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ABSTRACT

The GTPase elongation factor EF-Tu delivers
aminoacyl-tRNAs to the mRNA-programmed ribo-
some during translation. Cognate codon-anticodon
interaction stimulates GTP hydrolysis within EF-Tu. It
has been proposed that EF-Tu undergoes a large con-
formational change subsequent to GTP hydrolysis,
which results in the accommodation of aminoacyl-
tRNA into the ribosomal A-site. However, this pro-
posal has never been tested directly. Here, we apply
single-molecule total internal reflection fluorescence
microscopy to study the conformational dynamics
of EF-Tu when bound to the ribosome. Our studies
show that GTP hydrolysis initiates a partial, compar-
atively small conformational change of EF-Tu on the
ribosome, not directly along the path from the solu-
tion ‘GTP’ to the ‘GDP’ structure. The final motion is
completed either concomitant with or following dis-
sociation of EF-Tu from the ribosome. The structural
transition of EF-Tu on the ribosome is slower when
aa-tRNA binds to a cognate versus a near-cognate
codon. The resulting longer residence time of EF-
Tu on the ribosome may be important for promoting
accommodation of the cognate aminoacyl-tRNA into
the A-site.

INTRODUCTION

Translation elongation factor Tu (EF-Tu) is a G-protein
that binds and delivers aminoacylated tRNAs (aa-tRNAs)

to the codon-testing site (A/T site) of the ribosome in a
ternary complex (TC) composed of EF-Tu, GTP and aa-
tRNA. Upon selection of a cognate aa-tRNA, the ribo-
some stimulates GTP hydrolysis within EF-Tu, resulting
in full accommodation of aa-tRNA into the ribosomal A-
site and dissociation of EF-Tu-GDP (1). EF-Tu contains
three structural domains, the GTP-binding domain I (or
G-domain) and tRNA-binding domains II and III. Cryo-
EM and X-ray crystallography studies of various complexes
have shown EF-Tu to have two distinct conformations. In
the structures of the ‘open’ GDP-bound form of EF-Tu
from Escherichia coli and Thermus aquaticus (2,3), the G-
domain rotates by ~90° relative to domains II and III,
when compared to the ‘closed” GDPNP-bound form of EF-
Tu from T. thermophilus and T. aquaticus (4,5). More re-
cently, an X-ray crystallography study of the E. coli EF-
Tu-GDPNP complex showed it to be in an open confor-
mation, and accompanying single-molecule solution studies
indicated that EF-Tu-GTP samples a wide set of conforma-
tions between the open and closed extremes (accompanying
paper, (6)). On the other hand, there is clear consensus from
both structural and solution studies that EF-Tu from either
T. thermophilus or E. coli binds to the ribosome in a closed
conformation in structures of the TC stalled on the 70S ri-
bosome in the presence of kirromycin (7) or when GDPCP
or GDPNP replaces GTP ((8) and (6)).

The mechanism of aa-tRNA selection by the ribosome
was first studied by pre-steady state kinetic measurements.
Codon-independent initial binding of the TC to the ribo-
some and codon-recognition steps were monitored by flu-
orescent tRNA derivatives (9,10), while GTPase activation
was followed using fluorescent nucleotides and quenched-
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flow experiments (11,12). Later, the mechanism of aa-tRNA
selection was investigated using single-molecule fluores-
cence microscopy methods (13). Monitoring of fluorescence
resonance energy transfer (FRET) between fluorescently la-
beled tRNAs enabled detection of the codon-recognition,
GTPase activation and aa-tRNA accommodation steps
(14). In addition, a possible pscudo-GTPase activated state
was postulated in which the TC makes transient contacts
with the GTPase associated center and sarcin-ricin loop of
the ribosome (15). Motions of aa-tRNA in the A /T-site be-
tween the GTPase-activated and the accommodated states
were detected even before GTP hydrolysis, implying that aa-
tRNA samples positions towards the accommodated state
before EF-Tu switches into the GDP conformation (16).
Fluorescence polarization studies have also emphasized the
dynamic nature of TCs bound to the ribosome (17). Most
recently, single-particle cryo-EM studies have resolved near-
atomic resolution intermediates of ribosome-bound TCs
before (18) and after (19) GTP hydrolysis by E. coli EF-Tu
and human eEF1A, respectively.

Together, these studies provided a comprehensive pic-
ture of the steps involved in aa-tRNA selection and how
the ribosomal GTPase associated center activates GTP
hydrolysis by EF-Tu (20), but left unclear the structural
dynamics of ribosome-bound EF-Tu, in particular the tim-
ing of the transition between the ‘EF-Tu-GTP’ (closed) and
‘EF-Tu-GDP’ (open) conformations.

Previously, we inferred, based on stopped-flow kinetics
and single-molecule FRET (smFRET) studies of single-
labeled EF-Tu interacting with L11-labeled ribosomes, that
the main conformational change of EF-Tu occurs either fol-
lowing or concomitant with EF-Tu dissociation from the
ribosome (21). This inference disagrees with earlier propos-
als of others that the main EF-Tu conformational change
occurs, while it is still bound to the ribosome (22,23). Here,
using smFRET monitoring of the conformational dynamics
of EF-Tu on the ribosome, we provide direct evidence sup-
porting our earlier inference. For this purpose, we em-
ploy EF-Tu mutants dual-labeled with Cy3 and CyS5 fluo-
rophores, which allow relative distance measurements be-
tween domains I and III of EF-Tu (Figure 1), while it is
bound to the ribosome. Our results clearly show that while
EF-Tu-dependent GTP hydrolysis induces a partial confor-
mational change of ribosome-bound EF-Tu, the open ‘EF-
Tu-GDP’ conformation is not reached until after EF-Tu dis-
sociation. Importantly, the partial conformational change
of EF-Tu proceeds more slowly for a cognate TC than for a
near-cognate TC, supporting proposals that EF-Tu actively
participates in aa-tRNA accommodation (14,16,24-27).

MATERIALS AND METHODS

A more detailed description of the applied methods is given
in the online Supplementary Data.

Design and preparation of EF-Tu mutants

Site-specific labeling positions (cysteines) within EF-
Tu were identified by analyzing crystal structures of
the T thermophilus 70S-EF-Tu-GDP-kirromycin-aa-
tRNA complex (PDB codes 1WRN, 1WRO) (7), E.

Mutant GTP,nm | GDP,nm | FRET(GTP) | FRET(GDP)
EF-TyAV-165/314 2.2 43 0.99 0.71
EF-TuAv-471314 441 2.7 0.77 0.98
EF-TuAv-331351 5.3 42 0.41 0.74

Figure 1. Design of double-cysteine mutants of EF-Tu for dual-labeling
with Cy3 and Cy5. The chosen pairs of cysteines are shown in magenta on
the structures of the GDP- and GTP-bound forms of EF-Tu (Protein Data
Bank entries IDG1 and 1OB2, respectively) represented in cyan and green,
respectively. Domains II and III of the two structures are superimposed to
illustrate the expected distance change between the Ca carbon atoms of the
two cysteines in each pair. The arrows show predicted distances for three
different double-mutants: EF-TuAY-105/314 (black), EF-TuAY47/314 (blue)
and EF-TuAV-33/35 (red). The table provides the distances in nm along
with the corresponding, theoretical FRET values calculated based on R,
= 5.0 nm and the assumption that k2> = 2/3, which is standard for rel-
ative distance measurements (54). The actual distance changes between
the Cy dyes could be different due to linker flexibility. The effector re-
gion is disordered in 10B2, rendering the prediction of distances in the
GTP-bound form somewhat less trustworthy for EF-TuAY-33/35! and EF-
TuAV-47/314 " All three dual-labeled EF-Tus are capable of reaching their
predicted closed and open structural extremes in solution (6).

coli EF-Tu-GDPNP-kirromycin-aa-tRNA (10B2) and
EF-Tu-GDP (1DG1) (Figure 1). We used site-directed
mutagenesis to separately introduce three pairs of cysteines
(C33/C351; C47/C314; C165/C314) into a variant of
EF-Tu with two of its three intrinsic cysteines mutated
(C81/C137A/C255V, denoted EF-Tu”V). This resulted
in the three mutants EF-TuAV-33/351 EF-TuAV47/314 and
EF-TuAV-195/314  EF-Tu expression and purification were
performed as described (28) with minor modifications
described in the Supplementary Materials and Methods.

Labeling of EF-Tu mutants

4-fold molar excesses of both Cy3 and Cy5 maleimides
(GE Healthcare) were added to each of EF-TuAY-33/331 EF-
TuAV-47/314 and EF-TuAY-195/314 "and labeling proceeded for
10 min at room temperature before being quenched with 140
mM B-mercaptoethanol. Excess dye was removed by using
PD-10 gel filtration columns (GE Healthcare).

EF-Tu concentrations were determined by the Bio-Rad
protein assay (Bio-Rad), while Cy3 and Cy5 concentrations
were determined by measuring their absorbances at 550 and
650 nm, respectively (550 = 150 000 M~ cm™!, e450 = 250
000 M~ cm™1).



EF-Tu characterization in ensemble functional assays

The activities of labeled EF-Tu variants in poly(U)-
dependent poly(Phe) synthesis, in protecting the labile es-
ter bond in Phe-tRNAPP® against non-enzymatic hydrolysis,
and in the formation of an accommodated complex con-
taining Phe-tRNAP in the A-site of mRNA-programmed
ribosomes were determined as described previously (29).

Total internal reflection fluorescence (TIRF) microscopy-
based single-molecule analysis of dual-labeled EF-Tu

The mRNAs used were biotinylated at the 5’ end (Dharma-
con, Inc.). Their start codons, marked by a strong Shine-
Dalgarno sequence, were followed by A-site codons UUC
(cognate, encodes Phe) or CUC (near-cognate, encodes
Leu).

The custom-built, objective-type inverted TIRF micro-
scope, preparation of microscope slides and the 70S riboso-
mal initiation complex (70SIC), containing fMet-tR NA™Met
in the P-site and an empty A-site, as well as immobiliza-
tion of 70SIC to the surface of the microscope slide were
described earlier (30). All experiments were conducted un-
der 532 nm laser illumination and using a EMCCD cam-
era (Cascade II, Photometrics). Reducing the imaging area
to 128 pixels by 512 pixels permitted 11-ms time resolu-
tion. Dual-labeled TC was injected onto the slide at 10
nM concentration in imaging buffer (50 mM Tris—Cl, pH
7.5; 7 mM MgCly; 30 mM KCI; 70 mM NHyCl; 1 mM
DTT) containing an enzymatic deoxygenation system and
triplet state quenchers (30). Intensities of FRET events,
which lasted for 33 ms (i.e. three frames) or longer, were
extracted and analyzed by using custom-written Matlab
(MathWorks) codes and OriginPro (OriginLab Corpora-
tion) software. Apparent FRET efficiency was calculated
as Eypp = (I9°)/(IV+I9%), where ¥ and I9? denote
the raw fluorescence intensities collected from the Cy5
and Cy3 channels, respectively. Corrected FRET efficien-
cies were calculated according to the equation: E = (J©¥°-
X I3 (I -y I3+ IY3), where  is the leakage of donor
emission into the acceptor detection channel, and vy is a cor-
rection factor accounting for the ratio of detection efficien-
cies and quantum yields of the donor and acceptor labels
(31). Synchronized apparent FRET traces (32) were calcu-
lated from averaged synchronized Cy3 and Cy5 traces be-
fore applying these correction factors. The synchronized in-
tensities were subject to global fitting as described in the
Supplementary data.

RESULTS
Labeling and characterization of EF-Tu mutants

Wild-type EF-Tu from E. coli contains three Cys residues
located at positions 81, 137, and 255. Previously, we have
shown that the EF-Tu variant denoted EF-Tu”Y, in which
the Cys residues at positions 137 and 255 are replaced
by Ala and Val, respectively, retains substantial activity
in protein synthesis. In contrast, Cys81, located between
the GTP and tRNA binding sites, is essential (29). In the
EF-Tu”Y background, three different pairs of amino acids,
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T33/M351, D47/D314 and D165/D314 (Figure 1), were
mutated to cysteines for fluorophore labeling. The positions
within each pair were selected to enable the analysis of rel-
ative distance changes between domains I and III on con-
version of the putative closed, GTP-bound form of EF-Tu,
as modeled by EF-Tu-GDPNP, to the open, GDP-bound
form. In addition, each of the five mutated residues meet
the criteria that the native amino acids are neither conserved
nor buried, and have no direct contacts with GDP/GTP, aa-
tRNA or the ribosome.

The resulting mutants EF-TuAY-33/331 EF-TuAY47/314 and
EF-TuAV-195/31% \ere labeled with a mixture of Cy3 and Cy5
maleimides, yielding mixtures of EF-Tu labeled with both
Cy3 and Cy5 (dual-labeled EF-Tu) as well as EF-Tu labeled
with Cy3 or Cy5 only. Nearly equal incorporation of Cy3
and Cy5 was observed. EF-Tu samples labeled with only
Cy3 or Cy5 maleimide were prepared similarly. Under these
conditions, the labeling (with Cy3 and/or Cy5) of Cys81
was ~0.1 total dye/protein, while the total labeling of each
of the three double mutants was 1.0-1.2 total dye/protein
(data not shown).

All labeled EF-Tu mutants showed activities equal to or
slightly lower to that of the wild type in poly(Phe) synthesis
(Supplementary Figure SIA) and in protection of the ester
bond of Phe-tRNAP" from spontaneous hydrolysis (Sup-
plementary Figure S1B). The hydrolysis protection assay
was carried out under conditions (30°C; 30 mM NH,4CI)
that do not artificially favor complex formation (see e.g.
(33-35)) using 0.4 pM EF-Tu-GTP and 0.1 wM Phe-
tRNAP". For EF-Tu concentrations <2 wM, the poly(Phe)
synthesis assay (Supplementary Figure SIA) depended lin-
early on EF-Tu concentration (Supplementary Figure S1C
and D). Rates of A-site accommodation were measured
for EF-Tu®Y mutants labeled with only Cy3 or CyS5 to re-
duce sample heterogeneity, as well as for EF-Tu?Y labeled to
~0.1 dye/protein. All labeled samples showed rates of Phe-
tRNAP" accommodation into the ribosomal A-site com-
parable to that of wild-type EF-Tu (Supplementary Figure
S2).

Single-molecule trajectories and kinetics of dual-labeled EF-
TuAY-33/351 on the ribosome

Next, the interactions of TCs containing each of the three
dual-labeled EF-Tu variants with the 70S initiation complex
(70SIC) were subjected to single-molecule analysis using to-
tal internal reflection fluorescence (TIRF) microscopy. As
dual-labeled EF-TuY-3¥/33! proved to be the best reporter
of structural changes, the results obtained for this mutant
are described below in most detail.

70SICs were coupled to a streptavidin-coated surface
through biotinylated mRNAs containing a strong Shine-
Dalgarno sequence upstream of the P-site start codon,
AUG (36,37). The P-site of the 70SICs contained initiator
fMet-tRNA™et while either a phenylalanine (UUC, cog-
nate) or leucine (CUC, near-cognate to Phe-tRNA) codon
was positioned in the A-site. In separate experiments for
the Phe and Leu codons, dual-labeled EF-TuAY-33/331.GTP
in a TC with Phe-tRNAPP was injected into the flow cell
with simultaneous image recording at 11-ms time resolu-



8654 Nucleic Acids Research, 2018, Vol. 46, No. 16

tion. Binding of each dual-labeled TC to an immobilized
70SIC resulted in simultaneous increases in Cy3 and Cy5
fluorescence above background levels, which persisted un-
til EF-Tu dissociated. Although one or the other of these
signals arose from EF-Tu molecules labeled with Cy3 and
Cys5 only, as well as from dual-labeled EF-Tu, only the latter
gave rise to sensitized emission from Cy5 due to FRET (Fig-
ure 2A—C). Individual, dual-labeled EF-Tu”Y-3¥/33! FRET
traces obtained with a cognate A-site codon showed a brief
low-FRET state (Eapp = 0.45 £ 0.01) at the beginning of
the event followed by a rapid increase in FRET signal (Eypp
= 0.60 4+ 0.01) (Figure 2A). For the near-cognate mRNA,
two types of traces were observed in approximately equal
amounts. The first showed a single low-FRET state (Eqpp
= 0.43 + 0.06, Figure 2B), and the second showed a tran-
sition from a lower to a higher FRET state (£, 0.43 &+
0.02 to 0.62 £ 0.04, Figure 2C). These FRET signals were
clearly ribosome-dependent, as only very few non-specific
background interactions were observed in the absence of ri-
bosomes (Figure 2F).

Fluorescence events lasting <33 ms were excluded from
the data analysis to avoid including random noise. Many
more such brief events were observed for near-cognate than
for cognate mRNA, as expected for non-productive ‘sam-
pling’ interactions between the TCs and the 70SIC dur-
ing initial selection leading to rapid dissociation. When
aa-tRNA was accommodated into the A site and a pep-
tide bond was formed, the ribosome remained in the PRE-
translocation state, because EF-G was absent. The appear-
ance rate of FRET events lasting more than 33 ms decayed
over time due to the irreversible transformation of 70SICs
into pre-translocation complexes having A-sites occupied
by fMet-Phe-tRNAP" (Figure 2D and E). The time con-
stants for the loss of 70SICs were 29 £+ 10 s and 61 £ 21 s for
the cognate and near-cognate mRNAs, respectively (Sup-
plementary Table S1). We attribute the slower near-cognate
decay to the more frequent non-productive sampling of TCs
with the near-cognate 70SICs. In contrast, dwell times of
dual-labeled EF-TuY-3¥/33! on the ribosome, indicated by
the duration of the FRET signals, were longer for the cog-
nate versus the near-cognate mRNAs, averaging 0.35 4 0.05
sand 0.15+ 0.02 s, respectively (Figure 2G—H, Supplemen-
tary Table S1).

Replacement of GTP by GDPNP in the cognate reac-
tion mixture slowed the decay of 70SICs by ~4-fold to 125
+ 12 s (Supplementary Table S1). This might be caused
by one or more of several factors including slower bind-
ing, slower accommodation, lower affinity of the GDPNP-
containing TCs for the 70SIC (29) and/or more reversible
binding events due to the lack of GTPase activity. In con-
trast, kirromycin decreased the decay time for remaining
cognate 70SICs to 17 + 3 s and had no effect on the de-
cay time of near-cognate 70SICs (Supplementary Table S1).
Dwell times of EF-Tu on the ribosome were increased by
kirromycin for cognate and near-cognate mRNAs and by
GDPNP with cognate mRNA (Supplementary Table S1),
in agreement with earlier reports from ensemble experi-
ments (10,11,29). Under these conditions, the duration of
the FRET signal was partly limited by photobleaching,
leading to an underestimation of the dwell times.

FRET states of dual-labeled EF-TuAY-33/351 on the ribosome

The changes of FRET values of all binding events for both
cognate and near-cognate codons can be visualized in a
transition density map, which is a contour plot of the fi-
nal versus the initial apparent FRET efficiencies, E,pp, taken
from the last and first frame of each event, respectively. All
apparent initial and final FRET values derived from this
analysis are listed in Supplementary Table S1. The transi-
tion density plot for the binding of a TC formed by dual-
labeled EF-TuAY-33/3%! to a cognate 70SIC showed a single
peak, located above the diagonal, indicating a population
of binding events switching from the lower (E,,, = 0.45 +
0.01) into the higher (E,pp = 0.60 £ 0.01) FRET state (Fig-
ure 3A). By contrast, substituting GTP by GDPNP caused
the peak to move to the 45° line of identity in the transition
density plot (Eapp = 0.51 £ 0.01, Figure 3C), indicating that
the FRET change is dependent on GTP hydrolysis. In addi-
tion, kirromycin prevented the FRET change (Supplemen-
tary Table S1).

The transition density plot for the near-cognate mRNA
traces showing a transition from a lower to a higher FRET
state (Figure 2C) has density above the diagonal (Figure
3B), whereas all of the density for the group of traces main-
taining a constant E,p, (Figure 2B) is located near the
diagonal line (Figure 3B). Thus, only ~half of the EF-
Tu molecules appear to undergo a conformational change
upon binding to the ribosome as part of a near-cognate
ternary complex.

Synchronization analysis of dual-labeled EF-TuAY-33/351

Synchronization analysis is used to extract FRET efficien-
cies and dynamics of the FRET states in the collection of
binding events (32,38). Traces of events, which lasted for
33 ms or more were selected for each mutant and aligned
at the beginning (pre-synchronization) or at the end (post-
synchronization) of the binding events (Figure 4A). The
synchronized apparent FRET traces revealed the dynamics
of EF-Tu during its interaction with the ribosome. A dy-
namic change in FRET in the pre-synchronized and the
post-synchronized traces was observed for dual-labeled EF-
TuAV-3/351 for both the cognate (Figure 3D) and near-
cognate binding events (Figure 3E). In contrast, no changes
in FRET during EF-Tu binding events were detected for ei-
ther mRNA in the presence of GDPNP (Figure 3F, cog-
nate), demonstrating that the change in apparent FRET ef-
ficiency is dependent on GTP hydrolysis.

With GTP, the averaged synchronized traces for the cog-
nate experiment (Figure 3D) showed a biphasic exponen-
tial change in fluorescence with a fast increase of apparent
FRET at the beginning of the event followed by a slower ap-
parent FRET increase. The clear two-component approach
to the final apparent FRET efficiency in Figure 3D indi-
cates two sequential structural transitions occurring upon
progression from an initial complex, A, via an intermediate
complex, B, to a final complex, C, before EF-Tu dissociates.
Thus, the simplest scheme accounting for the data is:

EF-Tu binding — A — B — C — EF-Tu dissociation
(Figure 4A, top), which is similar to one we presented ear-
lier (21). A linear, irreversible scheme is considered, since
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Figure 2. Single-molecule observations of dual-labeled EF-TuAY-33/331.GTP-Phe-tRNAP" interacting with 70SIC. (A—C) The upper panels show rep-
resentative examples of fluorescence trajectories of Cy3 (green) and CyS5 (red) recorded with 532 nm excitation upon interaction of dual-labeled EF-
TuAV-3/35L. GTP-Phe-tRNAPP with 70SIC containing a cognate (A) or a near-cognate (B and C) A-site codon. The lower panels show the corresponding
apparent FRET efficiencies in blue. (D and E) Decay of available 70SICs displaying a cognate (D) or a near-cognate (E) codon in the ribosomal A-site before
dual-labeled EF-TuAY-33/351.GTP-Phe-tRNAPh® binds and occupies the A-site. The histograms show the number of binding events detected in successive
2-second intervals during imaging. (F) Non-specific binding of dual-labeled EF-TuAY-33/351.GTP-Phe-tRNAP to the microscope slide, when ribosomes
are omitted. (G and H) Dwell-time histograms for the interaction of dual-labeled EF-Tu”V-33/351.GTP.Phe-tRNAPP® with the 70SIC when cognate (G)
and near-cognate (H) mRNAs are used. The histograms show the number of binding events of specific durations (dwell times). In (D-E) and (G-H),
the histograms were fitted to single-exponential decay functions. The resulting decay times of available 70SICs (D-E) and dwell-times on the ribosome
(G—H) are shown along with standard deviations of the fits (see also Supplementary Table S1). The histograms show events pooled from 3-4 individual

experimental replicates. Approximately 16 800 and 7600 events are included in the analysis for cognate and near-cognate tRNA delivery, respectively.

individual FRET traces did not show clear backward tran-
sitions indicating that reversals are relatively rare. In addi-
tion, transient binding events due to rapid dissociation from
complex A were not included in our data, since only events
lasting three frames or longer were analyzed (see above). TC
dissociation from intermediate complex B is also considered
rare (21). Thus, the simplest scheme above was used for in-
terpreting the data.

Total, Cy3 and Cy5 synchronized fluorescence intensities
for traces of cognate binding events showing FRET are dis-
played in Figure 4B—D. The rapid rise in Cy5 intensity (Fig-
ure 4D, black squares), leading to the initial fast increase of
E,pp (Figure 3D), is not matched by a corresponding rapid
decrease in Cy3 intensity (Figure 4C, black squares). Thus,

the resulting initial increase in total fluorescence intensity
(Figure 4B) is not a result of FRET but, rather, can be at-
tributed to a local structural change leading to a substan-
tial increase in brightness (quantum yield, QY) of the Cy5
acceptor, which is not surprising as QY of Cy5 is sensitive
to environmental changes (39). This QY change was con-
firmed by repeating the FRET experiment while alternat-
ing the excitation wavelength in successive camera frames
between 532 nm (Cy3 excitation) and 640 nm (CyS5 excita-
tion) (30,40) (Supplementary Figure S3A-D). As shown in
Supplementary Figure S3D, the intensity of Cy5 fluores-
cence observed upon direct excitation at 640 nm increases
rapidly following EF-Tu binding to the ribosome. The in-
tensity traces in Figure 4B-D were therefore fitted by an an-
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Figure 3. Analysis of FRET states of dual-labeled EF-TuV-33/351 Transition density plots (A—C) showing the initial and final apparent FRET values,
Eapp, and synchronized apparent FRET trajectories (D-F) of dual-labeled EF-Tu”Y-33/331.GTP-Phe-tRNAP' upon interaction with the 70SIC under
different conditions. All recorded events are included in these figures. (A and D): cognate mRNA and GTP. (B and E): near-cognate mRNA and GTP.
(C and F): cognate mRNA and GDPNP. Each transition density plot has associated FRET histograms showing the distribution of initial (top) and final
(right) apparent FRET values. The given initial and final apparent FRET values in (A—C) are the 2D Gaussian fits of the transition density plots (see also
Supplementary Table S1). The red and black arrows in (D-F) indicate the trigger points and plotting directions. Event numbers for A, B, D and E are
as in Figure 2. 13 000 cognate events were monitored upon replacement of GTP by GDPNP (C and F). In all cases, the events were detected during 3-4

independent experimental replicates.

alytical model of the process (described in Supplementary
Materials and Methods) that takes into account the change
in QY of Cy5 during the interaction of EF-Tu with the ri-
bosome. The results are summarized in Table 1.

Similar analysis was carried out for the FRET experi-
ments using near-cognate mRNA (Figure 4E-G). Here, the
two populations observed in the near-cognate case (Fig-
ure 3B and C) were analyzed separately by splitting the
traces into two groups, depending on whether the differ-
ence between the final £,p, value and the initial value (be-
fore correction for changes in QY) was less than (40% of all
near-cognate events) or greater than 0.05 (60% of all near-
cognate events). The events coming from either population
had decay times of remaining available 70SICs (Eappfinal —
Eappinitial = 005: 55+19 S; Eappﬁnal - Eappinitia] > OOS: 61 =
22 s) and dwell times on the ribosome (Eappfinal — Eappinitial
< 0.05, 0.14 + 0.02 s; Eappﬁna] — Eappinitial > 0.05, 0.15 +
0.02 s) that were indistinguishable from one another (data
not shown; related to Figure 2E and H showing all FRET
events).

Actual FRET efficiencies of complexes A, B and C, cor-
rected for the changes in QY, as well as rate constants deter-
mined from the global fitting of cognate and near-cognate,
synchronized Cy3 and Cy5 fluorescence intensities, are pre-
sented in Table 1 for the group of near-cognate traces in
which Euppfinal — Eappinitial > 0.05, while calculated occupan-
cies of the three states are shown in Supplementary Fig-

ures S3E and S3F for cognate complexes. Importantly, the
actual FRET efficiency does not change substantially be-
tween complexes A and B, indicating that this transition is
not the major structural change between the GDPNP and
GDP forms determined by crystallography of isolated EF-
Tu. Rather, the initial change in sensitized emission from
CyS5 is due primarily to its change in QY following bind-
ing to the ribosome. This change is faster for the cognate
codon (k, = 65 & 14 s7!; fitted value & 95% confidence in-
terval) than for the near-cognate codon (k, = 25 & 7 s7 1),
whereas the subsequent transition step from B to C, corre-
sponding to the decrease in distance between the probes (E
changes from 0.42 — 0.48/0.51 for cognate/near-cognate
complexes), is slower for the cognate interaction (ky = 3.2
+ 0.6 s7!) than for the near-cognate (ki, = 12 + 6 s!). The
last step, the dissociation of EF-Tu from complex C, has rate
constants that are not significantly different for cognate and
near-cognate codons (k. ~35 £ 24 s~ and 57 £ 23 57!, re-
spectively). The actual FRET efficiencies in complexes A,
B and C are the same for both types of codons. Note that
the FRET values in Table 1, corrected for the change in QY
(0.41 increasing to 0.48 or 0.39 increasing to 0.51 for cog-
nate or near-cognate complexes, respectively) are somewhat
different from the corresponding EF-TuAY-33/35! entries in
Supplementary Table S1 (~0.45 increases to ~0.60), which
are E,pp, values, not taking into account the dynamic change
of Cy5 QY.
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Figure 4. Fitting of synchronized fluorescence intensity traces of dual-labeled EF-TuAY-33/331.GTP-Phe-tRNAP" interacting with the 70SIC. (A) The
fitting model consists of three EF-Tu-containing ribosome complexes A, B and C, which are preceded by EF-Tu binding to the ribosome and terminated
by dissociation. The graphics in A illustrate the essentials of the synchronization of events and averaging of traces with the predicted number of steps
of TC binding to the 70SIC. The synchronization analysis was applied to traces of events lasting for 33 ms or more. Pre-synchronized (black) and post-
synchronized (blue) Cy3 (C, F) and Cy5 (D, G) intensity symbols were summed up to give the total fluorescence intensity (B, E) squares obtained with
cognate (B-D) or near-cognate (E-G) mRNA. All of the intensities are absolute intensities in thousands of camera digitizer units. The blue and black
arrows indicate the trigger points and plotting directions. The red lines are the global fits according to the model shown in (A). For the near-cognate data,
molecules for which Eappfinal — Eappinitial > 0.05 were grouped and synchronized for this analysis. The calculated values are presented in Table 1 (see also
Supplementary Figure S3). Event numbers are as in Figures 2 and 3.

Table 1. Global analysis. Values calculated from global fittings of all pre-synchronized and post-synchronized traces of dual-labeled EF-TuAY-33/351 For
the near-cognate data, only molecules for which Eppfinat — Eappinitial > 0.05 were included in this analysis. Ex, Eg and Ec are the actual FRET efficiencies
of dual-labeled EF-TuV-33/35 in complexes A, B and C (Figure 5), and 1/k,., 1/ky, and 1/k. are the lifetimes of the three complexes. y o, yp and yc are
the values of y in states A, B and C, respectively, where v is the combined ratio of QY's and sensitivities in the Cy3 and CyS5 fluorescence detector channels.
The FRET values correspond to £ = [(1 + X) Eapp-X 1/[(1+X —¥)Eapp — X + v]. with parameters defined and explained in the Supplementary Materials and
Methods section ‘Global fitting of synchronized intensities’. The uncertainties are 95% confidence limits calculated from changes of the fitted parameters
that increase x 2 four-fold over the global fits or, in the case of k,, from the initial period 3/k, and ke, from the final 3/, period. 16 800 cognate and 7600
near-cognate events obtained from three to four independent replicates were included in the analysis

Codon/values Ea Eg Ec kg, 571 kp, 57! ke, st YA YB b7e

Cognate 041 &£ 0.01 042 £ 0.01 0.48 &+ 0.01 65 + 14 3.2+ 0.6 35+ 24 0.81 &£ 0.03 1.22 &£ 0.05 1.03 &£ 0.03
Near-cognate 0.39 + 0.01 042 + 0.02 0.51 £+ 0.01 25+ 7 12+6 57 £ 23 0.81 4+ 0.02 1.0 £ 0.07 0.92 £+ 0.02
smFRET analysis of dual-labeled EF-TuAY-165/314 apnd EF- than with a cognate, due to a higher proportion of reversible
TuAV-47/314 sampling events, (ii) replacement of GTP with GDPNP in-

creases the decay time of available 70SICs, (iii) dwell times
of EF-Tu on the ribosome are longer in the presence of
a cognate codon-anticodon interaction relative to near-

TCs formed by dual-labeled EF-TuV-195/314 and EF-
TuV-47/314 showed 70SIC-dependent binding events, dur-

ing which Cy3 and sensitized Cy5 fluorescence intensities si- cognate, (iv) kirromycin and GDPNP increase the dwell
multaneously increased and decreased (Supplementary Fig- times and (v) kirromycin has no or only minor effects on de-
ure S4), similar in kind to results reported above for dual- cay times of available 70SICs. In contrast to EF-TuAY-33/351

labeled EF-Tu™%/*! (Figure 2A-C). Despite differences  pp_ T,A%47/314 41 d EF-TuAY-165/314 showed very small or no
in the parameter values between mutants (Supplementary
Table S1), a number of general trends are observable: (i)
available ribosomes with empty A-sites (i.e. 70SICs) decay
more slowly if programmed with a near-cognate mRNA

FRET changes, respectively, during their binding events un-
der these various conditions. Their transition density plots
displayed peaks centered on the diagonal (Supplementary
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Figure S6), and their synchronized FRET traces showed
only minor changes (Supplementary Figure S7), indicating
little distance change.

DISCUSSION
Conformational dynamics of EF-Tu on the ribosome

X-ray crystallographic studies of EF-Tu (1) not bound
to the ribosome gave rise to the view that the factor ex-
ists in two quite different conformations, denoted ‘closed’
or ‘EF-Tu-GTP’ and ‘open’ or ‘EF-Tu-GDP’ (Figure 1).
The GTPase activity of EF-Tu is triggered by the GTPase
activating center on the ribosome upon correct codon-
anticodon interaction, leading to the hypothesis that the
large structural rearrangement on conversion of the closed
to the open conformation results in EF-Tu release from
both aa-tRNA and the ribosome. However, until recently,
capturing a snapshot of EF-Tu-GDP on the ribosome re-
quired stalling the factor in a GTP-like structure via ad-
dition of the antibiotic kirromycin (41). Thus, informa-
tion about the structure of EF-Tu on the ribosome post-
GTP hydrolysis has been lacking. Using TIRF-based single-
molecule FRET microscopy, we have obtained dynamic in-
formation about the structural transitions of EF-Tu occur-
ring on the ribosome.

While bound to an mRNA-programmed ribosome, dual-
labeled EF-Tu?AY-3/315 yndergoes a single, comparatively
minor, FRET change in a relatively slow step (3-12 s7!)
(Table 1). Importantly, this change, indicating a decrease in
distance between these two sites as expected from the so-
lution crystal structures (Figure 1), is the first direct mea-
surement of a GTP-hydrolysis dependent structural change
in EF-Tu bound to a ribosome. This change in FRET ef-
ficiency does not occur when ribosome-bound EF-Tu is
maintained in a conformation similar to that observed in
isolated TCs, either by substituting GDPNP for GTP or
in the presence of kirromycin (Supplementary Table S1), as
found in cryo-EM and X-ray crystallographic structures of
EF-Tu-GDP-kirromycin on the ribosome (7,41). The final
FRET value of ribosome-bound EF-Tu, 0.48 £ 0.01 (Ta-
ble 1), is much lower than that predicted (0.74, Figure 1)
or measured for EF-Tu-GDP in solution (0.78 £ 0.1; (6)).
These results strongly imply that the full structural change
between the closed and open states of EF-Tu occurs not
while EF-Tu is bound to the ribosome, but rather is con-
comitant with or follows dissociation of EF-Tu from the ri-
bosome.

While bound to the ribosome the other two dual-
labeled variants we have studied, EF-TuAY-105/314 and EF-
TuAV-47/314 " also show no large FRET changes, ruling out
formation of the open ‘EF-Tu-GDP’ conformation, but dif-
fer from dual-labeled EF-Tu?AY-33/315 in exhibiting no or
only very small FRET changes, respectively (Figure 1 and
Supplementary Figure S4). We performed modeling stud-
ies demonstrating that this difference can be rationalized
if domain 1 of ribosome-bound EF-Tu is subject to rota-
tions and transitions relative to domains 2 and 3 (Supple-
mentary Figure S8 and Supplementary file S1). Our results
are thus consistent with a conclusion of Lai et al. (42) that
the structural transition of EF-Tu on the ribosome follows
an indirect pathway, although they do not support the large

domain separation suggested by these authors. We suggest
that the differences in dynamic changes observed for EF-
TuAV-165/314 and EF-TuAV47/314 yersus EF-TuAY-3/315 result
from differential mutation and labeling effects on the dy-
namic equilibrium between the EF-Tu structural extremes.
All three EF-Tu mutants in this study have mutations posi-
tioned spatially close either to switch I (positions 33 and 47)
or to helix C (position 165) and, in the related protein, ras
p21, mutations in the corresponding regions are known to
affect the balance between two GTP-bound conformations
(43,44). Similarly, a mutation in the switch II region causes
the EF-Tu-GDP complex to adopt an ‘EF-Tu-GTP’-like be-
haviour (45).

Our present and earlier results (21), indicate that the full
conformational transition of EF-Tu takes place after tRNA
has been released from EF-Tu i.e. aa-tRNA release occurs
while EF-Tu is still in a conformation closer to the free
EF-Tu ‘GTP’ state than the ‘GDP’ one. This is in accord
with studies reporting proportionality between the dissoci-
ation rate of a given aa-tRNA from EF-Tu-GTP, ko, and
the rate of the subsequent peptide-bond formation, kpep
(29,46). These results emphasize the apparently optimized
affinity of aa-tRNA for EF-Tu-GTP such that k¢ does not
limit kpep. Such optimization would be unnecessary, if aa-
tRNA were released from EF-Tu in a GDP-like conforma-
tion, since EF-Tu-GDP binds to aa-tRNA at least two or-
ders of magnitude less tightly than does EF-Tu-GTP (47).

Kinetic mechanism and proofreading

Our results permit the construction of a minimal, 4-step ki-
netic scheme (Steps I-1V, Figure 5), for the formation of
the pre-translocation complex upon binding of the ternary
complex containing dual-labeled EF-TuAY-33/3! to 70SIC
programmed with cognate or near-cognate mRNA. The re-
action progresses via complexes A, B and C (equivalent to
the model in (21)), which correspond to FRET states A,
B and C in the minimal reaction scheme outlined above
(Figure 4A, top). This scheme allows evaluation of average
FRET efficiencies (£), FRET correction factors including
changes in quantum yields (y), and reaction rate constants
(k) (Table 1).

Upon codon-independent initial binding of the ternary
complex to the 70SIC (Step I), complex A is formed and
E decreases from 0.61 + 0.1 in solution (6) to 0.41 (Table
1). For a cognate TC, this is followed by a rapid Step II
(65 s!), which leads to the formation of complex B. Step
IT is accompanied by a large increase in vy, caused by an
increase in the quantum yield (QY) of Cy5 (Figure 4B-
D, Supplementary Figure S3 and Equation (3) in Supple-
mentary Materials and Methods), with little change in E.
Step II corresponds approximately to the codon recogni-
tion and GTPase activation/GTP hydrolysis steps. In ac-
cord with this assignment, the change in Cy5 QY is not ob-
served when the non-hydrolysable analog GDPNP replaces
GTP (Figure 3F). The individual events occurring during
step II cannot be resolved at the present 11-ms time reso-
lution. However, the observation of pronounced repetitive,
non-productive binding for near-cognate complexes shows
that initial selection does take place in our experimental set-
up. Step III, leading to complex C, proceeds more slowly
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Figure 5. A kinetic model of interactions between EF-Tu and the ribosome. Actual FRET efficiencies (£), QY ratio correction factors v, and reaction
rate constants k,, ky, k. were determined for dual-labeled EF-TuAY-3/351. GTP.Phe-tRNAPhe interacting with 70SICs programmed with both cognate and
near-cognate mRNAs (Table 1). The 70S ribosome is shown in light blue, the mRNA is a blue line, while tRNAs and their corresponding codons are
shown in shades of red as bent lines. EF-Tu is shown as a circular sector with different degrees of opening representing different conformations. Classical,
GTP-like conformations of EF-Tu are indicated in lavender (FRET states with E in the range from 0.40 to 0.51), while a maroon color is indicative of
the classical GDP-like conformation (FRET state £ = 0.78%). Thus, the initial FRET state £ = 0.6* within the unbound ternary complex, is colored in
a combination of maroon and lavender. In the near-cognate case, approximately half of the EF-Tu molecules have no significant FRET or y change and
dissociate with a rate constant of 7.1 s~! (Pathway 2). k. is given as a range corresponding to + 1 standard error of the mean. *The FRET values for
complexes in solution were determined by (6). These values are not corrected for v, as the relative QY's and detector sensitivities were not measured in
that study. Since the apparent FRET efficiency values for ribosome-bound complexes in (6) (Eapp2 values in Figure 3F and G) are similar to the values

obtained here, the apparent FRET values for EF-Tu-GTP-aa-tRNA and EF-Tu-GTP in solution are suitable for comparison here.

(3.2 s71). Complex C is characterized by a decrease in y as
well as a significant increase in E (from 0.42 to 0.48), indica-
tive of a decreased distance between these sites in domains I
and III (Figure 1). In addition to the conformational change
in EF-Tu, step 111 includes proofreading, aa-tRNA accom-
modation and peptide-bond formation. Following Step III,
EF-Tu-GDP dissociates promptly (23-47 s~!) from the ri-
bosome, so that Step 111 essentially determines the overall
dwell-time of EF-Tu on the ribosome (Supplementary Table
S1). A much slower rate for EF-Tu-GDP dissociation (2-3
s~!) was proposed earlier (48), but this probably reflects in-
sufficient resolution of Steps III and IV in that study.

As mentioned above, 60% of the events for dual-labeled
EF-Tu”Y-33/315 binding to 70SIC as part of a near-cognate
ternary complex exhibited large enough FRET changes so
they could be analyzed similarly and compared with the
cognate ternary complex, as summarized in Table 1. Al-
though the E values for the various complexes are little af-
fected, there are substantial differences in the rate constants
k. (Step II), which decreases from 65 s~! to 25 s~!, and &
(Step I1I), which increases from 3.2 s~! to 12 s~!. The mag-

nitude of k, for the cognate mRNA and the fact that it de-
creases for the near-cognate case is compatible with GTP
hydrolysis occurring during Step II, and the 2.5-fold de-
crease we measure is in line with the low efficiency of initial
selection observed earlier by Rodnina and coworkers using
low-fidelity conditions similar to ours (49,50). In (49), a sub-
sequent kinetic step (termed k4 occurring at 50-60 s~!) that
accounted for an additional lag in the recorded signals was
assigned to the GTP-to-GDP conformational change. Our
result that the FRET change is much slower indicates that
the k4 of Pape et al. is not the rate constant for the main EF-
Tu structural change. This is in agreement with later work
by Rodnina and coworkers showing that the previously as-
signed structural change is more likely to be attributed to P;
dissociation (51).

The y change observed in step II is codon-dependent,
and significantly lower y values are observed for complexes
B and C for the near-cognate versus the cognate complexes.
This indicates that the QY change in Cy5 is not dye or posi-
tion dependent, but reflects subtle differences in the interac-
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tions between the ribosome, aa-tRNA and EF-Tu in these
states (for a description of relevant structural differences
between cognate and near-cognate complexes see (18,52)),
providing a rationale for the larger value of &y, in the near-
cognate case, and the resulting 2.5-3-fold decrease in EF-Tu
dwell time.

Previously, EF-Tu was thought to be passively released
from aa-tRNA and the ribosome in its open, GDP-bound
conformation without playing a role during proofreading
and accommodation. Instead, structural transitions in the
tRNA via a ribosomal corridor lined by conserved bases
have been considered a major driving force during these
two processes (53). The differences in EF-Tu dwell time that
we observe suggest, to the contrary, that EF-Tu improves
proofreading by favoring near-cognate dissociation prior to
accommodation and contributes to cognate tRNA accom-
modation by increasing its residence time. Notably, the rela-
tive decreases in EF-Tu residence time for near-cognate ver-
sus cognate tRNA is observed for all three dual-labeled EF-
Tus (Supplementary Table S1), which argues against the ef-
fect reflecting a mutation and/or labeling artifact. Earlier
indications supporting the view that EF-Tu affects proof-
reading can be found in the literature (14,16,25). Interest-
ingly, a mutation in EF-Tu located at the domain I/III in-
terface (Ala375-to-Thr) was found to lower the rejection
rate of near-cognate tRNAs during both initial binding and
proofreading (24) in support of a possible role of EF-Tu
during proofreading. More recently, proofreading has been
suggested to occur in at least two discrete steps (26,27), only
the first of which involves EF-Tu. In this first step, which oc-
curs following GTP hydrolysis and P; release, near-cognate
aa-tRNA in complex with EF-Tu-GDP can dissociate from
the ribosome prior to accommodation, while accommoda-
tion is favored for cognate aa-tRNA in complex with EF-
Tu-GDP (26). Our results indicate that such accommoda-
tion takes place with EF-Tu in a relatively closed confor-
mation. This can be understood from an energetic point of
view, since proofreading accuracy decreases linearly with
decreasing affinity between EF-Tu and aa-tRNA (26,27)
and the closed EF-Tu conformation has a 100-fold higher
affinity for aa-tRNA than the open conformation (47).

Conclusion

Our smFRET studies reveal a small conformational change
of ribosome-bound EF-Tu following GTP hydrolysis, while
the full conformational change of EF-Tu, as expected based
on X-ray crystallographic studies, thus occurs concomi-
tant with or after its release from the ribosome. The struc-
tural change of EF-Tu on the ribosome, which occurs via a
path different from the direct route between the ‘GTP’ and
‘GDP’ structures, is slower for ternary complexes bound to
a cognate versus a near-cognate programmed 70SIC, sug-
gesting that this transition, in concert with transitions in
the tRNA, can play an active role in the partitioning of aa-
tRNA between a first, EF-Tu-dependent part of proofread-
ing and accommodation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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