

6

EXPERIMENTAL PROCEDURES

Experiments were carried out in TAKM; buffer (50 mM Tris-HCI [pH 7.5
at 37°C], 70 mM NH,CI, 30 mM KCI, 7 mM MgCl,) or in smFRET buffer
(50 mM Tris-HCI [pH 7.5 at room temperature], 70 mM NH,CI, 30 mM KClI,
15 mM MgCl,, 1 mM spermidine, and 8 mM putrescine) at 22°C or 37°C
as indicated. Materials were prepared as described in Supplemental Experi-
mental Procedures. subunit rotation experiments were carried out in a
stopped-flow apparatus (SX-20MV; Applied Photophysics) using double-
labeled ribosomes (S6Alexa488-L9Alexa568) (Belardinelli et al., 2016);
the complexes were prepared in the same way as for the quench-flow
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Table 2. Summary of the Rates for EF-G-Induced Rotation and
Translocation

1 1 1

PRE Kcew, s~ Kew, 8~ S
TAKM7, 37°C

fMK 200 + 20 115 & 1l 122
fMV 210+ 10 11 +£1 12+ 2
smFRET Buffer, 22°C

fMK 14 + 1.2+0.1 1.2+0.1
fMV 12+1 0.5+0.1 0.6 + 0.1
TAKMz, 25°C

fMK 50+ 3 4+1 2+1

See also Figure S4.

experiments. Alexa 488 was excited at 470 nm, and fluorescence of Alexa 568
was monitored after passing through an OG590 cut-off filter (Schott). Initiation
complexes and PRE or POST complexes (0.1 uM, final concentration after
mixing throughout) were rapidly mixed with Pmn (10 mM), ternary complex
(10 uM), or EF-G (4 uM) as indicated. Time courses of peptide bond
formation were measured in a quench-flow apparatus (KinTek) at the same
conditions as used in the stopped-flow experiments. The reactions were
quenched with KOH (0.5 M); peptides were released by alkaline hydrolysis
for 45 min at 37°C, analyzed by reversed-phase high-performance liquid
chromatography (HPLC) (LiChrospher 100 RP-8, Merck), and quantified by
radioactivity counting (Wohlgemuth et al., 2008). smFRET experiments were
performed with double-labeled ribosomes (S6Cy5-L9Cy3) in a total internal
reflection fluorescence (TIRF) setup as described previously (Adio et al.,
2015). Exponential fitting (with or without a delay phase) was performed using

PRE(N) PRE(N)-EF-G
k,, = 55 uM's”
N
=
3 5
Yoz f <
3 z 3
3 3 R o
= e R -
kys=658s"
PRE(R) PRE(R)-EF-G POST

Figure 5. Model for N-to-R Transitions Coupled to the Translocation
Pathway

The rotation states of the SSU relative to the LSU (gray) are indicated by color
intensity of the SSU body (light blue for N and dark blue for R). The swiveling
motions of the SSU head are shown by color gradient from light yellow
(classical non-swiveled SSU head position) to orange (swiveled relative to the
SSU body) (Belardinelli et al., 2016). tRNAs in the A and P sites of the PRE
complex are shown in magenta and blue, respectively. EF-G (purple) is de-
picted in two conformations: a compact (Lin et al., 2015) and an extended one
after engagement with the ribosome and translocation (Ramrath et al., 2013;
Zhou et al., 2014). The rates of transitions between PRE(N) and PRE(R), and
PRE(N)-EF-G and PRE(R)-EF-G are from this paper. The rates of EF-G binding
and dissociation are ensemble rate constants obtained for a mixture of N and
R states (Belardinelli et al., 2016) in which the PRE(R) state is predominant
(88% for the fMF complex; Table S1). After EF-G recruitment, translocation
proceeds through a number of intermediates (see text for details).
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GraphPad Prism. Numerical integration analysis was carried out with KinTek
Explorer (Johnson et al., 2009).
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