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Summary

Structures of the E. coli 70S ribosome show how the large and small subunits rotate to facilitate
protein synthesis.

Protein biosynthesis on the ribosome requires repeated cycles of ratcheting, which couples rotation
of the two ribosomal subunits with respect to each other and swiveling of the head domain of the
small subunit. However, the molecular basis for how the two ribosomal subunits rearrange contacts
with each other during ratcheting while remaining stably associated is not known. Here we describe
x-ray crystal structures of the intact Escherichia coli ribosome, either in the apo form (3.5 Å
resolution) or with one (4.0 Å res) or two (4.0 Å res) anticodon stem-loop tRNA mimics bound, that
reveal intermediate states of intersubunit rotation. In the structures, the interface between the small
and large ribosomal subunits rearranges in discrete steps along the ratcheting pathway. Positioning
of the head domain of the small subunit is controlled by interactions with the large subunit and with
the tRNA bound in the peptidyl-tRNA site. The intermediates observed here provide insight into how
tRNAs move into the hybrid state of binding that precedes the final steps of mRNA and tRNA
translocation.

Protein biosynthesis requires many large-scale rearrangements in the ribosome as each amino
acid is added to a growing polypeptide chain. Positioning of tRNA on the ribosome is proposed
to occur through a ratcheting mechanism. Central to this mechanism is a rotation of the small
ribosomal subunit relative to the large subunit (Fig. 1A) (1,2) that occurs in all stages of
translation–initiation, elongation, termination, and ribosome recycling (1)–and is targeted by
clinically useful antibiotics (3,4). For example after each peptide bond is formed, an ~8°
intersubunit rotation results in tRNAs bound in the aminoacyl-tRNA and peptidyl-tRNA
binding sites (A site and P site, respectively) moving into the P site and exit-tRNA site (E site)
on the large ribosomal subunit (Fig. 1B). From this hybrid state of tRNA binding (Fig. 1B)
(1,5), the tRNAs are then translocated to the P site and E site on the small subunit.

In addition to intersubunit rotation, ratcheting also involves a nearly orthogonal rotation of the
head domain of the small ribosomal subunit (Fig. 1C) that plays a role in controlling the position
of tRNAs within the ribosome (1,6,7). As with intersubunit rotation, movement of the head
domain is a target for clinically useful antibiotics (8). Swiveling of the head domain relative
to the body of the small subunit may also be required for the intrinsic helicase activity of the
ribosome in unwinding secondary structure in mRNA (8,9). Rotations of up to 14° allow the
head domain to change its position by 20 Å or more at the ribosomal subunit interface, or the
width of a tRNA substrate (7).
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The molecular basis for how the ribosomal subunits rotate with respect to each other while
remaining stably associated remains unknown (1,10). Furthermore, the precise timing of
movements of the small subunit head domain during ratcheting are not clear, as the head domain
can move independently of the body and platform domains of the small subunit (1,6,7). Here
we present three x-ray crystal structures of the E. coli 70S ribosome that reveal intermediates
along the ratcheting pathway. These structures show that the ribosome can rearrange the
interface between the ribosomal subunits in discrete steps, and suggest how these
rearrangements may direct tRNAs into hybrid states of binding essential for mRNA and tRNA
translocation.

Using new crystal forms, we determined x-ray crystal structures of the E. coli 70S ribosome
in the absence of ligands, with mRNA and an anticodon stem-loop mimic of tRNAMet

f
(ASLMet

f) bound in the P site of the small (30S) subunit, or with mRNA and two ASL mimics
of tRNAPhe (ASLPhe) bound in the A and P sites of the 30S subunit (11) (3.5 Å, 4.0 Å and 4.0
Å resolution, respectively, Tables S1 and S2). One of the two copies of the ribosome in each
crystal structure resembles previously determined high-resolution structures of the ribosome
(7,12). Notably, in the other copies of the ribosome in each structure, the small subunit of the
ribosome is rotated to an intermediate position with respect to the large subunit when compared
to structures of the ribosome determined previously. In the new conformation, the small subunit
is rotated by 3°–6° relative to its position in a post-initiation state of the ribosome, in which
initiator tRNA is bound in the P site (defined here as state R0,Fig. 2A, 2B,Table S3) (12,13),
and 2°–3° relative to the ribosome with tRNAs bound in the P/P and E/E sites (here denoted
state R1,Fig. 2C,Table S3) (14). In ribosomes in which tRNA occupies a hybrid P/E binding
site (1,15–17) (here called state RF, Fig. 1A, 1B) the small subunit is rotated by an additional
2°–4° relative to the rotational state described here (Fig. 2D, Table S3), which we term state
R2. The ribosome can therefore adopt at least four stable states of intersubunit rotation, R0,
R1, R2 and RF.

In state R2, the central contacts or “bridges” between the ribosomal subunits (1,7) are nearly
indistinguishable from those observed in ribosomes in states R0 and R1 (7,12,14,18–20) (Fig.
3A). These bridges include contacts between ribosomal RNA elements in the small and large
subunits (16S rRNA and 23S rRNA, respectively) that are near the tRNA binding sites. The
largest change in the central bridges occurs in bridge B2a, adjacent to the mRNA decoding site
(Fig. 3A). In this region, nucleotide A1913 in 23S rRNA and nucleotides A1492-A1493 in
helix h44 of 16S rRNA adopt different conformations depending on the tRNA occupancy of
the A site, as observed in other structures (7,12,14). To maintain contacts in bridges at the
center of the interface (Fig. 3A) during subunit rotation, helix h44 in the small subunit bends
near 16S rRNA helix h14 (Fig. 3B).

By contrast, key bridges between the platform of the 30S subunit and the 50S subunit (B4,
B7a) are shifted half way to their position in the RF state (1,15,16) (Fig. 2,3A). In the structures
observed here, the platform of the 30S subunit rotates about the helical axis of the top of helix
h44 in 16S rRNA. The rotation exposes nucleotide A702 in 16S rRNA to solvent, whereas it
is buried in the minor groove of H68 in 23S rRNA in high-resolution structures of states R0
and R1 (Fig. 3C,Fig. S1) (12,14,18–20). In 16S rRNA, nucleotide A702 is protected from
chemical probes when tRNAs are bound in the A/A and P/P sites (5). However, when tRNAs
occupy hybrid binding sites (A/P and P/E, Fig. 1B), nucleotide A702 becomes exposed to
chemical probes (5), and bridge B7a is rearranged (1,11,15,16). Exposure of A702 to solvent
suggest that the conformation of the ribosome in state R2 is at least part way to the fully rotated
state (RF) that accommodates tRNA binding in hybrid A/P and P/E sites (Fig 1B). Notably,
apart from protein S15 in bridge B4 which is also shifted half way to its position in state RF
(1,11,15,16) (Fig. S2), most of the remainder of the 30S platform does not make direct contact
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with the large subunit (Fig. 3A). Limited contacts likely allow large shifts in the position of
the interface in this region.

Contacts between the 30S subunit head domain and the 50S subunit have been shown to adopt
many different configurations. In states R0 and R1, protein L5 in the central protuberance of
the 50S subunit contacts the N-terminal lobe of protein S13 in the 30S head domain when it is
centered over the 30S P site (Bridge B1b, Fig. 1C, Fig. 4A) (1,12,14). In the RF state of the
ribosome the head domain of the 30S subunit is shifted such that protein S13 forms a key
interaction between its long central α-helix and protein L5 in the large subunit (1,21,22).
Notably, in the structure of the ribosome in state R2 with no bound ligands, the key interaction
between proteins L5 and S13 (21,22) is essentially indistinguishable from that in the fully
rotated ribosome (1,15,16) (Fig. 4B). To enable the contact, the head of the small subunit is
swiveled towards the E site by 11° relative to its conformation when the head domain is aligned
with the 30S subunit P site (14) (Fig. 1C,Fig. 4A), whereas the head domain is swiveled by
only 5° in the RF state when tRNAs are bound in the hybrid A/P and P/E sites (Fig. 1B,Fig.
4B) (1,11,15,16). CryoEM reconstructions of the yeast ribosome in the RF state reveal that
tRNA bound in the P/E site remains associated with the head domain of the small subunit as
the head domain adopts an “open” configuration required for tRNA transit to the small subunit
E site (1). Using the head domain of the small subunit as a guide, we modeled full-length A/P
and P/E tRNAs (11,16) in the ribosome in state R2. Based on the model, tRNAs could bind in
the hybrid A/P and P/E sites in the R2 state due to swiveling of the head domain of the small
subunit by ~11°, as observed in the apo-70S structure (Fig. 4C).

Notably, contacts between the ribosome and the ASL portion of tRNA may oppose movement
of tRNAs into the hybrid state of binding. The ASL portion of P-site tRNA has been proposed
to stabilize the 30S subunit head domain centered over the P site (0° rotation, Table S3) and
prevent frameshifting (12). ASL binding to the ribosome in state R2 also centers the head
domain of the small subunit over the P site (11), as seen in state R0 (12). This is true regardless
of whether an ASL is bound in the A site or not (11). In state R2, centering of the head domain
over the P site would leave the acceptor end of P-site tRNA positioned part way between the
P and E sites on the large subunit (Fig. 4D), presumably an unstable configuration except for
translation initiation (23). To counterbalance the stabilizing effect of the ASL on the positioning
of the head domain, bridge B1b between proteins S13 and L5 and contacts between the large
subunit and the elbow and acceptor ends of tRNA (1,24–27) may favor 30S subunit head
rotation and P-site tRNA movement into the hybrid P/E site in states R2 and RF, in agreement
with the in vivo importance of the α-helical region of S13 involved in the bridge (21,22) and
the requirement of full-length P-site tRNA for translocation to occur (25). Also consistent with
our structural model of hybrid state formation, single-molecule FRET experiments have shown
that ribosomes lacking substrates or complexed with a P-site ASLfMet exhibit spontaneous
subunit rotation, but not with the same rate or efficiency as when full-length P-site tRNA is
bound (10).

The structures of the E. coli 70S ribosome presented here reveal that in addition to the known
R0, R1 and RF states, the ribosome can adopt an intermediate state of subunit rotation, state
R2. This state would likely occur transiently, before the ribosome adopts a fully rotated
conformation (1,10,16). Based on the structures presented above, we propose that during
ratcheting, which combines intersubunit rotation and rotation of the small subunit head domain,
key bridges between the ribosomal subunits rearrange in a step-wise manner. Ratcheting likely
begins with the 30S subunit body, continuing with the 30S platform and head domains, and
completes with rearrangement of the central bridges (Fig. 4E,Movie S1,S2,Table S3). Such a
step-wise rearrangement would assist the ribosome in making large shifts at the interface
without fully destabilizing the subunit interface. In addition, the multiple conformations of the
head domain of the 30S subunit would help to position tRNAs on the ribosome during
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ratcheting (1,6,7). Intriguingly, single-molecule FRET studies have shown that P-site tRNA
fluctuates between the P/P and P/E sites at a faster rate than intersubunit rotation (10,26). The
ability of tRNAs to adopt a hybrid state of binding in state R2 may in part explain the different
rates between these processes. Fluctuation of tRNAs between the P/P and P/E states would not
require the full extent of intersubunit rotation, but could occur in state R2 due to swiveling of
the 30S subunit head domain and the inherent flexibility of P-site tRNA (14,28). High-
resolution structures of the ribosome in different rotated states with intact tRNAs will be
required to complete our molecular understanding of the large-scale conformational
rearrangements in the ribosome that allow ratcheting and protein synthesis to occur.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Rotated states of the ribosome. (A) View of the bacterial 70S ribosome, composed of the small
(30S) ribosomal subunit and the large (50S) ribosomal subunit. The small subunit of the
ribosome (blue) can rotate from a starting conformation seen in post-initiation and termination
states (12,13,18) (state R0, black outline) to a fully rotated conformation seen in elongation,
termination and recycling steps of translation (state RF, red outline) (1,15–17). 30S features
include: Head, Platform, Body. The 50S subunit is shown in grey. Letters indicate the positions
of the aminoacyl (A), peptidyl (P), and exit (E) tRNA binding sites. (B) Schematic of tRNA
binding states on the ribosome. In the transition of the ribosome to the fully rotated state, tRNAs
shift from binding in the A/A and P/P sites (30S subunit/50S subunit, respectively) to occupy
hybrid binding sites (A/P and P/E for 30S/50S sites). The view of the ribosome is rotated 90°
from that in A. (C) Rotations of the head domain of the small ribosomal subunit. Letters indicate
the locations of the aminoacyl (A), peptidyl (P), and exit (E) tRNA binding sites on the large
subunit. In state R0 (black), the head domain is centered over the P site (~0° rotation). Rotations
of the head domain towards the E site of up to 14° (red) have been observed (1,6,7). The 5′ to
3′ direction of mRNA, which threads around the neck region of the 30S subunit, is also
indicated.
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Fig. 2.

Structure of the apo-70S ribosome in an intermediate state of intersubunit rotation, state R2.
(A) Comparison of the ribosome in state R2 with the ribosome in state R0 (12,13), with the 50S
subunit serving as reference (1). Arrows indicate the direction of movement in the transition
from state R0 to state R2. The distance changes in 30S subunit positions are color-coded in Å
units, as shown, in this and the subsequent panels. Ribosomal RNA and proteins in the 50S
subunit are colored grey and magenta, respectively. 30S features include: Head, Neck,
Platform, Body, Shoulder, and Spur. 50S features include: L1, protein L1/rRNA arm; CP,
central protuberance; L11, protein L11/rRNA arm, L9, protein L9. The approximate location
of proteins L7/L12 and L1, not observed in the structure, are noted in grey. (B) Comparison
of the ribosome in state R2 to the ribosome in state R0, viewed from the perspective of the 50S
subunit. Difference vectors between phosphorous and Cα atoms are shown to the right, with
arrows indicating the direction of the change. (C) Comparison of the ribosome in state R2 to
the ribosome in state R1 (14). (D) Comparison of the ribosome in state R2 to the ribosome in
the fully rotated state RF (15,16).
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Fig. 3.

Contacts, or “bridges”, between the ribosomal subunits in the apo-70S ribosome in state R2.
(A) The position of bridges in state R2 compared to those in state R0 (12,13). Bridge numbering
is the same as in (7). The direction of view and color coding are the same as in Fig. 2C. Bridge
B1a (asterisk), includes the A-site Finger (H38 in 23S rRNA) which spans the subunit interface
parallel to the A and P sites (29). This contact is not visible in the present structures due to
disorder at the end of H38 in both states of the ribosome. (B) Bend in rRNA helix h44 in 16S
rRNA that accommodates rotated state R2. Nucleotides and 16S rRNA helices are marked. The
view is the same as in Fig. 2B. (C) Bridge B7a in state R2 compared to that in states R0 (12,
18–20) and R1 (14). Nucleotide A702 in 16S rRNA in the 30S subunit (light blue) and
nucleotides in H68 of 23S rRNA in the 50S subunit (grey) are shown for state R2. Nucleotide
A702 in state R0 or R1 is shown in red. The N1 position of A702 that would be methylated by
dimethylsulfate is marked (5).
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Fig. 4.

Changes in the position of the head domain in the 30S subunit in state R2. (A) Bridge B1 in
ribosomes in state R1 (14). The tRNAs bound in the 30S subunit A site (yellow), and in the P/
P (orange) and E/E sites (red) are shown. Domains in protein S13 in the 30S subunit head
domain (blue) and protein L5 in the 50S subunit (purple) are marked. An asterisk marks the
approximate location of the A-site finger (ASF) helix H38 in 23S rRNA, the tip of which is
disordered in the crystal structure (14). Protein L31, not seen in E. coli 70S ribosome structures,
has been removed for clarity. (B) Bridge B1 in the apo-70S ribosome in state R2 (light blue)
compared to state RF (red). Domains in protein S13 in the 30S subunit head domain and protein
L5 in the 50S subunit are marked. Asterisk as in panel A. (C) Position of full-length tRNAs
modeled onto the apo-70S ribosome in state R2. The superposition used the head domain of
the 30S subunit in the fully-rotated state RF (16) for reference (1,11). Surfaces of the modeled
tRNAs (yellow and orange) are compared to the position of tRNAs in state R1 (14), as described
in panel A and shown as ribbons. (D) Position of full-length tRNA in the P site of state R1
(14) modeled onto the ribosome complexed with ASLMet

f in the P site in state R2 (11), using
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the 30S subunit body and platform of the ribosome in state R1 as a reference. Surface of the
modeled tRNA (blue) is compared to the position of the P-site ASLMet

f in state R2 (blue) and
tRNAs in state R1 (described above) shown as ribbons. (E) Step-wise rearrangements in the
ribosome along the ratcheting pathway. The molecular envelope of the 30S subunit is shown
for clarity. Domains of the 30S subunit (head, body, platform), tRNA binding sites (A, P, and
E, respectively), and bridges B1b, B2a, and B3 are shown. The view is the same as in Fig. 2B.
Arrows indicate the direction of movement from one state to the next.
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