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Directional transit of the ribosome along the messenger RNA
(mRNA) template is a key determinant of the rate and processivity
of protein synthesis. Imaging of the multistep translocation mech-
anism using single-molecule FRET has led to the hypothesis that
substrate movements relative to the ribosome resolve through
relatively long-lived late intermediates wherein peptidyl-tRNA en-
ters the P site of the small ribosomal subunit via reversible, swivel-
like motions of the small subunit head domain within the elongation
factor G (GDP)-bound ribosome complex. Consistent with trans-
location being rate-limited by recognition and productive engage-
ment of peptidyl-tRNA within the P site, we now show that base-
pairing mismatches between the peptidyl-tRNA anticodon and
the mRNA codon dramatically delay this rate-limiting, intramolec-
ular process. This unexpected relationship between aminoacyl-tRNA
decoding and translocation suggests that miscoding antibiotics
may impact protein synthesis by impairing the recognition of
peptidyl-tRNA in the small subunit P site during EF-G–catalyzed
translocation. Strikingly, we show that elongation factor P (EF-P),
traditionally known to alleviate ribosome stalling at polyproline
motifs, can efficiently rescue translocation defects arising from mis-
coding. These findings help reveal the nature and origin of the rate-
limiting steps in substrate translocation on the bacterial ribosome
and indicate that EF-P can aid in resuming translation elongation
stalled by miscoding errors.
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In bacteria, the process of directional substrate translocation is
catalyzed by the five-domain GTPase, elongation factor G (EF-G)

(Fig. 1A). EF-G, in complex with GTP [EF-G(GTP)], engages
the pretranslocation (PRE) complex containing deacylated tRNA
in the Peptidyl (P) site and peptidyl-tRNA in the Aminoacyl (A)
site to facilitate the precise, directional movement of the mes-
senger RNA (mRNA)-[tRNA]2 module (1–4) by one codon rel-
ative to the ribosome.
Ensemble measurements (5–9), together with pre–steady-state

single-molecule FRET (smFRET) imaging (refs. 10, 11 and ref-
erences therein) and structural studies (12–16), have revealed a
comprehensive model of the translocation mechanism. In this
framework, EF-G preferentially engages the PRE complex, in
which the small subunit has rotated with respect to the large by
∼8–10° and the deacylated P-site tRNA has adopted a hybrid, P/E
position within the P site (Fig. 1B). Upon engaging the A site,
EF-G catalyzes GTP hydrolysis to enable rapid “unlocking” of the
rotated small subunit to trigger large-scale structural rearrange-
ments in both EF-G and the ribosome (5, 10, 17, 18). These early
structural events facilitate the movements of both deacylated
tRNA and peptidyl-tRNA through partially translocated, chimeric
intersubunit hybrid positions (19–22). Such processes generate a
relatively long-lived late intermediate in the translocation process,
INT2, which can be efficiently trapped by the antibiotic fusidic
acid (FA) (14, 23, 24) (Fig. 1C). Structures of the FA-stalled state
have revealed that the formation of partially translocated tRNA
positions correlates with reverse rotation of the small subunit body
domain with respect to the large such that it is only partially ro-
tated (∼2–4°) (6, 18, 19, 22), as well as a swivel-like motion of the

small subunit head domain (∼18–20°) in the direction of trans-
location (5, 12, 14, 15, 24, 25).
Complete translocation from the INT2 intermediate state

entails rapid, reversible fluctuations into, and out of, a transient
intermediate conformation (INT3) (11), defined by exaggerated
movements of the small subunit head domain away from the
large subunit central protuberance (Fig. 1B). Such motions,
which may reflect tilting away from the subunit interface (26)
and/or hyperswivel-like motion in the direction of transloca-
tion are rate-limiting to the translocation mechanism (11). Al-
though their precise nature remains to be determined, reversible
INT2 ↔ INT3 fluctuations have been hypothesized (11) to re-
flect conformational changes within the EF-G–bound ribosome
that allow peptidyl-tRNA to fully engage the small subunit P site.
Once the peptidyl-tRNA–mRNA complex has achieved a post-
translocation (POST)-like position within the small subunit P
site, the head domain can then return to its unrotated, classical
conformation, releasing EF-G(GDP) and completing the process
of translocation (Fig. 1B).
To test the hypothesis that the peptidyl-tRNA engagement within

the small subunit P site is rate-limiting to the EF-G–catalyzed
translocation mechanism, we used a complementary set of
FRET-based measurements (11, 20, 27–29) to investigate the im-
pact of mismatches between the peptidyl-tRNA anticodon and the
mRNA codon. Consistent with the newly established translocation
framework (11), we observed that single mismatches in the codon-
anticodon helix reduce the rate of translocation by up to nearly two
orders of magnitude, where the defect principally manifests during
the INT2 ↔ INT3 exchange (Fig. 1B). These findings suggest that
the rate-limiting step in translocation specifically relates to the
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recognition and engagement of the peptidyl-tRNA anticodon/
mRNA codon pair within the small subunit P site. This unex-
pected relationship between A-site decoding and translocation
suggests that miscoding antibiotics may impact protein synthesis by
impairing P-site recognition during EF-G–catalyzed translocation.
In accordance with improper positioning of peptidyl-tRNA

within the P site, the translocation defects arising frommismatches
in the codon-anticodon pair were found to be efficiently rescued
by elongation factor P (EF-P), an abundant protein factor that
binds the ribosome at a site that overlaps with Exit (E)-site tRNA
(30). These observations imply that the impact of miscoding errors
during tRNA selection at the A site may stem from defects in
translocation that arise from poor recognition of the peptidyl-
tRNA anticodon/mRNA codon pair at the P site. They further
suggest a potentially novel EF-P function in the cell in which the
protein binds the vacant E site at intermediate states of trans-
location to suppress defects arising from miscoding errors.

Results
To provide unique perspectives on the large-scale movements
within reconstituted PRE complexes accompanying transloca-
tion, we used smFRET to image the relative movements of flu-
orophores site-specifically attached to S13 and L5 proteins within
the small and large subunits, respectively; A- and P-site tRNAs;
and EF-G (SI Materials and Methods). PRE complexes labeled in
this fashion are fully functional in single-turnover and processive
translation (10, 29, 31, 32).

To accommodate aminoacylated tRNA into the A site, where
specific mismatches are programmed into the mRNA codon/
peptidyl-tRNA anticodon pair, we incubated 70S initiation com-
plexes with specific ternary complexes composed of aminoacyl-
tRNA, GTP, elongation factor Tu, and elongation factor Ts (33)
at elevated Mg2+ (15 mM) for 15 min at 25 °C in polymix buffer
(34, 35). For consistency, control experiments were performed in
the same manner using PRE complexes programmed with a
cognate mRNA codon in the A site. Pre–steady-state smFRET
measurements of translocation were subsequently performed in a
low Mg2+ (5 mM) polymix buffer following previously established
procedures (11).

Single-Mismatch, Near-Cognate Peptidyl-tRNAs Exhibit Defects in
Translocation. We first monitored the translocation of LD550-
S13 (donor)– and LD650–peptidyl-tRNA (acceptor)–labeled
PRE complexes bearing fMet-Lys-tRNALys in the A site (Fig.
2A), wherein the mRNA codon was either cognate (AAA) or
programmed with a uridine mismatch at the first, second, or
third position (Fig. 2B). As previously reported (11), PRE
complexes labeled in this manner exhibited a mean FRET value
of 0.13 ± 0.06, in line with the estimated distance between the N
terminus of ribosomal protein S13 and peptidyl-tRNA in the
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Fig. 1. Structural models of the bacterial ribosome and EF-G and trans-
location scheme. (A) EF-G structural domains I–IV, GDP, FA, and the C ter-
minus are indicated. The structural model is based on Protein Data Bank
(PDB) ID code 4V7B (14). (B) Mechanistic framework of ribosome trans-
location (11) in which EF-G(GTP) binds preferentially to PRE complexes in
which the small subunit (blue) has rotated with respect to the large subunit
(dark gray) to induce “unlocking,” a process that enables the mRNA and
tRNA substrates to begin to move with respect to the small subunit.
Unlocking requires EF-G–catalyzed GTP hydrolysis. EF-G–induced unlocking
promotes the formation of the INT2 complex, characterized by tRNA com-
paction, 18–20° head swivel (blue), and partial small subunit back-rotation
(light gray). Reversible motions of the head domain away from the large
subunit central protuberance (purple), together with complete small subunit
back-rotation (white), lead to the INT3 complex. Recognition of peptidyl-
tRNA within the small subunit P site triggers reverse swivel of the small
subunit head domain, returning it to its classical position (white) from which
EF-G(GDP) dissociates. (C) EF-G–bound, FA-stalled PRE complex showing
compacted positions of deacylated (deacyl) and peptidyl-tRNAs (orange).
The rRNA and large-subunit (50S) proteins are shown in gray and purple,
respectively, and small-subunit (30S) proteins are shown in tan. The positions
of ribosomal proteins S13 and L5 are indicated, as well as the GTPase-
activating center (GAC) and EF-G. The structural model is based on PDB ID
code 4W29 (14).
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Fig. 2. PRE complexes bearing miscoded peptidyl-tRNA within the A site
display marked translocation defects. (A) Schematic of the translocation re-
action coordinate monitored by an smFRET labeling strategy in which the N
terminus of S13 (gray) and peptidyl-tRNA (orange) have been site-specifically
labeled with donor (green) and acceptor (red) fluorophores, respectively
(Materials and Methods). (B) Population FRET histograms showing pre–steady-
state translocation of S13/tRNA-labeled PRE complexes bearing peptidyl-
tRNALys programmed with cognate (AAA) and near-cognate (AAU, AUA, and
UAA) mRNA codons. (C) Population FRET histograms showing pre–steady-state
translocation of S13/tRNA-labeled PRE complexes bearing peptidyl-tRNAPhe

programmed with cognate (UUC and UUU) and near-cognate (UCU and CUU)
mRNA codons. Data were acquired at a 1-s time resolution. The number (n) of
individual FRET trajectories in each histogram is indicated.
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PRE complex (Table S1). This FRET value represents both
unrotated and rotated states of the PRE complex, which spon-
taneously exchange on a subsecond time scale (11, 28, 29).
As expected (11), stopped-flow delivery of a saturating con-

centration (10 μM) of EF-G(GTP) to PRE complexes bearing a
cognate codon-anticodon pair led to a rapid, transient increase in
the mean FRET value (to ∼0.2 FRET), corresponding to INT2
formation, followed by a rate-limiting transition into intermediate-
FRET (0.42 ± 0.06) or high-FRET (0.74 ± 0.06) POST confor-
mations (Fig. 2B, Table 1, and Table S1). The “classical POST”
state exhibits intermediate FRET, which reversibly fluctuates to a
hybrid-like, high-FRET POST state, identified as such by puro-
mycin release of the nascent peptide (Fig. S1). Strikingly, com-
plexes programmed with mismatches in the codon-anticodon pair
displayed dramatic (six- to 12-fold) defects in the overall trans-
location rate [kPOST; the rate of POST-state formation from the
time of EFG-(GTP) injection] that could be specifically ascribed
to the INT2-to-POST transition (Fig. 2B and Table 1). Even more
dramatic reductions in translocation rates were observed between
analogous cognate and mismatched PRE complexes bearing fMet-
Phe-tRNAPhe in the A site (up to 80-fold defects; Fig. 2C, Table 1,
and Fig. S1). For both systems, the observed translocation de-
fects correlated with a reduction in rates of aminoacylated
tRNA accommodation into the A site and peptidyl-tRNA dis-
sociation after accommodation (SI Materials and Methods, Fig.
S2, and Table S2). These findings suggest that mRNA codon/
peptidyl-tRNA anticodon mismatches in the A site arising from
errors during tRNA selection principally affect late steps in the
process of translocation that occur after the INT2 complex is
formed (Fig. 1B).

Early Translocation Steps Are only Modestly Altered by Codon-
Anticodon Mismatches. To specifically ascertain whether, and to
what extent, steps preceding INT2 formation are affected by
mismatches in the mRNA codon/peptidyl-tRNA anticodon pair,
we monitored the translocation of donor- and acceptor-labeled
deacylated and peptidyl-tRNAs (11, 32, 36) (Fig. 3A). To do so,
PRE complexes were programmed with deacylated tRNAfMet

(Cy3-s4U8-tRNAfMet) in the P site and either fMet-Phe-tRNAPhe

or fMet-Lys-tRNALys (LD650-acp3U47-tRNAPhe/Lys) in the A
site. In this experiment, we compared the translocation of PRE
complexes programmed with cognate peptidyl-tRNAs in the A
site with those with codon-anticodon mismatches in the A site
most prone to miscoding (UCU, AAU; Table S2).
As previously established (32, 36), both cognate (UUC, AAA)

PRE complexes were highly dynamic, spontaneously transitioning
between classical (A/A, P/P), hybrid-1 (H1; A/P, P/E), and hybrid-2
(H2; A/A, P/E) configurations on the subsecond time scale. These
distinct ribosome conformations exhibited mean FRET values
of ∼0.7 (high), ∼0.4 (intermediate), and ∼0.2 (low), respectively

(Fig. 3 B and C and Table S3). As expected (11), EF-G(GTP)–
catalyzed translocation of both complexes proceeded via the spe-
cific depletion of H1 and H2 hybrid states, rapidly enriching the
high-FRET, tRNA-compacted INT2 configuration, followed by a
loss of FRET upon deacylated-tRNA release (Fig. 3A).
PRE complexes bearing mismatches in the A site also

exhibited spontaneous fluctuations between classical and hybrid
states (Table S3). As for PRE complexes bearing cognate
peptidyl-tRNA, stopped-flow addition of EF-G(GTP) (10 μM)
resulted in the specific depletion of hybrid configurations in both
complexes (UCU and AAU), followed by rapid enrichment of a
high-FRET, INT2-like configuration, and the loss of FRET (Fig.
3 B and C). For both systems, the rate of INT2 formation was
either reduced or increased by approximately two- to fourfold,
depending on the position of the codon-anticodon mismatch and
peptidyl-tRNA identity (Fig. 3 B and C and Table S4). These
results indicate that translocation steps preceding INT2 forma-
tion are only modestly affected by mRNA codon/peptidyl-tRNA
anticodon mismatches in the A site (37). The observed rates of
deacylated tRNA release from the E site parallel these modest
defects (Table S4). Akin to FA-induced stalling of the trans-
location mechanism (11), the rates of deacylated tRNA release
were nearly five- to 10-fold faster than formation of the POST
complex (Table 1 and Table S4) and 10- to 50-fold faster than
the rate of fluorophore photobleaching (∼0.06 s−1). We conclude
from these findings that the most substantial translocation defect
(∼98% for UCU, ∼95% for AAU) is subsequent to achieving
the INT2 conformation.

mRNA Codon/Peptidyl-tRNA Anticodon Mismatches Inhibit Late Steps
in Translocation. To probe the impact of codon-anticodon mis-
matches in the A site on small subunit head domain motions
accompanying translocation, we evaluated PRE complexes labeled
at ribosomal proteins S13 (donor, LD550) and L5 (acceptor,

Table 1. Rates of POST complex formation for PRE complexes
programmed with matched and mismatched peptidyl-tRNA
anticodon/mRNA codon pairs

Codon kPOST, s
−1 kPOST,cog/kPOST,ncog

AAA (COG-Lys) 0.62 ± 0.01 1.0 ± 0.0
AAU (NCOG-Lys) 0.11 ± 0.01 5.8 ± 0.2
AUA (NCOG-Lys) 0.05 ± 0.01 12.3 ± 0.5
UAA (NCOG-Lys) 0.08 ± 0.02 7.6 ± 0.3
UUC (COG-Phe) 2.99 ± 0.24 1.0 ± 0.1
UUU (COG-Phe) 2.82 ± 0.34 1.1 ± 0.2
UCU (NCOG-Phe) 0.07 ± 0.01 40.4 ± 7.3
CUU (NCOG-Phe) 0.04 ± 0.01 74.8 ± 15.2

The ratios of kPOST [equivalent to krelocking described previously (11)] for
cognate (COG) and near-cognate (NCOG) programmed PRE complexes are
shown to indicate the relative translocation defect.
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Fig. 3. PRE complexes bearing matched and mismatched peptidyl-tRNA an-
ticodon/mRNA codon pairs within the A site exhibit only modest differences in
the rates of early translocation steps. (A) Schematic of the translocation re-
action coordinate monitored in tRNA/tRNA-labeled PRE complexes, where the
sites of donor (deacylated-tRNA) and acceptor (peptidyl-tRNA) fluorophore
labeling are indicated with green and red circles, respectively. (B) Population
FRET histograms showing pre–steady-state EF-G–catalyzed translocation of
tRNA/tRNA-labeled PRE complexes bearing peptidyl-tRNAPhe in the A site
programmed with either a cognate (Left, UUC) or near-cognate (Right, UCU)
mRNA codon. The time delay between EF-G(GTP) addition and the average
time to achieve the INT2 state is indicated. (C) Population FRET histograms
showing pre–steady-state EF-G–catalyzed translocation of tRNA/tRNA-labeled
PRE complexes bearing peptidyl-tRNALys in the A site programmed with either
a cognate (Left, AAA) or near-cognate (Right, AAU) mRNA codon. Data were
acquired at a 40-ms time resolution. The number (n) of individual FRET tra-
jectories in each histogram is indicated.
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LD650) (11) (Fig. 4A). Complexes labeled in this manner bearing
deacylated tRNAfMet in the P site and a cognate fMet-Lys-tRNALys

in the A site displayed spontaneous fluctuations between
intermediate- and high-FRET states. As previously established,
these states reflect the interconversion between rotated (hybrid)
and unrotated (classical) conformations of the PRE complex,
respectively (11, 29).
As expected (11), stopped-flow EF-G(GTP) addition (10 μM)

to PRE complexes programmed with cognate peptidyl-tRNA
(AAA) rapidly and efficiently converted the rotated population
(0.58 ± 0.07 FRET) to an unrotated (0.75 ± 0.05 FRET) POST
configuration, via transient, lower FRET (<0.5) conformations
(Figs. 1B and 4B and Table S5). These lower FRET states
principally reflect the transit between INT2 (∼0.5 FRET) and
INT3 (∼0.4 FRET) conformations on the path to POST complex
formation (11). In stark contrast, complexes bearing first-, sec-
ond-, or third-position mismatches exhibited extended periods of
delay before POST state formation in which lower FRET states
were exhibited (Fig. 4B and Table S5). Similar delays were ob-
served in phenylalanine-mismatched complexes (Fig. S3).
In line with these defects reflecting the engagement of the

mRNA codon/peptidyl-tRNA anticodon pair at the P site, the
position of the codon-anticodon mismatch had strong and dis-
tinct influences on the progression through late (lower FRET)
translocation intermediates (Fig. 4B). Visual inspection of
smFRET recordings revealed direct evidence of prolonged
periods of reversible fluctuations between INT2 and INT3
FRET states before POST complex formation (Fig. 5 and Fig.
S1B). These findings provide compelling evidence that P-site
recognition, achieved via the INT3 conformation, is the rate-
limiting step in substrate translocation on the bacterial ribosome.

EF-G Remains Bound to the Mismatch-Stalled Translocation Intermediates.
The translocation of cognate peptidyl-tRNA takes place while
EF-G is bound to the ribosome (11). To establish whether EF-G
remains affixed to the A site during the prolonged translocation
of mismatched peptidyl-tRNAs, we performed three-color im-

aging to track the residence time of EF-G on the ribosome
during translocation via FRET signals from donor-labeled
(Cy3B) peptidyl-tRNA to acceptor-labeled (LD650) S13 and to
acceptor-labeled (LD750) EF-G(GTP) (11) (Materials and
Methods and Fig. 6A). For clarity, individual FRET recordings
were synchronized to the loss of FRET between EF-G and
peptidyl-tRNA.
In line with the estimated rate of EF-G turnover in vitro

under conditions of processive translation (∼1–3 s−1) (10, 11,
38, 39), the residence time of EF-G on cognate PRE com-
plexes programmed with fMet-Phe-tRNAPhe in the A site was
∼250 ms (Fig. 6B). By contrast, a second position mismatch in
the codon-anticodon pair increased the EF-G residence time
40-fold to 10 s (Fig. 6C). These data indicate that EF-G re-
mains bound to the ribosome for the entire duration of the
translocation stall until POST complex formation has been
achieved (Table 1).

The Miscoding Translocation Defect in Aminoglycoside Action. Ami-
noglycosides target the ribosome to affect the accuracy of
aminoacyl-tRNA selection at the A site (40). Although known to
increase miscoding rates, this effect alone is thought to be in-
sufficient to explain their bactericidal activity (41, 42). Amino-
glycosides have also been shown to bind to cognate PRE
complexes to reduce the rates of EF-G–catalyzed translocation
(43–47) and EF-G–catalyzed ribosome recycling (48). These
perturbations to protein synthesis have been attributed to drug
binding to the central bridge B2 region, including the helix 44
(h44) decoding site within the small subunit 16S rRNA and Helix
69 (H69) within the large subunit 23S rRNA (28, 49, 50). Ami-
noglycoside binding to h44 locally restructures the decoding
center to induce extrahelical conformations of the universally
conserved A1492 and A1493 residues (50, 51) to promote direct
interactions with the codon–anticodon complex that promote
miscoding (50, 52). Aminoglycoside binding to H69 impacts dy-
namic processes in the ribosome, including reversible subunit
rotation (53).
We examined the impacts of the 4,6-linked aminoglycoside

paromomycin on the mechanism of translocation in the absence
and presence of mismatches in the codon-anticodon pair. For
these experiments, Lys-tRNALys was incorporated into the A site
in the presence of 100 nM paromomycin, followed by either buffer
exchange to remove the drug (29) or rinsing with buffer containing
a specified paromomycin concentration to probe the drug’s addi-
tional impacts on the translocation mechanism. Consistent with
efficient paromomycin removal from the ribosome after buffer
exchange, cognate PRE complexes bearing fMet-Lys-tRNALys in
the A site translocated at a rate indistinguishable from the
uninhibited process (Table 1 and Fig. S4). In the presence of
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paromomycin (10 μM), the rate of translocation was reduced by
up to 20-fold (Fig. S4).
Analogous experiments performed on PRE complexes bearing

mismatches in the mRNA codon/peptidyl-tRNA anticodon pair
revealed that paromomycin only modestly reduced the rate of
translocation beyond that caused by the mismatch alone (Fig. S4)
up to a concentration of 100 nM. Notably, the concentrations of
paromomycin required to substantially impact translocation rates
appeared higher for near-cognate PRE complexes than for
cognate PRE complexes.

EF-P Can Rescue Translocation Defects Arising from A-Site Miscoding.
EF-P binds the ribosome between the ribosomal P and E sites
(30). Interactions between domain I of EF-P and the CCA end of
the P-site tRNA stimulate peptide bond formation in PRE
complexes stalled by specific motifs, including polyproline se-
quences (54–57). Surprisingly, we find that saturating EF-P
concentrations (10 μM) efficiently rescued miscoding-induced
translocation defects (Fig. 7A and Table S6). These results re-
veal that ribosome complexes bearing mismatches within the
peptidyl-tRNA anticodon/mRNA codon pair are specifically
stalled at a stage before complete translocation after the release
of deacylated tRNA from the E site (Fig. 3B and Table S4).
Interestingly, EF-P lacking the β-lysinylation modification (K34A
mutant; EF-Pm) that is essential to rescue of peptidyltransferase
defects on the classically configured PRE complex (55, 56, 58, 59)
also exhibited an ∼10-fold higher K1/2 (730 ± 123 nM, where K1/2
is the factor concentration at which the increment in the trans-
location rate is half its maximum) than the WT protein (73 ±
14 nM) for the translocation intermediate (Fig. S5 and Table S6).

Discussion
While the global rate and accuracy of translocation have been
extensively investigated (37, 60–65), the specific impact of base-
pairing mismatches in the peptidyl-tRNA anticodon/mRNA co-
don pair on the rate of peptidyl-tRNA translocation into the P
site has yet to be directly examined in a pre–steady-state, single-
turnover setting. The present investigations leverage the unique
capacity of single-molecule methods to probe distinct subpopu-
lations in a heterogeneous ensemble. By tracking the trans-
location reaction coordinate of the subpopulation of PRE
complexes formed by miscoding at the A site from four distinct
structural perspectives, we reveal direct evidence that mis-
matches in the mRNA codon/peptidyl-tRNA anticodon pair can
reduce the rate of translocation by up to two orders of magni-
tude. Importantly, the translocation defects were observed to
arise during late steps in the translocation mechanism. PRE
complexes specifically displayed extended periods of fluctuation
between the structurally defined INT2 state and the highly
transient INT3 intermediate (Fig. 1B), whose structure is pres-
ently unknown.
The INT2 state (Fig. 1C) structure was trapped during the

process of translocation using high concentrations of FA (11).
This state is also referred to as the POST-like translocation in-
termediate (TI-POST) as both the mRNA and tRNA substrates
are nearly fully translocated with respect to the small subunit
body domain (12, 14, 15). The TI-POST is distinguished from the
bona fide POST state in three structural respects. The small
subunit head domain is swiveled by ∼18–20° in the direction of
translocation, the small subunit body domain is rotated by ∼2–4°
relative to the unrotated classical POST configuration, and
peptidyl-tRNA has yet to fully engage the P site. As the move-
ment of the peptidyl-tRNA codon-anticodon pair toward the P
site entails a swivel-like motion of the small subunit head domain,
together with reverse rotation of the small subunit body (13), we
have hypothesized that INT2 ↔ INT3 exchange events reflect
thermally driven, hyperswivel motions of the small subunit head
domain within the EF-G(GDP)–bound ribosome. This model
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posits that the exaggerated movements of the head domain, to-
gether with reverse rotation of the body domain, enable peptidyl-
tRNA to fully accommodate into the P site. This final step of
mRNA and tRNA movement appears to rapidly trigger small
subunit head domain relocking (reverse swivel) and POST com-
plex formation from which EF-G(GDP) can swiftly release.
Hence, the transit of peptidyl-tRNA from the A site to the P site
(15) constitutes a P-site tRNA recognition process that is rate-
limiting to the translocation mechanism on the bacterial ribo-
some and strongly dependent on proper pairing of the peptidyl-
tRNA anticodon with the mRNA codon.
The precise nature of the miscoding-induced translocation de-

fect requires further investigation. As has been observed for tRNA
recognition at the A site (66), poorly matched mRNA codon-
anticodon pairs may have impacts on shape-specific recognition
at the P site as well as distortions in the peptidyl-tRNA body that
are enforced by restructuring of the tRNA anticodon upon en-
trance and accommodation at the P site. The improper positioning
of peptidyl-tRNA is, in turn, expected to affect EF-G interactions
with the codon-anticodon pair as well as the ribosome. These al-
terations within the PRE complex increase the period in which
fluctuations between INT2 and INT3 intermediates occur before
the system resolves to the POST state (Fig. 5).
One of the most striking and important features of the ob-

served translocation defect is that EF-G remains engaged with
the ribosome until translocation has been completed (Fig. 6).
Equally notable is that deacylated tRNA can release from the
ribosome during the prolonged INT2 ↔ INT3 exchange (11)
(Fig. 3). As the available INT2 (TI-POST) structures suggest
considerable steric constraints on deacylated tRNA release from
the E site (14, 15), we infer that tRNA dissociation occurs from
the INT3 conformation, or a similar state, in which the E site is
opened and solvent-accessible. Opening of the E site may in-
clude breaking of deacylated tRNA-L1 stalk interactions as well
as exaggerated motions of the small subunit head domain. We
conclude from these observations that EF-G contributes to
maintaining the ribosome in a conformation where the small
subunit P site exhibits low-affinity binding for improperly
matched peptidyl-tRNA anticodon/mRNA codon pairs. The
structural features of the INT3 complex that render the P site
low-affinity and sensitive to the nature of the anticodon-codon
pair may have important implications for ribosomal frameshift-
ing (39, 67, 68), as well as the process of translation initiation,
wherein the ribosomal P site must also exhibit low affinity for
tRNA until the start site codon and initiator tRNA are properly
matched (69).
The prolonging of translocation as a result of inappropriate

aminoacyl-tRNA decoding at the A site is expected to have strong,
negative impacts on cellular protein synthesis, particularly in the
context of polysomes. The full repertoire of cellular mechanisms
responsible for recognizing and resolving ribosome complexes
stalled by miscoding errors is not presently known. In principle,
such complexes could be dissociated through active mechanisms,
where the release of peptidyl-tRNA would necessitate the actions
of peptidyl-tRNA hydrolase (70, 71), or through rescue mecha-
nisms that relieve the blockade. As the A site is occupied by EF-G,
thus precluding mechanisms involving RelE, RelA, and tmRNA
(26, 72–74), the recognition of such complexes may be most
readily achieved through the vacant E site and/or the exaggerated
positions of the small subunit head domain.
Consistent with this model, we find that EF-P can efficiently

rescue translocation defects exhibited by miscoded complexes,
albeit strongly dependent on the nature of the mismatch (Fig. 7A
and Table S6). In the cell, EF-P’s impact on translocation is
expected to hinge on the time delay between opening of the E
site following deacylated tRNA release and peptidyl-tRNA en-
gagement at the P site as well as EF-P’s concentration [estimated
to range from 10–40 μM (5,000–20,000 copies per cell) (75, 76)].

These findings suggest that EF-P can potentially contribute to
the cell’s tolerance of miscoding errors (42, 77, 78). Consistent
with such a physiological role, EF-P has been implicated in the
modulation of drug resistance (59, 79), including resistance to
gentamicin, a 4,6-linked aminoglycoside that promotes miscod-
ing during tRNA selection (80). As for EFP’s rescue of poly-
proline sequences (56), the translocation-rescuing activities of
EF-P were also found to be strongly dependent on its con-
served posttranslational modification located at the tip of do-
main 1 (Fig. S5). Further investigations will be needed to
delineate whether the β-lysinylation modification simply in-
creases EFP’s binding affinity to the vacant E site during the
prolonged INT2 ↔ INT3 exchange or if the effect of the modi-
fication is to facilitate repositioning of peptidyl-tRNA within the
large subunit P site to allosterically impact the P-site recognition
process and translocation (Fig. 7B).
Given that stalled translocation complexes resulting from

A-site miscoding errors bear only a single, chimeric, intersubunit,
hybrid-state tRNA, such complexes may also be particularly
prone to frameshifting or premature “drop off” from mRNA (42,
81). The successful translocation of mismatched mRNA codon/
peptidyl-tRNA anticodon pairs may also result in proofreading
through premature termination (82, 83). Such considerations
suggest that the frequency of miscoding during cellular protein
synthesis may be larger than functional estimates, as most of
these depend on a fully translated reporter protein to produce a
readout (84–86). Translocation stalling arising from miscoding
may also influence cotranslational protein folding (87–90),
and thus contribute to the aminoglycoside-induced cellular
catastrophe that arises from the loss of cellular proton gradi-
ents at the outer membrane (91, 92). We therefore speculate that
aminoglycoside-induced miscoding of aminoacyl-tRNA at the A
site may contribute to bactericidal activity through the inhibition
of the peptidyl-tRNA entry into the P site.
Further investigations will be needed to examine this proposed

mode of aminoglycoside action and to query whether translocation-
stalling phenomena are considerably different in distinct mRNA
contexts or deeper into the protein ORF (93). In this context, it will
be important to examine the physiological impacts of regulated
changes in EF-P concentration, or that of its multifunctional
eukaryotic homolog eIF5A (94).

Materials and Methods
Details are provided in SI Materials and Methods. Fluorescently labeled ri-
bosomes, EF-G, and tRNAs were prepared as previously described (28, 29, 95).
PRE complexes were generated on surface-immobilized ribosomes as de-
scribed previously (32). PRE complex preparation differed in the 15-min in-
cubation of the ternary complex solution at 15 mM Mg(OAc)2 to induce
miscoding, followed by a wash with the original 5 mM Mg[OAc]2 polymix
buffer. All experiments were conducted at 25 °C in Tris-polymix buffer
[50 mM Tris-OAc (pH 7.5), 100 mM KCl, 5 mM NH4OAc, 0.5 mM Ca(OAc)2,
0.1 mM EDTA, 5 mM putrescine, 1 mM spermidine, and 1.5 mM β-mercap-
toethanol] with 5 mM Mg(OAc)2, a mixture of triplet-state quenchers (1 mM
Trolox, 1 mM nitrobenzyl alcohol, and 1 mM cyclooctatetraene) (96), and an
enzymatic oxygen scavenging system (97). Acquisition and analysis of FRET
data and selection of translocating traces were performed as previously
described (11).
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