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During protein synthesis, the ribosome controls the movement of tRNA and mRNA by means of
large-scale structural rearrangements. We describe structures of the intact bacterial ribosome from
Escherichia coli that reveal how the ribosome binds tRNA in two functionally distinct states,
determined to a resolution of ~3.2 angstroms by means of x-ray crystallography. One state
positions tRNA in the peptidyl-tRNA binding site. The second, a fully rotated state, is stabilized
by ribosome recycling factor and binds tRNA in a highly bent conformation in a hybrid peptidyl/exit
site. The structures help to explain how the ratchet-like motion of the two ribosomal subunits
contributes to the mechanisms of translocation, termination, and ribosome recycling.

Protein biosynthesis by the ribosome pro-
ceeds in defined phases of initiation, pro-
tein elongation, termination, and ribosome

recycling (1). Understanding the molecular mech-
anism of translation requires high-resolution de-
scriptions of the motions in the ribosome that
enable key translational events (1–3). A ratchet-
like rotation of the small ribosomal subunit rel-
ative to the large ribosomal subunit (4) is crucial
to the positioning of tRNAs in intermediate—or
hybrid—binding sites, in which the 3′-CCA termi-
ni and acceptor stems of tRNA advance by
one site on the large subunit while the anticodon
elements of tRNA remain fixed on the small
subunit (5). Binding of tRNAs in hybrid sites is
central to mRNA and tRNA movements on the

ribosome when they are translocated after each
peptide bond is formed, during termination, and
during ribosome recycling (6, 7). However, the
molecular basis for ribosome positioning of
tRNAs in hybrid sites has been unclear.

Atomic-resolution x-ray crystal structures of
the bacterial ribosome with ligands bound have
revealed molecular details of conformational re-
arrangements taking place in the unrotated ri-
bosome (1). The first molecular descriptions of
intermediate states of ribosome ratchet-like rota-
tion at atomic resolution were provided by x-ray
crystal structures of the Escherichia coli 70S ri-
bosome (8), with additional substeps proposed
on the basis of cryogenic electron microscopy
(cryo-EM) reconstructions (9). A posttranslo-

cation rotated state of the ribosome was recently
identified by means of cryo-EM (10), in a con-
formation similar to that of the Saccharomyces
cerevisiae 80S ribosome in the absence of bound
substrates (11, 12).

After the termination of protein synthesis,
ribosome recycling is required to free ribosomes
from the mRNA transcript to enable further
rounds of translation. In bacteria and organelles,
ribosome recycling factor (RRF) binds in the
tRNA-binding cleft of the 70S ribosome at the
interface of the large (50S) and small (30S) sub-
units and interacts with the 50S subunit peptidyl
transferase center (PTC) (13, 14). In so doing,
RRF sterically occludes deacylated tRNA bind-
ing in the peptidyl-tRNA site (P site, P/P configu-
ration) to favor tRNA positioning in the hybrid
peptidyl/exit tRNA-binding site (P/E configura-
tion) (Fig. 1A) (13, 15, 16). In the P/E con-
figuration, tRNA is bound simultaneously to the
P site of the small (30S) subunit and to the E site
of the large (50S) subunit (5). Binding of the
guanosine triphosphatase (GTPase) elongation
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Fig. 1. Ribosome recycling in bacteria and
organelles. (A) Steps of ribosome recycling.
After termination, ribosomes with deacyl-
ated tRNA in the P site undergo a structural
rearrangement to a fully rotated state in
which tRNA adopts a P/E hybrid state of
binding and RRF is bound in the 50S P
site. EF-G then catalyzes subunit dissocia-
tion. (B) Global views of the ribosome in a
posttermination state (L) and intermediate
state of recycling (R). The small subunit
rRNA and proteins are colored light and
dark blue, respectively, with the large sub-
unit rRNA and proteins colored gray and
purple, respectively. Bound tRNA (orange),
mRNA (dark red), and RRF (green) are also
shown. (C) The dependence of subunit re-
lease on RRF, EF-G, and GTP under crystal-
lographic buffer conditions. Release was
monitored by the loss of Cy5-labeled L1
fluorescence in 50S subunits from surface-
immobilized ribosome complexes carrying
Cy3-labeled tRNAPhe in the P site. Complexes
were imaged in the absence of factors (black
diamonds) or in the presence of 10 mM RRF (green circles), 20 mM EF-G/2 mM
GTP (purple inverted triangles), 10 mM RRF/20 mM EF-G/2 mM GDPNP (blue
triangles), or 10 mM RRF/20 mM EF-G/2 mM GTP (red squares). Data reflect the
mean T SD of normalized Cy5 fluorescence intensity as a function of time from
three experimental replicates. (D) Conformational changes in the 70S ribo-
some during inter-subunit rotation. (Inset) View of the 30S subunit from the

perspective of the 50S subunit. Shifts between equivalent RNA phosphorus
atoms and protein Ca atoms in the unrotated (R0) and fully rotated (RF) states
are color coded as indicated by the scale. Ribosomes were superimposed by
using the 50S subunit as the frame of reference (38). Difference vectors
between equivalent phosphorus or Ca atoms of the 30S subunits in the
unrotated and fully rotated ribosome structures are shown on the right.
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factor–G (EF-G) to the RRF-ribosome complex
and subsequent guanosine 5´-triphosphate (GTP)
hydrolysis lead to the dissociation of ribosomal
subunits (17).

We determined structures of the intact E. coli
70S ribosome at a resolution of ~3.2 Å (tables S1
and S2) (12) using crystals that contain two in-
dependent copies of the ribosome per asymmetric
unit in a “top-top” polysome configuration (18).
One ribosome adopts an unrotated state, with
tRNAPhe bound in the peptidyl-tRNA (P/P) bind-
ing site (Fig. 1B) (19) that mimics a posttermi-
nation state of the translation cycle. The second
ribosome adopts a fully rotated conformation that
contains tRNAPhe bound in the hybrid P/E bind-
ing site and RRF bound at the ribosomal subunit
interface (Fig. 1B). This structure is thought to
represent an early intermediate in bacterial ribo-
some recycling (Fig. 1A) (15). Under these buffer
conditions, single-molecule fluorescence reso-
nance energy transfer (smFRET) measurements
showed RRF achieved approximately 50%maxi-
mal stabilization of the fully rotated, P/E hybrid
configuration of the posttermination complex (fig.
S1) and supported EF-G– and GTP hydrolysis–
dependent ribosome recycling (Fig. 1C and fig.
S1) (12).

When compared with the posttermination ribo-
some complex, the 30S subunit of the RRF-bound
ribosome is rotated ~9° relative to the 50S subunit.
An approximately orthogonal rotation of the head
domain of the 30S subunit of ~4° swivels the head
domain in the direction of the ribosomal E site on
the 50S subunit. These motions of the 30S subunit
into the rotated state result in shifts at the periphery
of the ribosome of more than 20 Å (Fig. 1D) that
direct deacylated P-site tRNA into the P/E hybrid
site. The tRNA anticodon stem-loop (ASL) and
mRNAmove laterally by ~6 Å relative to the 50S
subunit, coupled to the motion of the 30S subunit
platform domain (Figs. 1D and 2A). When tRNA
moves into the P/E site from the P/P site, the tRNA
ASL remains in contact with the 30S subunit head
and platform domains (Fig. 2B and fig. S2A) (19)
but breaks its interactions with 23S ribosomal
RNA (rRNA) helix H69 in the large subunit (19)
(Fig. 2B and movie S1).

Bound in the hybrid P/E site, tRNAPhe is severe-
ly kinked at the junction between the ASL and D
stem when compared with tRNAPhe bound in the
P/P site. Although the conformation of the anticodon
and two closing base pairs of theASL region remain
essentially unchanged, the major groove widens
by ~4 Å at the junction of the ASL and D stem
(Fig. 2C and fig. S2). The kink between the ASL
andD stems allows the acceptor stem of P/E tRNA
to swing by ~37° into the 50SE site (Fig. 2D) (12).
This abrupt kink contrasts with the more distrib-
uted bend that occurs in mRNA-decoding com-
plexes bound to elongation factor EF-Tu [A/T
state, (20, 21)], in which tRNA bends in the op-
posite direction. Comparing P/E tRNAwith A/T
tRNA, the total extent of tRNA bending at the
ASL/D-stem junction amounts to ~70° (Fig. 2D
and movie S1).

In the large subunit E site, P/E tRNA contacts
the ribosome in a similar manner to tRNA bound
in the E/E site (Fig. 2B) (19). Nucleotides G2112
and G2168 in 23S rRNA, part of the protein L1-
containing arm of the 50S subunit, stack on the
D-loop and T-loop of P/E tRNA (Figs. 1B and
2B) (22). Consistent with biochemical studies of
the mechanism of translocation (23), nucleotide
A76 at the acceptor end of P/E tRNA stacks
between nucleotides in helix H88 of 23S rRNA
(Fig. 2B and fig. S3), where the terminal ribose
engages the Watson-Crick face of nucleotide
C2394 (19, 23). In contrast to the positioning of
C75 in E-site tRNA in the bacterium Thermus
thermophilus (19) and in the archaeal large sub-
unit (24), in the E. coli ribosome, nucleotide C75
in P/E tRNA stacks on nucleotide A2432 in 23S
rRNA, away from the tRNA acceptor stem (fig.
S3). The striking divergence of the 50S E site
contacts contrasts with the high level of conser-
vation in the peptidyl transferase center, support-
ing the notion that the ribosomal E site evolved
relatively late and has continued to diverge (19, 25).

The molecular contacts between the two ribo-
somal subunits are composed of both rRNA and
ribosomal proteins, with the central contacts, or
bridges, conserved across kingdoms (11, 26). In
the fully rotated state, the pivot point for inter-
subunit ratcheting occurs at bridge B3 (Fig. 3A
and fig. S4), which maintains the same confor-
mation and contacts when compared with the
unrotated ribosome (26). Bridge B3 is composed

of a cross-strand adenosine-stacking motif (27),
in which residues A1418 and A1483 within helix
44 (h44) of 16S rRNA in the 30S subunit dock
into the minor groove of helix 71 (H71) in 23S
rRNA of the 50S subunit. Residues A1418 and
A1483 lie within adjacent shearedG-A base pairs
that coordinate an inner-sphere magnesium ion
that possibly contributes to subunit association in
all organisms (Fig. 3B) (26, 28).

In the aminoacyl-tRNA (A) and P sites, bridge
B2a involves contacts between 23S rRNA helix
H69 in the 50S subunit and 16S rRNA residues at
the end of helix h44 in the 30S subunit that are
preserved in both the unrotated and fully rotated
states of the ribosome (Fig. 3A). In both states,
residue A1913 of H69 penetrates the minor groove
of the h44 mRNA decoding site. However, in
going from the unrotated to fully rotated state, the
P-site tRNA anticodon, mRNA (Fig. 2A), and the
end of helix h44 move laterally by ~6 Å toward
the E site (Fig. 3C). The interactions between H69
and h44 are maintained during this movement
because of a ~5 Å compression of H69 (Fig. 3C
and movie S2). In part, this compression is
enabled by disruption of the terminal base pair
(C1925-G1929) of H69 and extrusion of the
nearly universally conserved uridine U1926 (29)
from the tight U-turn motif at the base of H69 (fig.
S5 and movie S2) (25).

The observed conformational rearrangements
in bridge B2a may help explain how antibiotics
such as viomycin that target translocation stabi-

Fig. 2. Conformation of tRNA in the P/E hybrid state. (A) Movement of P/E tRNA and mRNA toward the E
site when compared with P/P tRNA and mRNA. The direction of view is shown to the right. (B) View of
mRNA and P/E tRNA interactions with the 30S subunit P site and 50S subunit E site. Residues that contact
mRNA (gold) and P/E tRNA (red) are shown. Colors for the ribosome, mRNA, and tRNA are as in Fig. 1. (C)
View of the P/E tRNA ASL/D stem junction (orange). P/P tRNA (gray) is shown for comparison, with an
arrow indicating the widening of the helix major groove. (D) Comparison of ASL/D stem junctions between
P/E tRNA (orange), P/P tRNA (gray), and A/T tRNA (purple). A/T tRNA structure is a homology model
adapted from (12, 21). The bending angle for the A/T to P/E conformational change (70°) is shown.
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lize the fully rotated state of the ribosome (30, 31).
Viomycin and the related antibiotic capreomycin
bind to the ribosome in the vicinity of nucleotide
A1913 in 23S rRNA (32), the only nucleotide
whose contacts with h44 change appreciably dur-
ing inter-subunit rotation. Aminoglycosides such
as neomycin, which bind to two sites in bridge
B2a (33, 34), may favor the fully rotated state
of the ribosome by stabilizing the compressed
conformation of helix H69.

On the opposite end of the tRNA-binding cleft,
bridge B7a is disrupted by the rotation of the 30S
platform domain (Fig. 1D). In the unrotated state,
nucleotide A702 in 16S rRNA stacks on an A-A
dinucleotide platform near the end of helix H68
of 23S rRNA (12, 35). This interaction involves a
hydrogen bond between N1 of A702 and G1846 in
23S rRNA (25). Consistent with chemical probing
data used to identify hybrid tRNA-binding sites
(5), rotation of the 30S platform domain into the

fully rotated position results in a ~13 Å displace-
ment of A702 away from H68 that exposes the
base pairing face of A702 to solvent (Fig. 3D).
Consistent with biochemical observations (36),
H68moves in the opposite direction by 2 to 3Å to
pack in the minor groove of the acceptor stem of
P/E tRNA (Fig. 3D), probably helping to sta-
bilize tRNA in the P/E hybrid site.

The absence of bridge B7a in the fully rotated
state appears to be partially compensated for by
new contacts between protein L2 in the large sub-
unit and helices h23 and h24 in 16S rRNA (bridges
B7b and B7c) (Fig. 3A). However, the key
stabilizing contact to the 30S platform region in
both the unrotated and fully rotated ribosome
configurations remains bridgeB4,which in bacteria
involves intimate contacts between the hairpin loop
at the end of helix H34 in 23S rRNA of the large
subunit and protein S15 in the small subunit. Helix
H34 bends by ~7 Å, or 12°, during inter-subunit
rotation and slightly adjusts how nucleotide A715
packs on the hydrophobic surface of protein S15
(Fig. 3E) (25). Compensation for the loss of bridge
B7a in the fully rotated state may also result from
the formation of more extensive interactions be-
tween the 30S subunit body domain and the 50S
subunit near bridgeB8. In bridgeB8, large subunit
proteins L14 and L19 interact more closely with
helices h8 and h14 in the 30S subunit (Fig. 3A).

In the fully rotated state, the head domain of
the 30S subunit swivels as a rigid body in the
direction of tRNAmovement, rearranging bridge
B1b to place the central alpha helix of protein
S13 directly across from protein L5 in the 50S
subunit (Fig. 1B) (37). This lateral change in
protein S13 position correlates with tRNA bind-
ing in the hybrid P/E site and may help control
the position of tRNAs on the ribosome (38).
Thus, the contacts between protein S13 and pro-
tein L5 probably play an important role in the
ribosome ratcheting mechanism. Consistent with
this view, deletions in protein S13 result in more
rapid and lower fidelity translocation of mRNA
and tRNA (39). Mutations in the other major
contact between the 30S subunit head domain
and helix H38 in the 50S subunit, bridge B1a,
have a similar effect (40).

In the fully rotated ribosome, RRF binds in
the P-site and A-site cleft of the 50S subunit,
precluding tRNA binding in either site. Its three-
helix bundle domain (domain I) runs nearly par-
allel to the subunit interface, with alpha helix 3
packed tightly against helix H71 in 23S rRNA
(Fig. 4A). Mutations in this region result in lethal
or temperature-sensitive phenotypes (41). In addi-
tion, conserved amino acids within the tip of RRF
domain I (42) interact with rRNA nucleotides of
the universally conserved P loop element of the
peptidyl transferase center (Fig. 4A). These sets
of interactions appear to be the same in both the
unrotated and fully rotated states of the ribosome
(33, 43), suggesting that they are necessary but
not sufficient for the recycling mechanism.

Additional points of contact between RRF
and the fully rotated ribosome occur between

Fig. 3. Inter-subunit contacts in the fully rotated state. (A) Global view of inter-subunit contacts of the fully
rotated state. Elements in each ribosomal subunit that contact rRNA in opposite subunit are color-coded
red, whereas elements in each subunit that contact ribosomal proteins in the opposite subunit are color-
coded gold. rRNAs and proteins are colored as in Fig. 1. Bridge numbering is adapted from (11, 26). The tip
of helix H38 in bridge B1a is disordered in the present structures. The 30S subunit head region (H) and 50S
subunit central protuberance (CP), L1 and L11 arms are labeled for reference. (B) Bridge B3 serves as the
pivot of inter-subunit rotation. The Mg2+ ion involved in inner-sphere coordination to the tandem sheared
GA pairs in 16S rRNA and a fully hydrated Mg2+ ion in 23S rRNA are also shown. rRNAs are colored as in
Fig. 1. (C) Compression of helix H69 in 23S rRNA because of inter-subunit rotation. The direction of view is
similar to Fig. 1. Color coding of the fully rotated ribosome (R) is as in Fig. 1, with unrotated ribosome (U) in
red. Nucleotide A1928 in 23S rRNA, nearly invariant in position, is shown for reference. Helices in 16S rRNA
are labeled “h” and in 23S rRNA are labeled “H.” (D) Movement of H68 because of disruption of A702
interactions and packing with P/E tRNA. Nucleotides involved in H68 packing with P/E tRNA are indicated.
Elements of the fully rotated ribosome are colored as in Fig. 1. Elements of the unrotated ribosome are
shown in red. Arrows indicate movement from the unrotated to fully rotated state. (E) Bridge B4 in the fully
rotated state compared with that in the unrotated state (R0, red). Residues involved in direct contact in the
fully rotated state are shown. Coloring for the fully rotated state is as in Fig. 1.
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conserved amino acids near the junction of do-
mains I and II in RRF and ribosomal protein S12
of the small subunit (Fig. 4B) (42). Domain II of
RRF is more constrained in its position in the
ratcheted state as compared with its location in
the unratcheted ribosome (33, 43). As suggested
by cryo-EM reconstructions of the ribosome in
complexes with RRF (14, 15), RRF domain II
probably serves a steric function in ribosome
recycling. Docking of EF-G from a cryo-EM
reconstruction of the ribosome in a rotated con-
formation related to translocation (10) onto the
ratcheted 70S ribosome structure determined here
shows substantial overlap between domain II of
RRF and domains IV and V of EF-G (fig. S6).
Thus, EF-G binding to the RRF-bound ribosome
probably entails large-scale rearrangements in
RRF, EF-G, and the ribosome (15).

When compared with other structures, the
structure of the fully rotated state of the ribosome
provides critical insights into the molecular
description of the ratcheting mechanism in
translation. Because simple mRNAs can be
translated in the absence of exogenous factors
like EF-G (44), the ribosome itself serves as a
Brownian ratchet (2, 45), with tRNA substrates
probably serving as the “teeth.”A notable feature
of the ratcheting mechanism is the use of RNA
secondary structural elements to control large-
scale conformational rearrangements in the ribo-
some. These include RNA stem-loops in bridges
B2a and B4 that adjust as the 30S subunit rotates
relative to the 50S subunit (8, 11, 15, 46, 47);
helix H68 in 23S rRNA adjacent to bridge B7a
and P/E tRNA; RNA helices H76 and H42 in the
L1 and L11 arms of the large subunit, respec-
tively (1, 2, 11, 37, 48); and helix h28 in 16S
rRNAwhich directs swiveling of the 30S subunit
head domain (25). Helix h28 probably serves as
the “spring” in the ratcheting process, helping to
position the “pawl” between the small subunit P
and E sites (3, 10, 25, 45). The hinge-like motion
in P/E tRNAobserved here, when comparedwith
P/P tRNA, suggests that the conserved tertiary
structure of tRNA is required not only for mRNA

decoding (20, 21, 49) but also for translocation,
termination, and ribosome recycling (10, 50).
Intact P-site tRNA is required for translocation
(51), a requirement that may in part be due to a
need for a large distortion of tRNA in the P/E
binding site. This distortion may be used to tune
the energetics of the transition between the
pretranslocation state and posttranslocation state
of the ribosome. Future structural studies of ribo-
some complexes with EF-G will be required to
explain how this factor controls the conforma-
tional events described here to accelerate trans-
location and ribosome recycling.
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Fig. 4. RRF interactions with the ribosome in the fully rotated state. (A) Contacts between RRF domain I
and the P and A sites of the 50S subunit. Amino acids in RRF (green) and nucleotides in 23S rRNA (gray)
in direct contact are shown. Helix H69 and the 30S subunit are behind the view shown. (B) Contacts
between RRF and protein S12 in the 30S subunit. Amino acids at the junction of RRF domains I and II
that interact closely with S12 are indicated. RRF, S12, and rRNAs are colored as in Fig. 1.
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