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Abstract

In bacteria, the translocation of tRNA and mRNA with respect to the ribosome is catalyzed by the
conserved GTPase, elongation factor-G (EF-G). In order to probe the rate determining features in
this process, EF-G-catalyzed translocation was imaged from two unique structural perspectives
using single-molecule fluorescence resonance energy transfer. The data reveal that the rate at
which the ribosome spontaneously achieves a transient, “unlocked” state is closely correlated with
the rate at which the tRNA-like, domain 1V/V element of EF-G engages the A site. Following
these structural transitions, translocation occurs comparatively fast, suggesting that conformational
processes intrinsic to the ribosome determine the rate of translocation. Experiments performed in
the presence of non-hydrolyzable GTP analogues and specific antibiotics further reveal that
allosterically linked conformational events in EF-G and the ribosome mediate rapid, directional
substrate movement and EF-G release.

INTRODUCTION

The precise and rapid translocation of messenger RNA (mMRNA) and transfer RNA (tRNA)
through the ribosomal Aminoacyl (A), Peptidyl (P), and Exit (E) sites is central to
translation. Fidelity in these events underpins the conversion of the mRNA codon sequence
into functional proteins. Conformational changes in the ribosome are thought to modify the
substrate affinities of the A, P and E sites in a manner that facilitates translocation.

In Escherichia coli (E. coli), translocation is catalyzed by elongation factor-G (EF-G)1-3 in
a manner that depends on GTP hydrolysis. EF-G is a highly conserved ribosome-dependent
GTPase that operates on the pre-translocation ribosome complex containing deacylated-
tRNA in the P site and peptidyl-tRNA in the A site. Through a multistep mechanism, EF-G
converts the pre-translocation complex to a post-translocation complex in which P- and A-
site tRNAs occupy the E and P sites, respectivelyl-3 (Fig. 1).
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In line with observations that slow, spontaneous translocation occurs in the absence of
translation factors or nucleotide hydrolysis4—7, structural, biochemical, and single-molecule
fluorescence resonance energy transfer (SmFRET) studies indicate that the ribosome is
intrinsically capable of achieving conformations necessary and sufficient for translocation8—
16. Such observations suggest that translocation occurs by way of an unstable or rarely-
achieved configuration. Consistent with this notion, the ribosome spontaneously achieves a
translocation intermediate known as the unlocked state that requires the convergence of at
least three loosely coupled structural transitions8-10,13,14, including P/E hybrid state
formation, closure of the large subunit L1 stalk domain and a ratchet-like rotation of the
subunit interface (subunit ratcheting). Formation of the P/E hybrid state requires a ~40 A
motion of the 3’ CCA terminus of P-site tRNA into the large subunit E site17. Closure of the
L1 stalk domain, comprised of 23S rRNA helices 76-79 and the L1 protein, occurs via a
hinge-like rearrangement at the base of the stalk18 moving it from an open position distal to
the E site inward toward the subunit interface to contact the P/E tRNA elbow19. Subunit
ratcheting entails a ~20° rotation of the small ribosomal subunit19. The rate of unlocked
state formation is accelerated by P-site tRNA deacylation, peptidyl tRNA occupancy in the
A site, and EF-G binding10,13,14.

Bulk measurements demonstrate that the molecular mechanism of translocation is
accelerated by EF-G’s interaction with the pre-translocation complex by as much as 10,000-
fold20. Although linked in some fashion, GTP hydrolysis and translocation are distinct
molecular events as they can be effectively uncoupled by the antibiotic viomycin and
mutations in the ribosome that inhibit unlocked state formation21,22. On the ribosome, EF-
G undergoes large-scale conformational rearrangements19,23,24. Such events may facilitate
interaction of EF-G’s G-domain with the large subunit GTPase Activating Center (GAC) as
well as GTP hydrolysis25. Crosslinking studies26 and structural changes between free and
ribosome-bound EF-G suggest that a 20-40 A movement of EF-G’s IV/V domain toward
the A site is important to translocationl,24. In addition, conformational events in the post-
translocation complex may be required for EF-G dissociation from the ribosome as an
intramolecular crosslink between domains | and V of EF-G and the antibiotic fusidic acid
have been shown to inhibit EF-G turnover26.

Here, in order to understand the order and timing of events underpinning EF-G’s interaction
with the E. coli pre-translocation complex, the process of translocation was imaged under
pre-steady state conditions from two, independent structural perspectives using SmFRET.
Formation of the unlocked state was monitored using complexes labeled on the L1 stalk and
P-site tRNA. EF-G’s interaction with fluorescently labeled A-site tRNA was monitored by
site-specifically labeling EF-G’s C-terminal domain near the center of its tRNA-like,
domain 1VV/V element. The rate of translocation was measured by a change in quantum yield
in dye-labeled A-site tRNA concomitant with post-translocation complex formation. The
observed kinetics of EF-G and ribosome motions support a model in which the intrinsic rate
of unlocked state formation limits the rate at which EF-G’s domain 1\V/V can engage the A
site. Upon doing so, EF-G can then efficiently mediate translocation followed by release
from the ribosome and L1 stalk opening. Unlocked state formation and conformational
changes in EF-G are found to be linked processes that can each become rate limiting to
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translocation. These data highlight the need to understand the nature of intrinsic
conformational events in the components of translation and their role in translational control.

RESULTS

The unlocked state can be achieved spontaneously

To probe the formation of the unlocked state during translocation, pre-translocation
ribosome complexes containing tRNAMet(Cy3-s4U8) in the P site, fMet-Phe-tRNAP"® in
the A site, and L1(Cy5-S55C) were prepared as previously described13 and surface-
immobilized in microfluidic reaction chambers linked to stopped-flow instrumentation.
Complexes were imaged prior to, and during, stopped-flow delivery of EF-G using a prism-
based total internal reflection fluorescence microscopel5. Unless otherwise stated, all
experiments were performed at 10 ms time resolution and at room temperature in Tris-
Polymix buffer in the presence of 15 mM Mg?2*. Such conditions provide an optimum
between complex stability and function and minimize the likelihood of missed events due to
fast conformational processes. Thus, while the translocation events reported under these
conditions are slower than those obtained at elevated temperatures, at lower Mg2*
concentrations, and in the absence of physiological polyamines22,27,28, the mechanism of
translocation is not meaningfully affected (Supplementary Fig. 1). The translocation rates
observed are also consistent with those reported by other groups under similar conditions27-
30. As discussed below, and elsewherel3, the rate and extent of translocation were also
unaffected by the fluorescent labeling strategies employed (Supplementary Figs. 1a and 8b).

As previously described13,14, prior to the addition of EF-G(GTP), SmFRET trajectories
displayed stable dwells in a low-FRET (0.1) state, punctuated by transient excursions to
intermediate- (0.25 and 0.4 FRET) and high-FRET (0.65) states (Supplementary Figs. 2 and
3a). The high-FRET configuration, which structural modeling has suggested minimally
requires P/E hybrid state formation, L1 stalk closure and subunit ratcheting, has been termed
the unlocked state. The relative occupancies in these four FRET states, as well as their rates
of interconversion, were determined using established hidden Markov modeling (HMM)
procedures31,32 (Supplementary Table 1). For simplicity, the kinetic parameters of motion
are summarized as the rates of transition out of the low-FRET state, and into the high-FRET
state (Supplementary Table 2). The transition rate into the high-FRET state (K _nigh) was

0.7+0.2 571, and transition out of high-FRET configurations (kj75*"'*) was 4622 s,

EF-G does not accelerate the rate of unlocked state formation

Upon stopped-flow delivery of saturating EF-G and GTP (10 pM and 1 mM,
respectively)22,33, pre-translocation complexes initially displayed dynamics
indistinguishable from those observed prior to its addition. In approximately 70% of
complexes observed, this period was followed by the formation of a relatively stable high-
FRET unlocked state with a lifetime of 370+14 ms (Fig. 2a, Supplementary Fig. 3b). The

extended lifetime of such FRET events (k;i2',=2.7 £ 0.1 s~ '; Supplementary Table 2)
required the inclusion of a second high-FRET state during HMM analysis (Supplementary
Fig. 4). The appearance of this state only after EF-G addition is consistent with conversion
of the majority of molecules to the post-translocation complex during the imaging period
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(~7 s) (Supplementary Fig. 1), where a relatively long-lived interaction between deacylated
tRNA and the L1 stalk is achieved either during or after translocation. As previously
foreshadowed12-14, approximately 20% of the molecules observed to achieve the stable
high-FRET state returned to a low-FRET state, likely indicating that the L1 stalk can open
prior to tRNAEt release from the E site. The evolution of FRET for the remaining 80%
could not be fully determined due to loss of Cy3 or Cy5 fluorescence. Strikingly, the rate at
which excursions to the stable unlocked state occurred (0.9+0.2 s71) closely approximated
the rate of unlocked state formation observed in the absence of EF-G (Supplementary Table
2) and the rate of translocation observed in bulk (Supplementary Fig. 1). In line with
previous suggestions10,13,28, these data imply that formation of the unlocked state lies
along the translocation reaction coordinate and that the rate of translocation may be limited
by the ribosome’s intrinsic ability to achieve the unlocked state.

Unlocked state formation and EF-G binding are correlated

In order to probe the timing of long-lived unlocked state formation and EF-G binding to the
ribosome, an orthogonal labeling strategy was employed to image EF-G’s interaction with
the A site. For such experiments, EF-G was enzymatically labeled with a Cy5 fluorophore at
its C terminus (Online Methods)34,35, located within the domain 1V/V element, which
comes within close proximity to peptidyl-tRNA in the A site during translocationl. For such
experiments, pre-translocation complexes were prepared containing tRNAfMet in the P site
and fMet-Phe-tRNAPNe(Cy3-acp3U47) in the A site, and EF-G binding to the ribosome was
monitored via FRET. To minimize background fluorescence, translocation experiments were
performed at relatively low Cy5-EF-G concentration (0.2 pM with 1 mM GTP). To
maximize the number of translocation events observed at this EF-G concentration, imaging
was performed at 100 ms time resolution.

Consistent with the rate of unlocked state formation observed in L1- and P-site tRNA
labeled complexes, a period of latency was observed subsequent to Cy5-EF-G addition

(kP=1.3 + 0.1 s *) followed by a FRET event (ko =2.6 + 0.1 5~ ") that closely
approximated the lifetime of the long-lived unlocked state (Figs. 2b and 3a; Supplementary
Fig. 5). Direct inspection of these FRET events, as well as the distribution of all FRET
values observed (Supplementary Fig. 6a), revealed somewhat higher FRET at the beginning
of the events (~0.75) followed by somewhat lower FRET (~0.55) just prior to the
disappearance of FRET. Here, the lower FRET value closely approximated the anticipated
distance between EF-G and tRNA (~50+5 A) in the post-translocation ribosome complex
(Supplementary Fig. 6). At the present time resolution, the transition rate between FRET
states could not be accurately determined. The close correspondence in rates observed for
FRET appearance between EF-G and A-site tRNA and that of unlocked state formation
suggests that EF-G’s interaction with the ribosome may be rate-limited by formation of the
unlocked state (Fig. 3a). Moreover, the close correspondence observed between rates of EF-
G dissociation and L1 stalk opening suggests that such processes are also closely correlated
(Fig. 3a). As shown in Supplementary Table 2, similar correlations were observed at 5 mM
Mg?2* concentration.
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To further examine the correlation between unlocked state formation and EF-G’s ability to
engage the A site, experiments were repeated on pre-translocation complexes bearing
deacylated tRNAPNe in the P site and NAc-Phe-Lys-tRNALYS in the A site. Complexes of
this nature have been shown to achieve the unlocked state and translocate more rapidly than
those containing P-site initiator tRNA™et 13 29 30. Here, a strong correlation was again
observed between the rate of unlocked state formation and the rate at which EF-G engages
the A site; an approximately similar timing was also observed between the rates of EF-G
dissociation and L1 stalk opening (Fig. 3b; Supplementary Table 2). Evidence of faster
single-turnover translocation is supported by the observed increase in the rate of unlocked

state formation and the rate at which EF-G engaged the A site (k%77 =1.6 4 0.1 s~ !). Faster
multiple turnover translocation may also be aided by the observed increase in the rate of EF-

G dissociation (k5 =4.3 + 0.2 s™1). These data support the conclusion that unlocked state
formation is rate-limiting for EF-G engaging the A site of the pre-translocation complex and
that EF-G release from the post-translocation complex correlates in time with L1 stalk
opening.

A-site tRNA fluorescence increases upon translocation

As observed in established bulk fluorescence assays of the translocation reaction
coordinate28,29,33, termination of FRET between EF-G and tRNA was found to be
accompanied by a ~20% increase in mean Cy3 fluorescence intensity (Fig. 4a). As such
events were not observed in the absence of EF-G, increased Cy3 fluorescence reports
directly on an EF-G dependent process and not spontaneous hybrid state fluctuations in the
pre-translocation complex15,16. An increase in Cy3 fluorescence upon translocation could
be explained by a change in local environment of the Cy3-labeled region of peptidyl-tRNA
in the P site. Consistent with this notion, the fluorescence intensity of Cy3-labeled peptidyl-
tRNAPhe directly loaded into the P site was enhanced with respect to that observed in the A
site (Supplementary Figs. 7a—b). Such an enhancement could be attributed to a change in
quantum yield of Cy3, reflected by an increase in fluorescence lifetime (Supplementary Fig.
7c).

This step-like Cy3 fluorescence intensity increase was further correlated with translocation
by examining its rate of occurrence in the pre-translocation complex as a function of
unlabeled-EF-G concentration (Fig. 4b). In the presence of 1 mM GTP, EF-G accelerated
the occurrence of this event in a concentration-dependent fashion. Histograms of time
intervals preceding the fluorescence increase were characterized by two time constants,
where only the faster of the two components increased as a function of EF-G concentration
(Supplementary Fig. 8b). At saturating EF-G concentrations, the faster population
represented ~70% of ribosomes. In line with previous bulk experiments13,22,29,30, the EF-
G-dependent rate was well described by a hyperbolic function saturating at a maximum rate
of approximately 1.0+0.1 s™1, where K3/, = 0.9+0.1 uM. Complexes containing tRNAPe in
the P site and NAcPhe-Lys-tRNALYS in the A site showed similar behavior, except both fast
and slow time components were more rapid. At saturating EF-G concentrations the EF-G-
dependent rate was 1.7+0.1 s1 and showed a slightly lower K1/, of 0.6+0.1 uM.
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Finally, the increased Cy3 fluorescence intensity was directly linked to translocation by
delivering EF-G(GTP) to surface-immobilized pre-translocation complexes containing P-site
tRNAMet and A-site fMet-Phe-tRNAP¢(Cy3-acp3U47) in the presence of 20 nM ternary
complex of EF-Tu(GTP)-Lys-tRNALYS(Cy5-acp3U47). As anticipated, FRET between P-
and A-site tRNA was only observed after the increase in Cy3 fluorescence. Prior to this
event, Cy5-labeled tRNALYS was unable to accommodate into the A site (Supplementary
Fig. 9). These data indicate that the increased Cy3 fluorescence intensity resulted from
translocation of the Cy3-labeled tRNA from the A site to the P site. In line with recent
optical trapping experiments showing that the ribosome’s transit along the mRNA template
occurs rapidly via three sequential steps with equal rates36, the distribution of time intervals
over which the Cy3 fluorescence intensity increased (Atyans) for both pre-translocation
complexes investigated were well fit by a three-step process, each occurring at a rate of ~40
s71 (Fig. 4c—d). Such observations provide compelling evidence that conformational events
in the ribosome and EF-G are rate limiting in translocation, while substrate movements on
the small ribosomal subunit are relatively rapid and largely independent of the nature of
bound substrates in the pre-translocation complex.

Initial EF-G binding is not observed

EF-G’s observed on-rate, marked by the FRET event between the C terminus of EF-G and
A-site tRNA (Fig. 2b, Supplementary Table 2), is ~25-fold slower than the established
bimolecular rate constant of the initial EF-G-ribosome interaction20 (~150 pM~1s71). This
finding suggests that the FRET signal reports on events subsequent to initial binding. This
could be explained if EF-G reversibly samples the A site at a rate substantially faster than
the time resolution of the experiment. Alternatively, EF-G could occupy a conformation on
the ribosome that does not yield FRET to A-site tRNA.

To differentiate between these two models, pre-steady state experiments were repeated at
increased time resolution (10 ms). However, no evidence was found for reversible EF-G
binding events. To directly probe whether EF-G binds the pre-translocation complex in a
zero-FRET state, Cy5-labeled EF-G was delivered to pre-translocation complexes
containing Cy3-labeled A-site tRNA under conditions in which both Cy3 and Cy5 were
directly illuminated. Excluding the possibility that EF-G is bound stably to the ribosome
prior to the FRET event, such experiments showed that the Cy5-EF-G colocalization to the
ribosome occurred synchronously with the observation of FRET (Supplementary Fig. 10).
Taken together, these data are consistent with established models of translocation, in which
EF-G(GTP) rapidly binds and dissociates non-productively from the ribosome faster than
the imaging rate (ca. 2200 s71)2,37,20.

Viomycin decouples EF-G binding from translocation

Viomycin binds the subunit interface of the ribosome and efficiently inhibits translocation
subsequent to GTP hydrolysis21,38. While its molecular mechanism of action is not fully
understood, viomycin increases P/E hybrid state occupancy, promotes a ratcheted ribosome
conformation39,40 and stabilizes peptidyl-tRNA in the A site28. As expected for efficient
translocation inhibition, in the presence of saturating concentrations of viomycin (0.2 mM)
increased Cy3 fluorescence was not observed upon stopped flow delivery of EF-G(GTP)
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(Fig. 5a). Consistent with viomycin stabilizing the ribosome in a conformation on path to the
unlocked state11,28,39,40, the rate of unlocked state formation was modestly accelerated as
was the appearance of FRET between EF-G and A-site tRNA (Supplementary Tables 1-3).
The distribution of FRET values observed was strongly skewed towards higher-FRET
(Supplementary Fig. 6b), in line with pre-translocation complex interactions. The lifetime of
the FRET event was increased ~10-fold (Supplementary Table 2, Supplementary Fig. 11a).
Taken together, these findings suggest that in the presence of viomycin, EF-G is able to
hydrolyze GTP and enter the A site of the unlocked ribosome, but is unable to facilitate
translocation.

Notably, the EF-G-ribosome interaction observed in the presence of viomycin was also
characterized by intermittent fluctuations to zero FRET (Fig. 5a). Such events, although
substantially diminished, were also observed at 10-fold lower EF-G concentration (20 nM),
suggesting that fluctuations to zero FRET represent a mixture of dissociation events and
dynamic conformational processes in the EF-G-bound complex (Supplementary Fig. 12).
Although spurious photophysical events cannot presently be excluded, such observations
suggest that in the presence of viomycin, EF-G can be bound to the ribosome in a
configuration that does not yield detectable FRET to the A-site tRNA. These data support a
model in which EF-G’s domain IV/V element may move with respect to classically-bound,
peptidyl-tRNA in the A site in the EF-G-bound, viomycin-stalled complex24.

Thiostrepton prevents EF-G from engaging the A site

An EF-G-bound configuration with zero-FRET requires the distance between fluorophores
to be on the order of 85 A or greater. While the structural fold of EF-G, as well as previous
kinetic26 and structural studies19,41, suggest that EF-G may bind the ribosome such that
domain I1V/V initially resides outside the decoding region, a transition from zero FRET to
high-FRET requires a conformational event moving domain IV/V towards the A site by ~40
A. To test this model, translocation experiments were performed in the presence of GTP and
the antibiotic thiostrepton (0.1 mM), which has been shown to inhibit translocation through
interactions with the large subunit GAC at a step after GTP hydrolysis and prior to inorganic
phosphate (Pi) release42. A low-resolution structure of the thiostrepton-inhibited pre-
translocation complex revealed EF-G bound with domain 1V/V located distal to the small
subunit A-site decoding region24.

In the presence of thiostrepton (0.1 mM), where the rate of unlocked state formation was
modestly increased (Supplementary Tables 1 and 3), no indication of FRET was evidenced
between EF-G and A-site tRNA. These data are consistent with the notion that events
downstream of GTP hydrolysis are required for EF-G to fully engage the A-site of the
ribosome37. Results of this nature may either suggest that thiostrepton inhibits EF-G’s
interaction with the GAC, thereby preventing downstream interactions required for domain
IV/V to engage the A site, or that thiostrepton prevents EF-G’s domain IV/V element from
interacting with the A site while having little effect on EF-G’s overall affinity for the
ribosome. The available structural data for the thiostrepton-inhibited pre-translocation
complex argue in favor of the latter model in which EF-G maintains some level of
interaction with the GAC, while domain 1V/V remains distal to the A site and proximal to
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the small subunit shoulder region24. Regardless, the present observations are consistent with
thiostrepton inhibiting conformational events required for EF-G to effectively engage the A
site at a step either concomitant with, or immediately subsequent to GTP hydrolysis and Pi
release.

GTP hydrolysis allows EF-G to engage and release the A site

While it is well established that GTP hydrolysis precedes translocation, the role of this event
in the mechanism of substrate movement remains poorly understood. Contemporary
translocation models suggest that initial EF-G-ribosome binding kinetics are insensitive to
nucleotide and that GTP hydrolysis occurs at a subsequent step, prior to
translocation22,28,37. Thus, a plausible role of GTP hydrolysis may be to facilitate
conformational changes in EF-G and/or the ribosome that are necessary for
translocation25,37.

To probe the timing and role of GTP hydrolysis in the translocation mechanism,
experiments were performed with Cy5-EF-G and pre-translocation ribosome complexes
containing Cy3-labeled A-site tRNA in the presence of the non-hydrolyzable GTP analogue,
GDPNP (Fig. 5b). As anticipated from previous investigations20,33, the apparent rate of
translocation, marked by the increase in Cy3 fluorescence intensity, was reduced by ~50-
fold. This apparent reduction in translocation rate was principally attributed to an increased
delay in the appearance of FRET between EF-G and peptidyl-tRNA (~13-fold)

(k27P=0.10 + 0.01 s~ 1, Supplementary Table 2, Supplementary Fig. 11b). Consistent with
GDPNP stabilizing EF-G on the post-translocation complex28,37, the lifetime of EF-G’s
interaction with the ribosome was greatly extended with respect to that observed in the
presence of GTP (~25 s vs. ~300 ms) (Supplementary Table 2). Correspondingly, the
distribution of FRET values observed was found to be strongly skewed toward lower FRET
(Supplementary Fig. 6¢) in line with modeled distance for the post-translocation complex
(Supplementary Fig. 6). Similar findings were obtained in the presence of GDPCP, except

the delay prior to the FRET event was increased more dramatically (k2?7 =0.02 4 0.01 s !).
This finding suggests that the apparent binding defect caused by the GTP analogues may
relate to a reduction in the rate at which EF-G hydrolyzes these two compounds. Consistent
with the strong influence of nucleotide on the observed EF-G-ribosome interaction, no
FRET was observed between EF-G and the A-site tRNA in the presence of saturating
concentrations of purified GDP (1 mM).

The role of conformational events required for EF-G release from the ribosome was further
probed through experiments in the presence of fusidic acid (50 pM), an antibiotic that binds
directly to EF-G at the interface of domains Il and V to stabilize the post-translocation state
but does not inhibit GTP hydrolysis41,43-46. In line with expectations43,44, in the presence
of fusidic acid, the distribution of dwell times leading to the FRET event was unchanged and
the lifetime of the EF-G-bound complex was greatly prolonged (~7 s) while no appreciable
defect in translocation was observed (Fig. 5¢c; Supplementary Fig. 11c; Supplementary Table
2). As expected from the inhibition of conformational events required for EF-G release after
translocation, the dominant FRET value in the fusidic-acid stalled complex (~0.55) was
consistent with the post-translocation state (Supplementary Fig. 6d).
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Spectinomycin inhibits a late step of translocation

The spontaneous rate of translocation is reported to be approximately three orders of
magnitude slower than the spontaneous rate of unlocked state formation4 (Supplementary
Table 2). These data suggest that conformational transitions in the ribosome in addition to
those required for unlocked state formation may contribute to the process of translocation.
These transitions may include small subunit motions, such as head rotation or tilt, which
occur in the direction of translocation and are implicated in A-site tRNA
positioning24,47,48. To examine the role of conformational events in the small subunit head
domain, experiments were performed in the presence of saturating concentrations of
spectinomycin (5 mM), which binds helix 34 at the base of the small subunit head domain in
a manner that inhibits translocation at a step after GTP hydrolysis and Pi release27,48,49.

Consistent with these results, in the presence of spectinomycin, the nature of the EF-G-
ribosome interaction subsequent to EF-G engaging the A site was found to be dramatically
altered in ~25% of the FRET events observed (Fig. 5d). In this sub-population, fast
conformational dynamics were observed that were similar to those seen in the presence of
viomycin. As for viomycin, the rate at which EF-G engaged the A site was increased by
spectinomycin (Supplementary Table 2), in line with its effect on the rate of unlocked state
formation (Supplementary Tables 1 and 3). However, unlike viomycin, the high-FRET value
observed in the presence of spectinomycin was somewhat lower (~0.73 as compared to
~0.81; Supplementary Fig. 6e). Clear evidence was also found for translocation, both in the
increase in Cy3 fluorescence intensity observed subsequent to FRET events (Fig. 5d) and in
A-site tRNA binding assays. These data suggest that spectinomycin alters conformational
events required for EF-G to effectively engage the A site.

DISCUSSION

By monitoring the process of translocation from two, distinct structural perspectives new
light has been shed on the role and timing of large-scale conformational changes in the
ribosome and EF-G in the mechanism of translocation. These investigations included a
robust approach for monitoring translocation that is based on changes in single-molecule
fluorescence. In line with structural studies1,19,23,24,50, including a recent high-resolution
crystal structure of the post-translocation ribosome complex41, and rapid kinetic
measurements26,37, the present observations provide further evidence that increased
attention must be given to understanding the allosteric linkage between conformational
processes in the ribosome and EF-G that drive the basic mechanism of translocation.

Under the conditions examined, pre-steady state SMFRET imaging revealed that the rate of
translocation closely approximates the intrinsic rate at which the ribosome spontaneously
achieves the unlocked state. These data suggest that EF-G does not measurably accelerate
the rate at which this key intermediate in translocation is achieved. While our investigations
support the notion that translocation is accelerated by GTP hydrolysis20,33, the data
presented suggest that the stored energy in GTP does not directly influence formation of the
unlocked state. Instead, the data argue that the GTP nucleotide likely plays a role in enabling
EF-G to achieve a high-affinity interaction with the ribosome25, restricting intrinsic degrees
of freedom in EF-G that must be liberated with proper timing of GTP hydrolysis in order for
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EF-G’s domain IV/V element to effectively engage the A site. Collectively, these data
suggest that conformational dynamics intrinsic to the ribosome and EF-G are intimately
linked and critical determinants of translocation. Antibiotics, through direct interactions with
the ribosome or EF-G, uncouple ribosome and EF-G conformational events to inhibit
translocation. Further experiments aimed at understanding whether domain 1VV/V motions
impart force on A-site tRNA to catalyze translocation, or whether such motions act
passively to allow it to enter the A site to prevent backward steps, will be required to
delineate whether translocation follows Brownian ratchet or power stroke mechanisms, or a
mixture of the two3,37.

Implications for the mechanism of translocation

While the present observations generally support existing models of translocation1-3, they
provide the added insight that correlated conformational changes in EF-G and the ribosome
regulate translocation. Figure 6 provides a summary of these findings in the context of
contemporary knowledge of the translocation mechanism. At sub-saturating EF-G
concentrations, translocation is rate limited by initial binding kinetics. However, at
saturating EF-G concentrations, EF-G’s ability to engage the A site appears to be rate-
limited by intrinsic dynamic events in the ribosome, in particular, the rate at which the
unlocked state is achieved. Direct interactions between the L1 stalk and P-site tRNA in this
state facilitate translocation by stabilizing and/or acting on P/E hybrid tRNA in a manner
that lowers the activation barrier for subsequent conformational events in the ribosome
and/or substrate movement. Concomitant with, or immediately subsequent to unlocked state
formation, EF-G undergoes conformational changes enabling it to productively interact with
the large subunit GAC domain rapidly followed by GTP hydrolysis. Temporally linked with
Pi release, EF-G’s domain 1V/V element productively engages the A site. Non-hydrolyzable
GTP analogues and thiostrepton uncouple the conformational linkage between EF-G and the
ribosome immediately prior to GTP hydrolysis and Pi release, respectively. Consistent with
the uncoupled nature of A- and P-site tRNA motions15,28, viomycin stabilizes peptidyl-
tRNA in the A site and and/or alters ribosome conformation in a manner that inhibits
translocation after GTP hydrolysis and Pi release and just prior to tRNA movement.

Closely timed with EF-G entering the A site, conformational events in the small ribosomal
subunit head domain enable the tip of domain I1\V/V to enter the small subunit decoding
region. Such events may include, but are not limited to, tilt or rotation of the small subunit
head domain that may accompany peptidyl-tRNA adopting a puromycin-reactive A/P hybrid
state28. Such subunit head maotions, altered by the binding of spectinomycin48, may be
directly or indirectly related to the unlocking step described previously27,37. Upon
engaging the small subunit decoding region, EF-G(GDP) efficiently captures the unlocked,
head-swiveled state of the ribosome to promote the rapid translocation of MRNA and tRNA
substrates. Upon reaching the post-translocation state, conformational events in EF-G and
the ribosome facilitate relocking events, including subunit unratcheting. Consistent with
previous bulk studies20,37 the relative ratios of FRET states observed (0.75 vs. 0.55)
assigned to EF-G-bound pre- and post-translocation complexes suggests that EF-G release
after translocation may occur more rapidly than, or on a similar time scale to, the
translocation reaction itself. Relocking secures mMRNA and tRNAs in their respective post-
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translocation positions, restoring the ribosome to an energetically favorable configuration.
Through related structural events, EF-G undergoes conformational changes that enable it to
release from the particle. Subsequent to EF-G release the ribosome may freely sample an
ensemble of post-translocation complex native state structures. L1 stalk dynamics in the
post-translocation state, in particular the formation of open stalk configurations, may
contribute to relocking as well as EF-G and tRNA release from the A and E sites,
respectively.

Implications for the regulation of translation elongation

The order and timing of translocation events described here suggest that the rate of
translation elongation in the cell, and thus the rate of protein synthesis, may be controlled by
conformational processes intrinsic to the ribosome. Future experiments designed to further
explore this possibility will demand additional structural perspectives and increased imaging
resolution. While the observation that intrinsic conformational events in the ribosome may
control the rate of translation is entirely consistent with the energy landscape view of protein
synthesis control40,51, it will be important to understand how this dynamic landscape
changes with experimental conditions. At elevated temperatures, where conformational
events occur more rapidly, the events rate-limiting to translocation may be distinct.
Systematic studies exploring how ribosome and EF-G dynamics change over condition
space are therefore warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural models of theribosome and EF-G
(Left) The pre-translocation ribosome complex showing the large (50S) and small (30S)

subunits, and the A, P, and E sites. The rRNA is shown in grey, the 50S proteins in blue, and
the 30S proteins in tan. The A- and P-site tRNASs are in red. The GTPase activating center
(GAC) and L1 stalk are indicated. (Center) EF-G with structural domains and GTP labeled.
EF-G binds at the GAC of the pre-translocation complex, hydrolyzes GTP, and promotes
formation of the post-translocation complex shown at right, in which the tRNAs have moved
to the P and E sites and EF-G domains I1V/V protrude into the A site41. Structural models of
the ribosome and EF-G were constructed from PDB accession codes 2WRI and 2WRJ. The
A-site tRNA is from PDB 1GIX.
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Figure 2. Observation of the translocation reaction from two unique structural perspectives
() The dynamics of the ribosome complex with P-site tRNAMe{(Cy3-s4U8), A-site fMet-

Phe-tRNAPMe and L1(Cy5-S55C) following the addition of 10 uM EF-G and 1 mM GTP.
(b) The apparent formation of an EF-G-ribosome interaction obtained by delivering 0.2 pM
C-terminally labeled EF-G and 1 mM GTP to pre-translocation complexes with P-site
tRNAMet and A-site fMet-Phe-tRNAPNe(Cy3-acp3U47). The intervals At, Aty and AtrreT
were used to estimate the apparent rate of translocation, the apparent on-rate x227, and the

apparent off-rate kffgf , respectively. (Left) Cartoon diagrams indicating the sites of labeling

(Cys3, green star; Cy5, red star) and the putative dynamic elements. (Right) Single-molecule
fluorescence (Cy3, green; Cy5, red) and FRET (blue) trajectories. Overlaid on the FRET
traces are the idealizations (red) generated during kinetic analysis (in (a) only).
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Figure 3. The kinetics of unlocked state formation and decay and EF-G-ribosome interactions
are correlated

Shown here is the distribution of dwell-times leading to the formation of the unlocked state
(black), and those leading to the formation of the EF-G-ribosome interaction determined
from delivery of labeled EF-G to complexes with labeled A-site tRNA (blue). Also shown is
the distribution of the lifetime of the stable unlocked state (red), and that of the EF-G-
ribosome interaction (cyan). Overlaid on the distributions are exponential functions with the
rate constants shown in Supplementary Table 2. Data is presented for complexes with (a) P-
site tRNA™Et and A-site fMet-Phe-tRNAPNe, and (b) P-site tRNAP and A-site NAcPhe-
Lys-tRNALYs,
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Figured4. A step-likeincreasein Cy3 fluor escence accompanies peptidyl-tRNA movement to the
P site

(a) Single-molecule fluorescence trajectories (Cy3, green; Cy5, red) obtained during
delivery of 10 uM unlabeled EF-G and 1 mM GTP to complexes with P-site tRNA™et angd
Assite fMet-Phe-tRNAP¢(Cy3-acp3U47). (b) The rate of observing the increase in Cy3
fluorescence in complexes with either (blue) P-site tRNAMet and A-site fMet-Phe-
tRNAPe(Cy3-acp3U47) or (red) P-site tRNAPNe and A-site NAcPhe-Lys-tRNALYS(Cy3-
acp3U47), across a range of EF-G concentrations (0.05-25 pM). The data were fit to the
hyperbolic function Rate = Ratema[EF — G/(Ky/2 + [EF — G]) with Ratepa, = 1.0 £ 0.1 571
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and Kyjp = 0.9 + 0.1 pM for the case of P-site tRNAMEL and Ratepay = 1.7 + 0.1 571 and
K12 = 0.6 0.1 uM for P-site tRNAPe, (c) The distribution of time over which the increase
in Cy3 fluorescence occurs for complexes containing P-site tRNA™EL |n agreement with a
previous report36, the distribution is well fit (R? ~ 0.95) by the distribution predicted for a
model with three successive steps with equal rate constants (f(t) = (k3t2/2) exp(-kt), k = 37 +
3'571). (d) The distribution obtained from complexes containing P-site tRNAP"® was fit to
the same function with k = 35 + 3 s71 (R2 ~ 0.94). Error bars represent the standard error.
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Figure 5. Translocation in the presence of inhibitors
Single-molecule fluorescence (Cy3, green; Cyb5, red) and FRET (blue) trajectories acquired

during delivery of labeled EF-G to complexes with labeled A-site tRNAPe in the presence
of (a) 200 uM viomycin, (b) GDPNP, (c) 50 uM fusidic acid or (d) 5 mM spectinomycin.
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Figure 6. Schematic of the translocation mechanism highlighting points of antibiotic inhibition
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