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The L1 stalk is a mobile domain of the large ribosomal subunit E site
that interacts with the elbow of deacylated tRNA during protein
synthesis. Here, by using single-molecule FRET, we follow the
real-time dynamics of the L1 stalk and observe its movement
relative to the body of the large subunit between at least 3 distinct
conformational states: open, half-closed, and fully closed. Pretrans-
location ribosomes undergo spontaneous fluctuations between
the open and fully closed states. In contrast, posttranslocation
ribosomes containing peptidyl-tRNA and deacylated tRNA in the
classical P/P and E/E states, respectively, are fixed in the half-closed
conformation. In ribosomes with a vacant E site, the L1 stalk is
observed either in the fully closed or fully open conformation.
Several lines of evidence show that the L1 stalk can move inde-
pendently of intersubunit rotation. Our findings support a model
in which the mobility of the L1 stalk facilitates binding, movement,
and release of deacylated tRNA by remodeling the structure of the
50S subunit E site between 3 distinct conformations, corresponding
to the E/E vacant, P/E hybrid, and classical states.

dynamics � single-molecule FRET � translocation

Protein synthesis is a complex multistep process that involves
translocation of tRNAs through the ribosome, from the A

(aminoacyl) to P (peptidyl) to E (exit) sites, along a path of �100
Å (1). Translocation occurs in separate consecutive steps on
the 2 ribosomal subunits. In the first step, after peptide bond
formation, the acceptor ends of the tRNAs move from the A
and P sites of the 50S subunit to the P and E sites, respectively,
whereas the anticodon ends of the peptidyl-tRNA and de-
acylated tRNA remain in the A and P sites of the 30S subunit,
resulting in formation of the A/P and P/E hybrid states (2).
Subsequently, the tRNAs move from the A/P and P/E states to
the P/P and E/E states, in a step catalyzed by elongation factor
(EF) G and GTP (Fig. 1A).

The structural dynamics of the ribosome play a central role in
translocation. Cryo-EM studies of ribosomes bound with EF-G
and a single deacylated tRNA showed an altered conformation,
in which the small subunit was rotated counterclockwise with
respect to the large subunit, and the unusual orientation of the
tRNA suggested that it was bound in the P/E state (3, 4).
Combined bulk FRET and chemical probing experiments con-
firmed that the binding state of the tRNA in the rotated
ribosomes is indeed identical to the P/E hybrid state (5, 6). By
using single-molecule FRET (smFRET) it was recently demon-
strated that pretranslocation ribosomes containing deacylated
tRNA in the P site fluctuate spontaneously between 2 rotational
conformations corresponding to the classical and hybrid states
(7–9). Comparison of cryo-EM and X-ray structures of ribo-
somal complexes suggests that during translocation intersubunit
movement is coupled to additional structural rearrangements
within both the small and large subunits (4, 10–12). In particular,
movement of a structural feature of the 50S subunit known as the
L1 stalk has been implicated in translocation (4, 12, 13).

The L1 stalk, which comprises ribosomal protein L1 and
helices 76, 77, and 78 of 23S rRNA, forms the contact with the
elbow of tRNA in the E site (14–16). Cryo-EM and X-ray studies
show the L1 stalk in at least 3 different orientations relative to
the body of the 50S subunit (10). In X-ray structures of ribosomes
with a vacant E site or in isolated 50S subunits, the L1 stalk is
found in an ‘‘open’’ conformation, extended away from the body
of the subunit (11, 17). When deacylated tRNA is bound in the
classical E/E state, the stalk moves inward by 30–40 Å, allowing
it to contact the elbow of the tRNA (14, 15). In hybrid state
complexes, the L1 stalk moves by an additional 15–20 Å relative
to its position in the E/E state complex to enable contact with the
elbow of P/E tRNA (4, 12).

Recently, spontaneous fluctuations in smFRET between fluo-
rescently labeled tRNA and protein L1 have been interpreted as
an indication of inward movement of the L1 stalk on movement
of deacylated tRNA into the 50S E site during translocation or
spontaneous hybrid state formation (13). No significant differ-
ences in tRNA-L1 FRET were observed between the classical
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Fig. 1. Experimental design. (A) Schematic depiction of the movement of
deacylated (OH) and peptidyl (Pep) tRNAs through the ribosome from the
classical P/P and A/A states (Left) into the hybrid P/E and A/P states (Center) to
the classical E/E and P/P states (Right) during one round of translocation. (B)
Positions of fluorescent Cy5 and Cy3 dyes attached to cysteines at position 88
of protein L1 (red) and position 29 of protein L33 (green) in the 50S subunit,
viewed from the subunit interface side in the crystal structure (15).
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E/E and hybrid P/E states. However, interpretation of these
experiments is ambiguous because of the attachment of the
fluorophores to tRNA and protein L1, both of which are mobile
structural elements. Thus, movement of the L1 stalk has yet to
be observed by smFRET directly and independently of tRNA
movement. Moreover, it remains unclear how many conforma-
tional states the L1 stalk can adopt, and what their relative
stabilities and rates of interconversion are.

Here, we address these questions by using smFRET between
2 fluorophores attached to proteins L1 and L33 of the 50S
subunit, allowing direct observation of motions of the L1 stalk
between different functional states of the translation elongation
pathway. We found that the L1 stalk moves between at least 3
distinct structural states, relative to the body of the 50S subunit.
Movement between these states is controlled by the positions
and acylation states of the tRNAs bound to the ribosome. These
findings bear on the mechanisms by which tRNAs are moved
through and released from the ribosome during the elongation
cycle of protein synthesis.

Results
We introduced fluorescent labels by conjugation with unique
cysteines created by directed mutagenesis, at position 88 of L1
and (to provide a static landmark in the 50S subunit by which to
measure movement of the L1 stalk) position 29 of L33 (Fig. 1B).
Protein L1 (labeled with Cy5) and protein L33 (labeled with
Cy3) were incorporated by in vitro reconstitution with 50S
subunits derived from a double-mutant strain containing precise
genomic deletions of the genes for both L1 and L33. This dye pair
arrangement avoids convoluting the FRET signal due to L1 stalk
movement with the motions of intersubunit rotation or tRNA
rearrangement. Functional assays showed that at least 50–60%
of purified reconstituted, labeled ribosomes 70S:L1(Cy5)/
L33(Cy3) were active in in vitro translocation [supporting in-
formation (SI) Fig. S1].

Two different pretranslocation complexes were assembled by
binding the peptidyl-tRNA analogue N-Ac-Phe-tRNAPhe to the
A site of ribosomes containing either deacylated tRNATyr or
tRNAfMet in the P site in the presence of the defined mRNAs
m301 or m291, respectively (18) (see Materials and Methods).
Pretranslocation ribosome complexes were then immobilized in
polymer-passivated microscope slide/coverslip chambers via a
biotin-derivatized DNA oligonucleotide annealed to the mRNA
(7) and were visualized by using total internal reflection micros-
copy (19). Both complexes were observed to fluctuate between
a low FRET (�0.25) and a high FRET (�0.55) state (Fig. 2).
These FRET transitions were observed in 34% of traces for
pretranslocation complexes containing tRNATyr in the P site and
in 58% of traces for ribosomes containing tRNAfMet in the P site.
The rest either photobleached quickly or did not show fluctua-
tions. Based on the dye locations and previous biochemical and
structural characterization of similar complexes, we infer that
ribosome populations primarily in a low-FRET regime corre-
spond to an open state of the L1 stalk with populations primarily
in the high-FRET regime in a closed conformation of the L1
stalk in the P/E hybrid state. This interpretation is consistent
with previous smFRET studies of intersubunit and tRNA move-
ments, which concluded that under similar conditions pretrans-
location ribosomes fluctuate spontaneously between the hybrid
and classical states (7, 9, 13).

SmFRET traces for the pretranslocation complexes were then
subjected to hidden Markov model (HMM) analysis to deter-
mine whether these data correspond to only 2 states or whether
additional intermediate states exist (20). For both complexes,
only 2 states were observed (Fig. 2 and Fig. S2). The smFRET
data were then used to calculate forward and reverse rates for the
following ‘‘open-closed’’ structural rearrangement (Scheme 1).
For the pretranslocation complex containing tRNATyr in the P

site, the closing rate was 1.41 � 0.20 s�1 with an opening rate of
0.68 � 0.15 s�1 (Table 1). For the pretranslocation complex
containing tRNAfMet in the P site, the rates were virtually
reversed with a closing rate of 0.34 � 0.01 s�1 and an opening
rate of 1.22 � 0.05 s�1 (Table 1). The slower rate of L1 stalk
closing and higher rate of L1 stalk opening in pretranslocation
ribosomes containing tRNAfMet in the P site are consistent with
the known lower propensity of tRNAfMet to move into the hybrid
P/E state (5, 21–23).

We next tested the effect of A site occupancy on L1 stalk
dynamics by using complexes that contained only a single
deacylated tRNA bound to the P site. Transitions between just
2 FRET states were again detected by HMM analysis of data
from ribosomes containing tRNAfMet in the P site with a vacant
A site (Fig. 2C). A closing rate of 0.41 � 0.12 s�1 and an opening
rate of 0.33 � 0.15 s�1 were observed (Table 1). Thus, although
binding of N-Ac-Phe-tRNAPhe to the A site does not affect the
rate of L1 stalk closing, it increases the rate of opening by
�3.7-fold. Interestingly, in our previous studies on intersubunit
rotation, binding N-Ac-Phe-tRNAPhe to the A site of ribosomes
containing tRNAfMet in the P site also shifted the equilibrium
toward the nonrotated, classical state, although in contrast to L1
stalk movement, the rate of forward (classical to hybrid) rotation
of the 30S subunit decreased by �2-fold and the rate of reverse
rotation was unchanged (9).

We next tested how EF-G-catalyzed translocation of a pre-
translocation complex affects the equilibrium between different
conformations of the L1 stalk. FRET histograms built from
several hundred traces show that pretranslocation ribosomes
containing tRNATyr in the P site and N-Ac-Phe-tRNAPhe in the
A site were primarily in the closed (hybrid) state (Fig. 3A) with

Fig. 2. Representative FRET time trajectories of L1 stalk dynamics. Traces
show fluorescence intensities observed for Cy3 (green) on ribosomal protein
L33 and Cy5 (red) on ribosomal protein L1 and the calculated FRET trace in
blue. The fitted HaMMy curves are superimposed on the FRET trajectories in
black. Fluorescence intensities are only shown for the complex in A. Complexes
were formed from labeled 70S ribosomes containing tRNATyr in the P site and
N-Ac-Phe-tRNAPhe in the A site (A), tRNAfMet in the P site and N-Ac-Phe-tRNAPhe

in the A site (B), or tRNAfMet in the P site with a vacant A site (C).
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Open 
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an associated equilibrium constant of 2.85 (Table S1). Translo-
cation with EF-G and GTP dramatically changed the FRET
distribution, shifting the bulk of the complexes from the closed
to the open conformation (Fig. 3B). Our previous FRET studies
on intersubunit rotation showed that posttranslocation ribo-
somes are predominantly fixed in the classical (nonrotated) state
(9). Deacylated tRNA has been shown to dissociate from the E
site after EF-G-dependent translocation (21, 24–26). Our find-
ing that the L1 stalk is found in the open conformation in the
majority of posttranslocation ribosomes is consistent with re-
lease of the deacylated tRNA from the ribosome after translo-

cation into the E/E state. To saturate the E site of posttranslo-
cation ribosomes with deacylated tRNA bound in the E/E state,
we added excess tRNATyr to immobilized complexes containing
N-Ac-Phe-tRNAPhe bound to the P site. The distribution of the
resulting FRET values were best fitted to 3 Gaussian peaks, in
which the majority of complexes were found in a new �0.4 FRET
state (Fig. 3C). This result suggests that when the L1 stalk
interacts with deacylated tRNA bound in the classical E/E state,
it adopts an intermediate ‘‘half-closed’’ conformation. We ob-
served a similar distribution of FRET values when complexes
containing N-Ac-Phe-tRNAPhe bound to the P site in the pres-
ence of m291 mRNA (Fig. 3D) were incubated with an excess of
deacylated tRNAfMet (Fig. 3E). Binding of tRNAfMet to the E
site, presumably in the E/E state, again stabilized the L1 stalk in
the half-closed (�0.4 FRET) conformation. When ribosomes
containing N-Ac-Phe-tRNAPhe bound in the P/P state were
treated with puromycin, resulting in deacylation of the peptidyl-
tRNA, the L1 stalks of the majority of the ribosomes were
converted to the fully closed, hybrid state (�0.55 FRET) con-
formation (Fig. 3F), indicating that deacylation of N-Ac-Phe-
tRNAPhe resulted in its movement into the hybrid P/E state.

In our previous smFRET studies on intersubunit rotation, we
showed that S6(Cy5)/L9(Cy3) 70S ribosomes fluctuate between
0.6 and 0.4 FRET states, corresponding to the classical (non-
rotated) and hybrid (rotated) states, respectively. Here, we asked
whether stabilization of the L1 stalk in its half-closed (E/E state)
conformation by filling the E site with deacylated tRNA affects
the dynamics of intersubunit rotation, by using our previous
S6-L9 construct. An excess of tRNAfMet was added to doubly
labeled S6(Cy5)/L9(Cy3) 70S ribosomes containing N-Ac-Phe-
tRNAPhe bound in the P/P state. In contrast to the behavior of
the L1 stalk, no change in the distribution of intersubunit FRET
values was observed, as expected, because the majority of the
complexes are predicted to remain in the classical state (compare
Fig. 3 G and H). Thus, the L1 stalk is able to move independently
of intersubunit rotation.

Movement of the L1 stalk into the half-closed conformation
was directly visualized in flow experiments with individual
ribosomes (Fig. S3). When tRNAfMet was flowed into sample
chambers containing immobilized ribosomes with N-Ac-Phe-
tRNAPhe bound in the P/P state in the presence of m291, a FRET
transition of the L1 stalk from the open (low FRET) state to the
half-closed (0.4 FRET) state was observed (Fig. S3A). Further
addition of puromycin induced a subsequent transition from the
half-closed state to the fully closed (high FRET) state of the L1
stalk, consistent with movement of the deacylated tRNAPhe into
the hybrid P/E state (Fig. S3B).

Because binding of EF-G was shown to stabilize the hybrid
state conformation of the ribosome (4, 9, 21), we next tested the
effect of its binding on the dynamics of the L1 stalk. Incubation
of ribosomes containing deacylated tRNATyr in the P site with
EF-G�GDPNP had virtually no effect on the distribution of
FRET values (compare Fig. 4 A and B; Table S1). In this case,
stabilization of the hybrid state by EF-G is probably masked by
the strong propensity of deacylated tRNATyr to move into the
hybrid state. Indeed, even in the absence of EF-G, the L1 stalk
of 85% of ribosomes containing tRNATyr in the P site occupied

Fig. 3. FRET histograms for pretranslocation and posttranslocation com-
plexes. (A–C) L1(Cy5)/L33(Cy3)-labeled ribosomes programmed with m301
mRNA, containing (A) tRNATyr in the P site and N-Ac-Phe-tRNAPhe in the A site;
(B) as in A with 300 nM EF-G and 250 �M GTP; and (C) as in B with 100 nM
tRNATyr added to the imaging buffer. (D–F) FRET histograms for L1(Cy5)/
L33(Cy3)-labeled ribosomes programmed with m291 mRNA and containing
(D) N-Ac-Phe-tRNAPhe in the P site; (E) N-Ac-Phe-tRNAPhe in the P site with 144
nM tRNAfMet added to the imaging buffer; (F) tRNAPhe in the P site after
deacylation of the complex in D with puromycin. (G and H) FRET histograms for
S6(Cy5)/L9(Cy3)-labeled ribosomes containing (G) N-Ac-Phe-tRNAPhe in the P
site; and (H) N-Ac-Phe-tRNAPhe in the P site with 200 nM tRNAfMet added to the
imaging buffer.

Table 1. Rates of transitions between open and closed FRET states

P site tRNA/A site tRNA Transitions (k�1) k1, s�1 Transitions (k�1) k�1, s�1

tRNATyr/N-Ac-Phe-tRNAPhe 5484 1.41 � 0.20 5350 0.68 � 0.15
tRNAfMet/N-Ac-Phe-tRNAPhe 10068 0.34 � 0.01 9926 1.22 � 0.05
tRNAfMet/vacant 5863 0.41 � 0.12 5738 0.33 � 0.15

These data are a result of fitting FRET time trajectories with the HMM algorithm as described above. Each dataset was divided into 3 and separately analyzed.
The reported number is the average from each of the 3 datasets together with the standard deviation.
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the fully closed, hybrid state conformation. Binding of EF-G to
ribosomes containing deacylated tRNAfMet in the P site pro-
duced a more marked change, giving an increase in the fraction
of high-FRET ribosomes from 50% to 79% with a slight shift in
the high FRET peak (Fig. 4 C and D; Table S1). The effect of
EF-G binding depended strongly on the presence of P site tRNA;
binding of EF-G�GDPNP to vacant ribosomes only marginally
affected the FRET distribution (Fig. 4 E and F). These results
support the conclusions drawn from FRET studies of intersub-
unit movement (9) that both the movement of the acceptor stem
of deacylated tRNA into the 50S E site and EF-G binding to the
ribosome contribute to stabilization of the rotated, hybrid state
and (in this work) the closed L1 stalk conformation.

Discussion
The dynamics of the L1 stalk of the ribosome have previously
been studied by using changes in FRET between labels attached
to protein L1 and tRNA (13); interpretation of these experi-
ments is complicated because both fluorescent probes are con-
nected to mobile elements of the ribosome complex. Our
smFRET experiments, in which both fluorescent labels were
attached directly to the ribosome, at protein L1 and at protein
L33 (which resides in the main body of the 50S subunit; Fig. 1),
provide unambiguous observation of the dynamics of the L1
stalk. These data reveal movement of the stalk between at least
3 distinct positions relative to the body of the 50S subunit. We
assign the low (�0.25) FRET state to the open conformation
seen in vacant ribosomes (11) and free 50S subunits (17), in
which the L1 stalk is maximally rotated away from the body of
the subunit (Fig. 5A), presumably facilitating release of
deacylated tRNA from the ribosome. The intermediate (�0.4)
FRET state corresponds to the position of the stalk in the
classical state most often observed in cryo-EM (27) and X-ray
structures (14–16), in which the L1 stalk moves inward to make
contact with the elbow of the deacylated tRNA bound in the

classical, E/E state (Fig. 5B). The high (�0.55) FRET state is
observed under conditions where the deacylated tRNA is found
in the P/E hybrid state, most likely reflecting the furthest inward
excursion made by the L1 stalk (Fig. 5C), enabling it to reach the
elbow of the P/E tRNA (4, 28, 29). Thus, movement of the L1
stalk results in remodeling of the ribosomal E site, adapting its
structure to 3 different functional states of the elongation cycle.

In previous studies, we observed spontaneous fluctuations
between the 2 states of intersubunit rotation associated with
translocation, in the absence of EF-G or GTP (9). Here, we show
that the L1 stalk of pretranslocation ribosomes fluctuates spon-
taneously between the fully closed and open conformations.
Both modes of movement are associated with tRNA transloca-
tion, and indeed, the equilibria between the closed and open
states for the various complexes correlate with those of the
rotated vs. nonrotated states (Fig. 6A). However, it is not known
whether these 2 structural rearrangements are coupled or occur
independently. Comparison of forward and reverse rates ob-
tained for both intersubunit rotation and L1 stalk movement
bears on this question (Fig. 6). We obtained a sufficient number
of time traces in this work to calculate rates of L1 stalk movement
for three of our complexes. Forward rates for the 2 processes are
similar (correlation coefficient � 0.97; Fig. 6B), indicating that
spontaneous closing of the L1 stalk and counterclockwise inter-
subunit rotation (classical to hybrid state transition) occur at
similar rates, consistent with the possibility that these 2 motions
might be coupled. In contrast, the rates of opening of the L1 stalk
and clockwise rotation (hybrid to classical state transition) are
uncorrelated (Fig. 6C); opening of the L1 stalk occurs at
consistently faster rates than reverse intersubunit rotation. Cou-
pling of the forward processes seem reasonable, because forma-
tion of the contacts between the L1 stalk and the elbow of the
P/E hybrid state tRNA occur after intersubunit rotation. Open-
ing of the L1 stalk, however, requires that the L1 stalk break its
interactions with tRNA, an event that may depend on the
identity of the tRNA. A further indication that movement of the
L1 stalk can be uncoupled from intersubunit rotation is that
the L1 stalk can be observed in 3 distinct conformations in
posttranslocation ribosomes, which are fixed predominantly in
the nonrotated, classical state (Fig. 3 C and E).

The rates of the observed fluctuation of the L1 stalk deter-
mined here (0.3–1.22 s�1 for complexes containing tRNAfMet in
the P site) are similar to those previously determined for
spontaneous intersubunit movement in the same complexes
(0.2–0.5 s�1) and are marginally slower than the rates of L1 stalk
fluctuation inferred from FRET measurements between protein
L1 and tRNA (0.6–5 s�1) (13) or rates of fluctuation of 2 labeled
tRNAs between the hybrid and classical states (1–5 s�1) (7, 8,
30). Such differences are most likely due to variations in
experimental conditions and constructs used; for example, the
use of reconstituted ribosomes in our experiments, f luorescent
labeling of tRNAs in the studies by Kim et al. (2007), Munro et

Fig. 4. FRET histograms for L1(Cy5)/L33(Cy3) labeled ribosomes containing
tRNATyr in the P site (A); tRNATyr in the P site with 300 nM EF-G and 255 �M
GDPNP (B); tRNAfMet in the P site (C); tRNAfMet in the P site with 300 nM EF-G
and 255 �M GDPNP (D); no tRNA (E); and no tRNA with 300 nM EF-G and 255
�M GDPNP (F).

Fig. 5. Three positions of the L1 stalk, corresponding to 3 functional states
of the ribosomal E site. (A) Open state of the L1 stalk with vacant E site; (B)
half-closed state of the L1 stalk with deacylated tRNA in the classical E/E state;
(C) fully closed state of the L1 stalk with tRNA in the hybrid P/E state. The
deacylated tRNA is shown in red; the position of the half-closed E/E state is
shown by a dashed green outline.
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al. (2007), and Fei et al. (2008), and different ionic conditions
could all affect the observed frequencies.

Further evidence for the independence of L1 stalk and
intersubunit movement comes from the different effects of
filling the E site of classical state complexes on these 2 processes.
After the movement of the L1 stalk, we were able to enrich for
populations of half-closed (�0.4 FRET) complexes by addition
of excess deacylated tRNA to classical state (�0.25 FRET)
complexes containing a vacant E site (Fig. 3 C and E). In
contrast, when we monitored intersubunit rotation, addition of
excess deacylated tRNAfMet to complexes containing N-Ac-Phe-
tRNAPhe bound in the P/P state had no effect on the distribution
between the rotated and nonrotated conformations of the
ribosome (Fig. 3 G and H). It is noteworthy that decoupling of
intersubunit rotation and L1 stalk movement shows that previ-
ously observed changes in FRET between S6 and L9 cannot be
explained by local conformational changes in the L1 stalk, as
suggested by Marshall et al. (31).

Three conformational states of the L1 stalk were not detected
in previous smFRET experiments employing energy transfer
between fluorophores attached to tRNA and L1 (13). This can
probably be explained by the fact that the L1 stalk contacts the
deacylated tRNA in both the P/E and E/E states (8, 12, 20), and
therefore, f luorophores attached to tRNA and L1 would be
expected to have similar intermolecular distances in both states.

The mobility of the L1 stalk enables a dynamic remodeling of
the structure of the ribosomal E site during translocation. The
closed and half-closed states observed here make possible
continuous contact between the head of the L1 stalk and the
elbow of tRNA during transitions between classical and hybrid
states despite the relatively rigid structure of tRNA, and the open
state allows escape of deacylated tRNA from its enclosure by the
E site. Although both protein and RNA moieties of the stalk
participate in contacts with tRNA, its mobility appears to be
based on the inherent flexibility of its RNA stem (10, 14). The
evolutionary persistence of RNA as a major structural compo-
nent of ribosomes may, in part, be a reflection of its dynamic
capabilities.

Materials and Methods
Materials and Sample Preparation. tRNAfMet was purchased from MP Biomedi-
cals; GTP, GDPNP, puromycin, tRNAPhe, and tRNATyr were purchased from

Sigma. Defined mRNA m291 and m301 were transcribed in vitro and further
purified as described in ref. 32. The biotin-labeled DNA primer (5� biotin-
CTTTATCTTCAGAAGAAAAACC-3�) was synthesized by Integrated DNA Tech-
nologies. NeutrAvidin used for sample immobilization at a final concentration
of 0.2 mg/mL was purchased from Pierce. N-Ac-Phe-tRNAPhe and EF-G with a
6-histidine tag were prepared and purified as described (2, 32, 33). The
components of the oxygen-scavenging system (glucose oxidase from Aspergil-
lus niger, glucose and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid) were purchased from Sigma. Catalase from beef liver was from Roche.

Construction of the double-mutant strain �L1�L33, containing precise
genomic deletions for proteins L1 and L33, was done by using the method of
Church and coworkers (33) as previously described for deletion of the C-
terminal tails of proteins S9 and S13 (34). First, to create the L1 deletion, the
chromosomal DNA from Escherichia coli strain CSH142 corresponding to gene
rplA, which codes for protein L1, and 1 kb of flanking sequence was cloned
into plasmid pKO3 (33) by PCR to create pLH30. Quickchange (Strategene)
mutagenesis was used to delete the gene from the pLH30 plasmid to create
pLH33, leaving only the 1 kb of flanking sequence; this construct was con-
firmed by DNA sequencing. pLH33 contains a temperature-sensitive origin of
replication and a CamR gene from the parental pKO3 plasmid. CSH142 trans-
formed with pLH33 was subjected to selection by growth on chloramphenicol
plates at 42 °C for bacteria in which pLH33 has integrated into the chromo-
some by a recombination event. The chromosome of the resulting strain,
LH104, contains a wild-type copy of rplA, a mutant version of the gene where
the rplA gene has been deleted, and the rest of the pKO3 plasmid in between
the 2 genes, as confirmed by PCR. The integration event can occur on the
chromosome either upstream or downstream of the wild-type rplA gene at
equal frequencies. A third gene contained in pLH33 from the pKO3 parental
plasmid, sacB, is a counterselective marker that is lethal to E. coli when grown
on sucrose and used to select for a recombination event that removes pLH33
from the chromosome. Surviving colonies are screened by PCR for the deletion
of the L1 gene. In the same way, the gene rpmG, coding for protein L33, was
deleted from CSH142 to generate strain �L33. Precise deletions of rplA and
rpmG from strains �L1 and �L33, respectively, were confirmed by DNA se-
quencing. P1 transduction was then used to move the L33 deletion into the
�L1 strain to create the double-mutant strain �L1�L33.

Tight-couple 70S ribosomes were prepared from wild-type E. coli MRE600
and �L1�L33 strains, respectively, as described in ref. 35. Mutant variants of
ribosomal proteins L33 (T29C) and L1 (A88C) were created by site-directed
mutagenesis, expressed, purified, and labeled separately with maleimide
derivatives of Cy3 (donor) or Cy5 (acceptor) dyes (Amersham Biosciences) as
described in ref. 9. Labeled protein L1 and L33 were incorporated into 70S
ribosome subunits by partial reconstitution by incubation for 15 min at 4 °C in
a buffer containing 20 mM Hepes�KOH (pH 7.5), 4 mM MgCl2, 330 mM NH4Cl,
6 mM �-mercaptoethanol, and 0.1% Nikkol. Unbound proteins were removed

Fig. 6. Correlations between equilibria and rates of intersubunit rotation and L1 stalk movement. (A) Correlation between equilibrium constants obtained from
smFRET measurements of intersubunit rotation (9) and L1 stalk movement (this work; Table S1). The dashed lines at Keq � 1 divide the plot into 4 quadrants
corresponding to the 4 possible combinations of nonrotated and rotated orientations of the subunits and fully closed and open conformations of the L1 stalk.
Filled squares correspond to complexes of pretranslocation ribosomes containing deacylated tRNA in the P site (tRNATyr, tRNAPhe, or tRNAfMet). Open circles
correspond to posttranslocation ribosomes containing N-Ac-Phe-tRNAPhe in the P site and a vacant E site. Open triangles correspond to vacant ribosomes with
or without EF-G�GDPNP bound. (B) Correlation between forward rates: closing of the L1 stalk vs. rotation of subunits from classical to hybrid state. (C) Correlation
between reverse rates: opening of the L1 stalk vs. rotation of subunits from hybrid to classical state. Lines represent log-linear fits of the data.
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by using YM-100 Centricons (Millipore). To purify reconstituted ribosomes
from possible contamination with endogenous tRNA the 70S ribosomes were
dissociated in 20 mM Hepes�KOH (pH 7.5), 1 mM MgCl2, 100 mM NH4Cl, 6 mM
�-mercaptoethanol, and 0.1% Nikkol and washed with the same buffer by
using YM-100 Centricons (Millipore). Then buffer was exchanged for associ-
ation buffer containing 20 mM Hepes�KOH (pH 7.5), 20 mM MgCl2, 100 mM
NH4Cl, 6 mM �-mercaptoethanol, 0.1% Nikkol, and 2 mM spermidine. Ribo-
somal subunits were activated for 10 min at 42 °C and reassociated for 10 min
at 37 °C. Finally, association buffer was exchanged for storage buffer contain-
ing 20 mM Hepes�KOH (pH 7.5), 6 mM MgCl2, 150 mM NH4Cl, 6 mM �-mer-
captoethanol, 2 mM spermidine, and 0.1 mM spermine by using YM-100
Centricons (Millipore). Preparation of S6(Cy5)/L9(Cy3) 70S ribosomes was done
as described in ref. 9.

All ribosome samples were prepared for visualization in a buffer containing
20 mM Hepes�KOH (pH 7.5), 6 mM MgCl2, 150 mM NH4Cl, 6 mM �-mercapto-
ethanol, 2 mM spermidine, and 0.1 mM spermine. Imaging buffer was iden-
tical except for addition of an oxygen-scavenging system consisting of 0.8
mg/mL glucose oxidase, 0.625% dextrose, �1.5 mM 6-hydroxy-2,5,7,8-
tetramethyl-chromane-2-carboxylic acid (Trolox), and 0.03 mg/mL catalase to
prevent photobleaching during data acquisition. All ribosome samples were

assembled as described in ref. 9 or in the text. m301 (18) was used for
complexes containing tRNATyr in the P site. For all other complexes, m291 (32)
was used.

Data Acquisition and Analysis. Experiments were performed at room temper-
ature (23 °C) by using total internal reflection fluorescence (TIRF) microscopy
as described in detail in ref. 9. Data were acquired by using in-house software,
processed by using IDL, and analyzed by using Matlab and Origin. All data
were acquired with 100 ms time binning. Time trajectories used in histograms
were truncated to remove photobleaching and blinking events and were
smoothed with a 5-point window. Trajectories analyzed by using HaMMy (20)
were also truncated to remove photobleaching and blinking events and fit to
3 FRET states.
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Corrections

BIOCHEMISTRY
Correction for ‘‘Following movement of the L1 stalk between
three functional states in single ribosomes,’’ by Peter V. Cornish,
Dmitri N. Ermolenko, David W. Staple, Lee Hoang, Robyn P.
Hickerson, Harry F. Noller, and Taekjip Ha, which appeared in
issue 8, February 24, 2009, of Proc Natl Acad Sci USA (106:2571–
2576; first published February 3, 2009; 10.1073�pnas. 0813180106).

The authors note that on page 2572, left column, in line 16 of
the second full paragraph of the Results section, the sentence,
‘‘Based on the dye locations and previous biochemical and
structural characterization of similar complexes, we infer that
ribosome populations primarily in a low-FRET regime corre-
spond to an open state of the L1 stalk with populations primarily
in the high-FRET regime in a closed conformation of the L1
stalk in the P/E hybrid state,’’ should instead read ‘‘Based on the
dye locations and previous biochemical and structural charac-

terization of similar complexes, we infer that the low-FRET
population corresponds to an open state of the L1 stalk and the
high-FRET population to a closed conformation of the L1 stalk
in the P/E hybrid state.’’ The authors note that due to a printer’s
error, on page 2575, left column, in line 4 of the first full
paragraph, the sentence, ‘‘After the movement of the L1 stalk,
we were able to enrich for populations of half-closed (�0.4
FRET) complexes by addition of excess deacylated tRNA to
classical state (�0.25 FRET) complexes containing a vacant E
site (Fig. 3 C and E),’’ should instead appear as ‘‘Following the
movement of the L1 stalk, we were able to enrich for populations
of half-closed (�0.4 FRET) complexes by addition of excess
deacylated tRNA to classical state (�0.25 FRET) complexes
containing a vacant E site (Fig. 3 C and E).’’ Additionally, the
authors note that in Fig. 6, the y-axis of panel B was labeled
incorrectly. The corrected figure and its legend appear below.

Fig. 6. Correlations between equilibria and rates of intersubunit rotation and L1 stalk movement. (A) Correlation between equilibrium constants obtained from
smFRET measurements of intersubunit rotation (9) and L1 stalk movement (this work; Table S1). The dashed lines at Keq � 1 divide the plot into 4 quadrants
corresponding to the 4 possible combinations of nonrotated and rotated orientations of the subunits and fully closed and open conformations of the L1 stalk.
Filled squares correspond to complexes of pretranslocation ribosomes containing deacylated tRNA in the P site (tRNATyr, tRNAPhe, or tRNAfMet). Open circles
correspond to posttranslocation ribosomes containing N-Ac-Phe-tRNAPhe in the P site and a vacant E site. Open triangles correspond to vacant ribosomes with
or without EF-G�GDPNP bound. (B) Correlation between forward rates: closing of the L1 stalk vs. rotation of subunits from classical to hybrid state. (C) Correlation
between reverse rates: opening of the L1 stalk vs. rotation of subunits from hybrid to classical state. Lines represent log-linear fits of the data.
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