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tRNA selection and kinetic proofreading in translation
Scott C Blanchard1,2, Ruben L Gonzalez Jr2,3, Harold D Kim1,3, Steven Chu1 & Joseph D Puglisi2
Using single-molecule methods we observed the stepwise movement of aminoacyl-tRNA (aa-tRNA) into the ribosome during
selection and kinetic proofreading using single-molecule fluorescence resonance energy transfer (smFRET). Intermediate states
in the pathway of tRNA delivery were observed using antibiotics and nonhydrolyzable GTP analogs. We identified three
unambiguous FRET states corresponding to initial codon recognition, GTPase-activated and fully accommodated states. The
antibiotic tetracycline blocks progression of aa-tRNA from the initial codon recognition state, whereas cleavage of the sarcinricin loop impedes progression from the GTPase-activated state. Our data support a model in which ribosomal recognition of
correct codon-anticodon pairs drives rotational movement of the incoming complex of EF-Tu–GTP–aa-tRNA toward peptidyltRNA during selection on the ribosome. We propose a mechanistic model of initial selection and proofreading.

mRNA-directed protein synthesis is carried out by the ribosome, a twosubunit RNA-protein enzyme that catalyzes repetitive selection of the
aa-tRNA corresponding to a specific three-base codon sequence within
mRNA. Three roughly parallel binding sites for tRNA have been identified on both the large (50S) and small (30S) subunits of the Escherichia
coli ribosome, called the aminoacyl (A), peptidyl (P) and exit (E) sites1.
Peptidyl-tRNA preferentially binds at the P site, whereas aa-tRNAs are
selected in an empty A site. aa-tRNAs are delivered to the ribosome as a
‘ternary complex’ with the GTPase elongation factor-Tu (EF-Tu) bound
to GTP2. EF-Tu increases both the rate and fidelity of tRNA selection3,4.
Detailed kinetic information about EF-Tu-mediated aa-tRNA selection at the A site of the ribosome has chiefly been explained through a
series of pioneering fluorescence and biochemical experiments5,6.
Ternary complex (EF-Tu–GTP–aa-tRNA) entering the ribosome initially binds the 50S subunit through protein-protein interactions with
the tetrameric protein L7/L12 (refs. 7,8). After binding to L7/L12 takes
place, the mRNA codon and tRNA anticodon pair within the A site of
the 30S subunit. The interaction of cognate aa-tRNA with the ribosome enhances the rate of GTP hydrolysis by EF-Tu by as much as
5 × 104 (ref. 9). After hydrolysis, EF-Tu–GDP adopts a conformation
with a low affinity for aa-tRNA10, allowing the 3′ end of the tRNA to
accommodate within the peptidyl transferase center (PTC) of the 50S
subunit. There, a peptide bond is formed between the amino acids of
the adjacent P- and A-site tRNAs. Several antibiotics inhibit the
distinct steps of the aa-tRNA selection process5,6,11.
In vivo, 5–20 aa-tRNAs are delivered to the ribosome per second,
with an average error frequency of 5 × 10–3 (ref. 12). The fidelity of
translation cannot be explained by the differences in the free energy of
binding between the mRNA codon and the anticodon of the cognate
(at least two matched base pairs), near-cognate (at least one base mismatch) and noncognate tRNA13. To resolve this dilemma, a kinetic

proofreading model was proposed in which an initial selection step is
isolated from a second proofreading step by irreversible phosphate
hydrolysis14,15. In this model, preferential selection of cognate
aa-tRNAs was thought to arise from rapid dissociation of near-cognate
and noncognate tRNAs before and after GTP hydrolysis. This two-step
tRNA selection process has been verified6,16,17. However, it was later
shown that the ribosome also actively recognizes cognate aa-tRNA
selection through shape discrimination of the codon-anticodon
duplex18–20 and that both initial selection and proofreading steps
operate through ‘induced-fit’ mechanisms17,21.
The molecular mechanism linking codon recognition to stimulated
GTP hydrolysis by EF-Tu is essential to the understanding of fidelity in
translation1. Hydrolysis can only occur if an allosteric signal from the
codon-anticodon recognition site on the 30S subunit is transmitted to
the GTPase domain of EF-Tu ∼80 Å away, through changes either in the
conformation of tRNA or in the subunit interface17,22,23. The GTPase
activation center of the ribosome is located within the 50S subunit and
involves conserved RNA elements, such as the sarcin-ricin loop (SRL)
and proteins L7/L12, L10 and L11 (ref. 10). A mechanistic model has
recently been proposed to explain codon-dependent GTPase activation
of EF-Tu based on a cryo-EM structure of the ribosome trapped in an
intermediate state in aa-tRNA selection24. These data suggest that distortions in aa-tRNA structure and position with respect to EF-Tu
trigger codon recognition and subsequent GTPase activation and
hydrolysis. Structural evidence also suggests that interaction of cognate
tRNA with the 30S subunit induces domain movements that may be
related to GTPase activation and accommodation steps21.
To understand the dynamic processes that lead to translational
fidelity, we carried out a single-molecule fluorescence study of EF-Tumediated aa-tRNA selection on the ribosome. Using fluorescently
labeled tRNA molecules, real-time observation of aa-tRNA selection
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showed progressively increasing FRET
between tRNAs in adjacent binding sites on
the ribosome. Intermediate states in the
selection process were further identified
using antibiotic inhibitors of tRNA selection,
nonhydrolyzable GTP analogs, and enzymatically and chemically altered ribosome
complexes. We identified a new codon recognition state in the aa-tRNA selection process
and provide evidence that the SRL10 is
directly involved in GTP hydrolysis by EF-Tu
after initial selection has occurred. On the
basis of these data, we present a new model
for ribosomal allostery, in which interaction
of cognate tRNA with the mRNA codon on
the 30S subunit leads to rotational movement
of the ternary complex toward the P site to
allow productive interaction of EF-Tu with
the SRL and subsequent GTP hydrolysis.
Comparison of cognate and near-cognate
aa-tRNA selection using our smFRET data
confirms that the overall fidelity is established by initial selection and proofreading.
RESULTS
smFRET analysis of tRNA delivery
In this study, E. coli ribosomes were initiated
in vitro with fMet-tRNAfMet in the P site fluorescently labeled with cyanin 3 (Cy3) at the
4-thiouridine (s4U8) residue25. The ribosomes were then tethered to a streptavidin- Figure 1 Single-molecule fluorescence intensity and FRET time traces. Each panel shows
fluorescence data from single molecules after stopped-flow delivery of EF-Tu–GTP–Phecoated surface via interactions with representative
tRNAPhe(Cy5-acp3U47) to surface-immobilized ribosome complexes carrying fMet-tRNAfMet(Cy3-s4U8)
26
5′-biotinylated mRNA . Stopped-flow deliv- in the P site. Weak, direct excitation of EF-Tu–GTP–Phe-tRNAPhe(Cy5-acp3U47) in solution by 532-nm
ery of EF-Tu–GTP–Phe-tRNAPhe to surface- illumination led to change in the baseline Cy5 fluorescence upon mixing. The time trajectory of
immobilized particles (labeled with Cy5 at the smFRET data provides information about tRNA dynamics on individual ribosome complexes. Each
3-(3-amino-3-car boxy propyl)ur idine panel shows Cy3 and Cy5 fluorescence intensity (top) and FRET (bottom) for representative molecules
(acp3U47) residue27) generated a rapidly from each experiment described in the text. (a) Cognate aa-tRNA delivery. (b) Cognate aa-tRNA delivery
evolving smFRET signal26. Numerous indi- in the presence of 100 µM tetracycline. (c) Cognate aa-tRNA delivery in the presence of the
nonhydrolyzable GTP analog, GDPNP. (d) Cognate aa-tRNA delivery in the presence of 200 µM
vidual ribosomes were observed simultane- kirromycin. (e) Cognate aa-tRNA delivery to ribosome complexes cleaved at the SRL. (f) Near-cognate
ously, and single-molecule time traces (Fig. 1) aa-tRNA delivery. Cy3 (green) and Cy5 (red) fluorescence intensity is plotted in arbitrary units (A.U.) as
were superimposed and plotted as a contour recorded by the CCD. FRET, characterized by anticorrelated changes in Cy3 and Cy5 fluorescence, is
plot to generate the time evolution of popula- calculated from the fluorescence intensity (I) according to the equation ICy5 / (ICy3 + ICy5). smFRET data
tion FRET26 (Fig. 2). To eliminate blurring of also include photophysical phenomena such as photobleaching and ‘blinking’ events observed as
26
data owing to asynchronous initial binding of spontaneous loss of Cy3 and/or Cy5 fluorescence as well as information about dissociation of tRNA
from the ribosome. Blinking is observed as an intermittent loss of Cy5 fluorescence (FRET = 0), where
ternary complex to the ribosome, smFRET
the lifetime of the nonfluorescent state is ∼1 s.
time traces have been ‘postsynchronized’ to
the first FRET signal above a minimum
threshold (≥0.25).
The majority of smFRET time traces show a rapid evolution from (FRET = 0.75) is ∼93 ms (Supplementary Fig. 3 online), also consislow to high FRET (mean value ∼0.75, Supplementary Fig. 1 online), tent with previous studies9.
followed by dynamic fluctuations to intermediate FRET. Stable occuTo help identify intermediate FRET states in tRNA selection,
pancy of the 0.75 FRET state results from complete accommodation known inhibitors of A-site tRNA binding were incorporated into
of the Phe-tRNAPhe into the A site of the ribosome and peptide bond smFRET experiments. The antibiotic tetracycline inhibits A-site
formation26. Fluctuations in FRET after accommodation correspond tRNA delivery to the E. coli ribosome28. In the presence of 100 µM
to tRNA dynamics on the ribosome and photophysical ‘blinking’ tetracycline, selection of EF-Tu–GTP–Phe-tRNAPhe(Cy5-acp3U47)
events26. The apparent rate for initial binding, as determined by the was inhibited (Fig. 1b). smFRET traces show that low FRET (mean
arrival times of initial FRET (≥0.25) at a concentration of 7.5 nM value ∼0.35, Supplementary Fig. 1 online) states are transiently samternary complex, is 0.77 s–1 (Supplementary Fig. 2 online), in agree- pled. Rare, transient states with higher FRET values (≥0.5 FRET) were
ment with a previously reported bimolecular rate constant of also observed. In the presence of 100 µM tetracycline and the nonhy∼7 × 107 M–1s–1 (ref. 9). The time required for FRET to evolve from drolyzable GTP analog, GDPNP, FRET states >0.70 were no longer
initial binding (FRET ≥ 0.25) to complete accommodation observed (data not shown). The time delay between FRET events
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GTP–Phe-tRNAPhe(Cy5-acp3U47) to the
ribosome in the presence of 200 µM kirromycin stalled selection at a 0.5 FRET state
(Fig. 2d and Supplementary Fig. 1 online)
after progression through 0.35 FRET similar
to that of the GDPNP-stalled complex
(Fig. 2c). The kirromycin-stalled complex
was likewise kinetically stable, and fluctuations to both high and low FRET were
observed. The GDPNP- and kirromycinstalled tRNA configurations are equivalent to
the A/T state described elsewhere32.
Role of SRL in tRNA selection
Cleavage of a single phosphodiester bond
within the large subunit in the universally
conserved SRL (nucleotides 2654–2666,
E. coli) by the plant toxin α-sarcin inactivates
the ribosome by inhibiting tRNA delivery
mediated by EF-Tu and translocation mediated by EF-G33. The SRL also has an important yet poorly understood role in promoting
fidelity in tRNA selection34. Ribosomes bearing a G2661C mutation are hyperaccurate in
tRNA selection and show diminished levels of
GTP hydrolysis35. EF-Tu–GDPNP–aa-tRNA
Figure 2 Contour plots of the time evolution of population FRET. Each plot was generated by
footprints the SRL, and cryo-EM structures
superimposing the individual smFRET time traces obtained in stopped-flow delivery experiments
show the SRL interacting directly with EF-Tu
(as in Fig. 1). Data were ‘postsynchronized’ to the first observation of FRET ≥ 0.25. Contours are
near the GTP-binding site32,36,37.
plotted from tan (lowest population) to red (highest population). Molecules in the FRET = 0 state
To test the role of the SRL in tRNA selecarise from photobleaching and blinking of Cy5 as well as the dissociation of tRNA from the ribosome.
tion, ribosomes were cleaved with the
α-sarcin homolog, restrictocin, before sur(1.45 ± 0.02 s, Supplementary Fig. 4 online) is comparable to the face immobilization (Supplementary Fig. 6 online). Ternary comFRET arrival time observed in uninhibited tRNA delivery (1.29 s) and plex delivered to cleaved ribosomes rapidly generated a FRET state
in the presence of tetracycline (1.8 s). Hence, each event is interpreted with a mean FRET value of 0.5, where the aa-tRNA is stalled before
as an independent attempt of the aa-tRNA to enter the ribosome. complete accommodation at the A site (Fig. 2e and Supplementary
Rather than disrupting initial binding and codon recognition on the Fig. 1 online). The rate of transition from FRET ≥ 0.25 to the 0.75
ribosome, tetracycline inhibits subsequent events required for FRET state is decreased by ∼13-fold compared with unmodified
aa-tRNA selection. The contour plot showing the time evolution of ribosomes (Supplementary Fig. 7 online), whereas the rate of
population FRET (Fig. 2b) reveals that, in the presence of tetra- arrival to the initial 0.35 FRET state is unaffected (Supplementary
cycline, most accommodating aa-tRNAs are rejected from the 0.35 Fig. 2 online). Individual time traces reveal the effect of restrictocin
FRET state, where the lifetime of this state is 177 ± 4 ms cleavage. Most ribosomes (∼77%) rapidly reached the 0.5 FRET
state and were stalled there, with transient fluctuations to the 0.75
(Supplementary Fig. 4 online).
aa-tRNA selection is efficiently stalled using GDPNP9. EF-Tu– FRET state, as in the GDPNP- and kirromycin-stalled complexes.
GDPNP–Phe-tRNAPhe(Cy5-acp3U47) binds to the ribosome, rapidly Approximately 15% of the tRNAs were directly observed to progress
transits through the 0.35 FRET state and stabilizes at a FRET value of into the 0.75 FRET state after an extended delay at 0.5 FRET.
0.5 (Fig. 2c and Supplementary Fig. 1 online).
The lifetime of GDPNP-stalled complexes, 8.3 s ± 0.24 Fidelity of near-cognate tRNA selection
(Supplementary Fig. 5 online), is comparable to that in previous Ribosomes programmed with a near-cognate codon (CUU instead
reports17. The lifetime is ∼45-fold longer than that of the 0.35 FRET of cognate UUU) rarely incorporated aa-tRNAs (Fig. 1f). The time
state observed in the presence of tetracycline (Fig. 2b,c). These data evolution of population FRET (Fig. 2f) reveals that near-cognate
show that the movement of the complex from 0.35 to 0.5 FRET states aa-tRNAs transiently occupy the 0.35 FRET state and make much
generates additional stabilizing contacts between the ternary complex rarer, short-lived transitions to higher FRET states. Thus, an
and the ribosome that form before GTP hydrolysis. Individual time important selection step must take place that prevents most neartraces show that the 0.5 FRET state is punctuated by short-lived fluctu- cognate aa-tRNAs from progressing beyond the 0.35 FRET state
ations to both higher (>0.7) and lower (∼0.35) FRET states occurring at (compare Fig. 2a,f). Programming the A site with a noncognate
lysine codon (AAA versus UUU) effectively eliminated tRNA samabout one per second (Fig. 1c).
aa-tRNA selection can be stalled after GTP hydrolysis using the pling of the codon recognition state (0.35 FRET) on the time scale
antibiotic kirromycin29. Kirromycin binds directly to EF-Tu–GTP–aa- of our observations (data not shown).
To compare quantitatively the fidelity of cognate and near-cognate
tRNA at the interface of domains, inhibiting the structural transition
of EF-Tu to the GDP-bound conformation30,31. Delivery of EF-Tu– tRNA selection, we made corrections to the single-molecule data. Of
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Figure 3 A revised model for tRNA selection at the A site inferred from smFRET data (based on the scheme described in ref. 17) schematizing EF-Turegulated movements of aa-tRNA into the accommodated state (0.75 FRET). Small and large subunits of the ribosome are yellow. E, P and A sites are
adjacent rectangles. tRNAs (blue) are shown attached to amino acids (green) corresponding to the mRNA codons in P and A sites of the small subunit. EF-Tu
is in three colors corresponding to initial binding and codon recognition states (light blue), the GTPase-activated state, before and after GTP hydrolysis (red)
and after conformational change to the GDP-bound form (purple). Step 1 (k1 / k–1): initial binding is mediated by the interaction of EF-Tu–GTP–aa-tRNA with
ribosomal protein L7/L12 (0 FRET). Step 2 (k2 / k–2): contact is made between the anticodon of tRNA and the mRNA codon within the small subunit
decoding site (codon recognition), generating a fixed orientation of EF-Tu–GTP–aa-tRNA with respect to the P-site tRNA (0.35 FRET). Step 3 (k3 / k–3):
productive codon recognition triggers a folding reaction between EF-Tu–GTP–aa-tRNA and the ribosome that moves aa-tRNA closer to the P site into a
stabilized GTPase-activated state (0.5 FRET). Step 4 (k4): GTP hydrolysis is triggered by the interaction of EF-Tu with the SRL. Step 5 (k5): EF-Tu changes
conformation from the GTP- to GDP-bound form. Step 6 (k6): aa-tRNA is released from EF-Tu to accommodate at the PTC. Step 7 (k7): peptide bond
formation. In the proofreading steps of translation, aa-tRNA may dissociate from the ribosome through the pathways described by the rate constants k3′ and
k6′. All rate constants, where measured, are described in the text. Otherwise, rate constants are as reported in ref. 17.

116 molecules analyzed in cognate aa-tRNA delivery, ∼16% of the
ribosomes observed sample nonzero FRET but did not advance past
the 0.5 state. This subpopulation of ribosomes showed an average of
2.5 unsuccessful attempts at tRNA selection per ribosome over the
observation period, whereas the remaining 84% (97 molecules)
reached a stable 0.75 FRET state, with an average of 0.24 failed
attempts per ribosome before reaching this state. This marked difference in the two populations was used to identify and omit less active
ribosomes from fidelity calculations.
Near-cognate and cognate aa-tRNAs differ markedly in the
observed branching ratio exiting the 0.35 FRET state. Near-cognate
aa-tRNAs preferentially dissociated from the ribosome; only 35 of 161
events (22%) advanced to the 0.5 FRET state. By contrast, 40 of 50
cognate events (80%) exited the 0.35 FRET state to higher FRET
states. Thus, we observed a 3.6-fold (0.80/0.22) difference in the selection of cognate versus near-cognate aa-tRNAs to advance past the
0.35 FRET state during selection.
The ratio of preferential selection at the FRET = 0.35→0.5 step of
cognate over near-cognate aa-tRNA is actually better than 3.6:1. By
accounting for missed events (Supplementary Methods online and
Supplementary Table 1 online), we calculate that the selection ratio of
cognate versus near-cognate data sets is 5.9:1.
The overall error frequency of our ribosomes was calculated by
counting the number of events in which the aa-tRNA was fully
accommodated (stable 0.75 FRET state) and dividing by the total
number of FRET events. The ratio of these values (near-cognate
versus cognate) is ∼7.1 × 10–3 (Supplementary Methods online and
Supplementary Table 1 online). Thus, to account for the difference
between the overall fidelity and initial selection at the 0.35 FRET
state, the proofreading step after GTP hydrolysis is estimated to
have an error rate of 0.042, yielding a selection ratio of ∼24:1. Thus,
under our present conditions, ∼80% of the observed fidelity
in tRNA selection is obtained in the proofreading step after GTP
hydrolysis.

We further analyzed the tRNA selection process by examining the
dynamics of GDPNP-stalled complexes. The population of the 0.35
FRET state before transitions to the 0 or 0.5 FRET state is described
by a single-exponential decay with a lifetime (τ) of 55 ± 6 ms
(Supplementary Fig. 8 online). Because the 0.5 FRET state is very
stable (τ = 8.3 s), the reverse rate k0.5→0.35 can be ignored in relation
to the rates k0.35→0 and k0.35→0.5, and therefore, τ ≈ (k0.35→0 +
k0.35→0.5.)–1. The values of k0.35→0 and k0.35→0.5 for cognate tRNA are
determined by comparing the fraction of transitions from FRET =
0.35→0 in relation to FRET = 0.35→0.5. We find k0.35→0.5 ≈ 12 s–1
and k0.35→0 ≈ 6.4 s–1 for cognate tRNA. A similar analysis for nearcognate tRNA (Supplementary Fig. 9 online and Supplementary
Table 1 online) leads to estimated rates of k0.35→0.5 ≈ 2.0 s–1 and
k0.35→0 ≈ 16 s–1. The rates k0.35→0 = 5.6 s–1 and 8.5 s–1 (for cognate
and near-cognate aa-tRNAs, respectively) in the presence of tetracycline are in approximate agreement with the rates obtained here.
Thus, it seems that tetracycline does not interfere with the dissociation rate k0.35→0 but prevents the formation of contacts with the
ribosome that stabilize the 0.5 FRET state. We estimate that all of our
rates may be uncertain by as much as ∼50% because of uncertainties
in the correction for the missing events.
A revised model of tRNA selection
We summarize here the FRET states observed during tRNA delivery
(Fig. 3) in a model that augments the scheme proposed elsewhere6,17.
In state 1 (0 FRET, initial binding), EF-Tu interacts with L7/L12.
Transient FRET signals were not observed upon delivery of ternary
complexes to ribosome complexes programmed with a noncognate
codon (AAA). The EF-Tu–GTP–aa-tRNA–L7/L12 interaction has a
short lifetime (∼40 ms) (ref. 38), and the distance between the accommodating tRNA and P-site tRNA is too great to generate a FRET signal
≥0.25. This initial binding state corresponds to the state immediately
after initial binding in the scheme proposed elsewhere6,17. In state 2
(0.35 FRET, codon recognition state), both cognate and near-cognate
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ternary complex interact with mRNA on the 30S subunit. We believe
that this state, not identified in earlier work, results from codonanticodon recognition on the 30S subunit. The state transition from
0.35 FRET to 0.5 FRET is identified as the selection step at which both
cognate and near-cognate aa-tRNAs can be rejected. The ratio of cognate to near-cognate tRNAs that advance to higher FRET states is
5.9:1. tRNA selection is primarily blocked at the 0.35 FRET state by the
antibiotic tetracycline. Our finding that tetracycline blocks tRNA
selection after codon recognition is also consistent with recent proposals based on X-ray crystallography39. Rare, transient excursions to
higher FRET states could explain previous observations of slow GTP
hydrolysis occurring in the presence of tetracycline40. In state 3
(0.5 FRET, pre-hydrolysis GTPase-activated state), initial selection of
aa-tRNA is complete and ternary complex has formed, stabilizing contacts with the ribosome. Delivery of GDPNP-bound ternary complex
produces a long-lived 0.5 FRET state. After reaching this state, the initial selection process is over. Once the 0.5 FRET state has been
attained, GTPase hydrolysis can occur. We identify state 3 with that
assigned by others as the state between codon recognition and GTPase
activation5,6. In state 3, the GTPase activity of EF-Tu is stimulated and
GTP is hydrolyzed. We observe a difference in the rate at which cognate and near-cognate aa-tRNA transition between states 2 and 3,
whereas the codon recognition steps of previous tRNA selection
schemes do not show a difference in the two forward rates6,17. In state
4 (0.5 FRET, post-hydrolysis GTPase-activated state), GTP hydrolysis
has occured. Comparison of GDPNP- and kirromycin-stalled data
shows that our FRET probes cannot resolve the steps before and after
hydrolysis. The transition of EF-Tu to the GDP-bound conformation,
which is blocked by kirromycin, is expected to change the interaction
between EF-Tu and aa-tRNA, the SRL and other components of the
large subunit. In state 5 (0.5 FRET, pre-accommodation state), inorganic phosphate has been released from the EF-Tu–GDP–aa-tRNA
complex, and EF-Tu has changed conformation to the GDP-bound
form. In state 6 (0.75 FRET, accommodated state), the 3′ end of
aa-tRNA has accommodated at the PTC. The time required to pass
from the 0.5 FRET state to the 0.75 FRET state is used to test the stability of aa-tRNA binding to the ribosome and is the second proofreading
step in tRNA selection. In this accommodation step (defined here as
the transition between 0.5 and 0.75 FRET states), cognate aa-tRNA is
preferentially incorporated at the PTC over near-cognate aa-tRNA by a
ratio of 24:1. In state 7 (0.75 FRET, post-peptide bond formation
accommodated state), rapid peptide bond formation has taken place
upon docking of aa-tRNA at the PTC17,26.
DISCUSSION
Using single-molecule fluorescence, we have observed novel, transient
states in the process of tRNA selection. Both the 0.35 FRET state and its
transition to the 0.5 FRET state are novel codon recognition events. The
0.35 FRET state corresponds to an initial codon recognition state that is
structurally and kinetically distinct from the 0.5 FRET state at which
GTP hydrolysis occurs. Cognate aa-tRNA dissociates from the 0.35
FRET state at a rate of ∼6.4 s–1 (at 15 mM Mg2+), whereas the dissociation rate from the 0.5 FRET state is ∼0.12 s–1. This latter rate is similar to
the rate of EF-Tu–GDPNP–aa-tRNA dissociation, k–2, measured by
other groups after codon recognition and is considered part of their initial selection process6,17. Our work shows that the formation of the stable 0.5 FRET state occurs after initial selection is completed.
During the early stages of initial selection, the ternary complex is
weakly bound to the ribosome by direct interaction of EF-Tu with
ribosomal protein L7/L12 and by interaction of tRNA with mRNA and
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components of the 30S subunit at codon recognition9,19. Residues
A1492, A1493, G530 and ribosomal protein S12 likely mediate early
events in shape-specific recognition of the codon–anticodon complex20. Interactions between the codon–anticodon duplex and the 30S
particle induce a folding process between the ribosome and the
ternary complex that is consistent with an induced-fit17 or ‘domain
closure’41 mechanism. A comparison of the rates of dissociation
of cognate and near-cognate tRNAs from the 0.35 FRET state (6.4 s–1
versus 16.2 s–1) indicates that early recognition events preferentially
stabilize cognate tRNAs on the ribosome.
Formation of the 0.35 FRET state also allows further movement of
the tRNA in the ribosome. The difference in the rates of the reaction
k0.35→0.5 between cognate and near-cognate tRNAs (11.8 s–1 versus
2 s–1, respectively) suggests that the induced fit moves cognate tRNA
into a position better than that of near-cognate tRNA to allow formation of the additional stabilizing contacts with the ribosome that are
associated with the 0.5 FRET state where GTP is hydrolyzed.
The time required for a 30S folding reaction such as domain closure
is probably much faster than 84 ms (1/11.8 s). Thus, the observed delay
in reaching the GTPase-activated state is due to a kinetic barrier, such
as a large thermal fluctuation in the position of the tRNA or larger
conformational rearrangements of the ribosome, or both. Slight differences in positioning between cognate and near-cognate tRNA
owing to interactions with the ribosome could lead to exponentially
different probabilities in surmounting this kinetic barrier. This proposal can be tested by obtaining higher time-resolution FRET data and
observing whether slight differences in cognate and near-cognate
FRET values are found before formation of the 0.5 FRET state. Thus,
the same induced-fit mechanism in initial selection gives rise to two
selection effects: differences between cognate and near-cognate thermal dissociation and their ability to overcome the kinetic barrier
needed to stabilize tRNA-ribosome interactions.
Recent cryo-EM structures of kirromycin-stalled ternary complex
on the ribosome (stalled accommodation after GTP hydrolysis)
show that EF-Tu contacts the SRL and helix 5 of the small subunit,
whereas the aa-tRNA contacts helices 43 and 69 of the large subunit
as well as ribosomal protein S12 and perhaps L11 (refs. 24,37). We
speculate that the formation of these contacts leads to the stability
of the 0.5 FRET state.
The motion of aa-tRNA in the 0.35→0.5 FRET transition provides a mechanistic explanation of the allosteric interaction between
codon recognition and GTP hydrolysis. Consider the following
observations: (i) codon recognition and the resultant folding of the
30S subunit leads to preferential stabilization of the cognate ternary
complex; (ii) the P- to A-site tRNA distance in the kirromycinstalled ribosome complex is consistent with our 0.5 FRET state; and
(iii) EF-Tu is in direct contact with the SRL near the GTP-binding
site in the GTPase-activated state24,37. From these observations, we
infer that the stabilizing contacts in the 0.5 FRET state that end the
initial selection process are precisely the contacts needed for GTP
activation and hydrolysis.
In this view, the SRL functions as a trans-acting, GTPase-activating factor that cannot productively contact EF-Tu until the ternary
complex is positioned in the GTPase-activated state (0.5 FRET).
This model explains the approximately ten-fold difference in the
rates of GTPase activation and GTP hydrolysis observed for cognate
and near-cognate aa-tRNAs17. In our model, movement of ternary
complex into the GTPase-activated state (0.5 FRET) can be achieved
only after a kinetic barrier is overcome through conformational
changes withing the ribosome and thermal fluctuations in the
position of tRNA. Increased Mg2+ concentration likely stabilized
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t-RNA-ribosome interactions, as well as increasing the instrinsic
rate of GTP hydrolysis, explaining the high sensitivity of GTP
hydrolysis to Mg2+ concentration17.
In agreement with this model, we observe that specific cleavage of the
SRL stalls aa-tRNA selection in the GTPase-activated 0.5 FRET state
while not affecting earlier steps in the pathway (see Fig. 2c,e). Ribosomes
bearing mutations in the SRL show diminished levels of GTP hydrolysis
and hyperaccurate tRNA selection35. Mutation and cleavage of the SRL
probably modifies its interaction with EF-Tu, slowing its capacity to
stimulate GTP hydrolysis. By increasing the delay time in the GTPaseactivated state prior to GTP hydrolysis fidelity could be enhanced by
allowing additional time for near-cognate ternary complexes to dissociate nonproductively.
The overall fidelity (7.1 × 10–3) of aa-tRNA selection in our system
(at 15 mM Mg2+) is similar to previous in vivo estimates of translational fidelity12. Quantitative treatment of the smFRET data shows
that there is an ∼6-fold selection against near-cognate aa-tRNA during
initial selection and ∼24-fold selection in proofreading after GTP
hydrolysis. As was seen in recent work, we expect that lowering the
Mg2+ concentration will further enhance fidelity where initial selection is expected to be most affected6,17,42.
Proofreading after GTP hydrolysis arises from the slow rate at which
accommodation at the PTC occurs38. After GTP hydrolysis, contacts
between the aa-tRNA and EF-Tu–GDP are weakened43. Release of the
3′ end of the aa-tRNA from EF-Tu allows for diffusion into the PTC
(Fig. 3, steps 5 and 6). Once freed from its interactions with EF-Tu, the
aa-tRNA is only weakly bound to the ribosome, and interactions in the
codon–anticodon complex again determine the efficiencies of progression in accommodation.
Our data support previous proposals that induced fit is again used
after GTP hydrolysis17 and that the mechanism may be driven by folding events on the 30S subunit41. In keeping with our proposal that
codon recognition triggers an initial folding step that positions cognate aa-tRNA closer to the GTPase-activated state, where it can form
stabilizing contacts, cognate tRNA may, after breaking its contacts
with EF-Tu, again be positioned better than near-cognate tRNA to
accommodate at the PTC.
aa-tRNAs make transient fluctuations to a 0.75 FRET state in the
GTPase-activated state, both before and after GTP hydrolysis (Fig. 1c,d).
This observation suggests that, before EF-Tu converts to the GDPbound form, the aa-tRNA can sample the accommodated state but not
participate in peptide bond formation. GTP hydrolysis and the subsequent conversion of EF-Tu to the GDP-bound conformation may
induce a conformational change of the PTC required for complete
accommodation and efficient peptide bond formation, as suggested by
mutation data and conformational flexibility of the PTC44–46. We speculate that the conformational change of EF-Tu may influence peptide
bond formation through its interaction with the SRL. This RNA element is physically coupled to the PTC via tertiary interactions with helix
91/92 (refs. 47,48). Specifically, the binding site for the 3′ end of the
aa-tRNA (the A loop) may be altered by GTP hydrolysis so as to allow
efficient accommodation into the PTC.
The results presented here show the efficacy of single-molecule
fluorescence for unraveling the dynamic and mechanistic details of
translation. aa-tRNA delivery at the A site of the ribosome mediated
by EF-Tu is observed to proceed through codon recognition
(0.35 FRET) and GTPase-activated (0.5 FRET) intermediates before
complete accommodation (0.75 FRET). Fidelity in translation is
achieved using both kinetic and steric mechanisms in initial selection before, and proofreading after, GTP hydrolysis. In both of these
steps, fidelity is greatly enhanced by differences in the movement of

cognate and near-cognate tRNA promoted by codon-anticodon
interactions on the 30S subunit to favor the formation of stabilizing
contacts with the 50S subunit. Although it is not known how
aa-tRNA selection affects the global conformation of the ribosome,
future single-molecule experiments may provide a means of
measuring the nature and time scales of ribosomal and tRNA conformational changes required for tRNA selection. Finally, singlemolecule experiments provide a direct observation of antibiotic
action on the ribosome.
METHODS
Reagent preparation and purification. Tightly coupled E. coli 70S ribosomes as
well as initiation and elongation factors were purified using standard methods26. tRNAfMet and tRNAPhe and were purchased from Sigma and labeled with
Cy3 and Cy5, respectively, at the naturally occurring modified nucleotides
acp3U at position 47 (tRNAPhe) and s4U at position 8 (tRNAfMet)26. Before
purification26, these tRNAs were aminoacylated, and tRNAfMet(Cy3-s4U8) was
formylated. The ternary complex of EF-Tu–GTP and Phe-tRNAPhe(Cy5acp3U47) was prepared as described26. Quartz microscope slides for totalinternal-reflection (TIR) fluorescence microscopy were prepared as
described26. Further details of reagent preparation and purification are presented in the Supplementary Methods online.
70S ribosomal complexes containing fMet-tRNAfMet(Cy3-s4U8) in the P site
were formed using synthetic 5′-biotinylated mRNAs that contained a 25nucleotide spacer region, a strong (UAAGGA) Shine-Dalgarno ribosomal
binding site and 12 codons derived from the open reading frame of T4 gene
product 32. Various 70S complexes were prepared in which only the sequence
identity of the second codon was altered from UUU (cognate) to either CUU
(near-cognate) or AAA (noncognate). Complexes were purified and immobilized on quartz surfaces as described26. Further details about ribosomal complex formation and purification are in Supplementary Methods online.
Single-molecule experiments. All single-molecule experiments were conducted in the following Tris-polymix buffer system: 50 mM Tris-OAc, pH 7.5
(25 °C), 100 mM KCl, 5 mM NH4OAc, 0.5 mM Ca(OAc)2, 15 mM Mg(OAc)2,
6 mM β-mercaptoethanol, 5 mM putrescine and 1 mM spermidine. To extend
the lifetimes and reduce the noise of Cy3 and Cy5 fluorescence, an oxygenscavenging system composed of 1% (v/v) β-D-glucose, 25 U ml–1 glucose oxidase and 250 U ml–1 catalase was used in all experiments as described26. A laboratory-built, prism-based TIR apparatus, based on an inverted microscope,
was used. Cy3- or Cy5-labeled molecules were excited using a diode-pumped
532-nm laser (CrystaLaser) or a 635-nm diode (Hitachi) laser. Fluorescence
emission was collected by a 1.2 NA 60× water-immersion objective (PlanApo,
Nikon) and imaged onto a cooled, back-illuminated charge-coupled device
(CCD) camera (MicroMax, Roper Scientific) with 9-pixel binning at 100-ms
exposure time. Stopped-flow delivery was achieved using a custom-built,
motor-driven syringe injection system, where the dead time for complete mixing after delivery of substrates is estimated at ∼500 ms. Ternary complex was
formed as described26 at a concentration of 2 µM, diluted with Tris-polymix
buffer to a final concentration of 7.5 nM and immediately delivered by stopped
flow to surface-immobilized ribosome complexes. Additional details concerning single-molecule experiments as well as the statistical analysis of the data are
in Supplementary Methods online.
Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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