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Abstract
The ribosome undergoes numerous large-scale conformational changes during protein synthesis,
but the molecular bases for these changes has been unclear. Recent cryo-electron microscopic and
x-ray crystallographic structures of both the bacterial and eukaryotic ribosome now provide
snapshots of the wide range of motions that occur within the ribosome. X-ray crystallographic
structures of the ribosome have also pinpointed local deformations in ribosomal RNA that occur
when the two ribosomal subunits rotate with respect to each other. These structural results
establish the foundation for unraveling the mechanics of the ribosome that are universal, and those
that differ in bacteria and eukaryotes.

Introduction
Translation of messenger RNAs (mRNAs) into proteins by the ribosome requires its
movement along the mRNA in a 5′ to 3′ direction. To accomplish this feat, the ribosome is
constructed as a highly dynamic machine with several independently moving elements,
assembled into two ribosomal subunits. In bacteria, the ribosome consists of small and large
ribosomal subunits (30S and 50S, respectively) that sum to a mass of about 2.5 MDa for the
intact 70S ribosome. In eukaryotes, the ribosome is much larger, and is composed of 40S
and 60S subunits that associate to form a 3.3 MDa or larger 80S ribosome. Structural and
biophysical results from many labs have revealed the extent of the ribosome’s dynamics and
flexibility, and have started to reveal the complex energy landscape that the ribosome
traverses as each amino acid is added to the growing peptide chain [1]. Remarkably, the
energy landscape of ribosome conformations is rather “flat” in the absence of bound
substrates (mRNA and transfer RNAs (tRNAs)) and the myriad of translation factors
required for protein synthesis. The binding and release of these substrates and factors is
therefore an integral component of the ribosome’s unidirectional movement along mRNA
[2], and requires a structural framework to understand the many transitions that occur.

Our knowledge of the molecular basis of conformational changes in the ribosome as well as
the contacts between the two ribosomal subunits, called inter-subunit bridges [3], has been
building for more than a decade due to rapid advances in electron microscopy (EM) and x-
ray crystallography, and their application to ribosome structure determination. Low
resolution structures of the ribosome determined by cryo-EM revealed many of the global
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changes in ribosome conformation [4-15](Figure 1), and high resolution x-ray
crystallographic studies revealed the molecular details of the inter-subunit bridges [16].
However until recently, all of the high resolution structures of the ribosome had clustered in
conformations closely related to the so-called “unrotated” state, in which tRNAs are bound
in the classical acceptor-tRNA, peptidyl-tRNA, or exit-tRNA sites (A/A, P/P or E/E sites in
the small/large subunits, respectively)[17-19]. Only apo-70S ribosome structures had
revealed the molecular details of dynamics in the small subunit head domain [16], dynamics
that were previously observed in lower-resolution cryo-EM reconstructions (Figure 1) [9].
Furthermore, the critical rotated state of the ribosome–the rotation of the small subunit
relative to the large–that is essential for translocation, the movement of mRNA and tRNA
after peptide bond formation, and for aspects of initiation, termination and ribosome
recycling, had only been observed by cryo-EM [4,6,9-11,14,20] and biophysical
experiments [21-25].

This review summarizes recent x-ray crystal structures and cryo-EM reconstructions that
have revealed many new ribosomal conformational states, as well as the molecular
interactions in the ribosome in its fully rotated states stabilized with different translation
factors. These structures reveal the inter-subunit bridges in fully rotated states, and also shed
light on differences between the bacterial and eukaryotic ribosome. Furthermore, these
recent structures reveal that the conformational landscape of the ribosome is more extensive
than was previously known. These structural findings pave the way for a far deeper
understanding of ribosome function in the years ahead.

Ribosome dynamics revealed
The large scale conformational changes in the ribosome that accompany movement of
tRNAs from the classical state (tRNAs in the A/A and P/P configuration) to hybrid site
binding (tRNAs in the A/P and P/E configuration) were originally described as a rigid body
rotation of the small ribosomal subunit with respect to the large by up to 10° around an axis
perpendicular to the subunit interface (Figure 1) [4]. Higher resolution cryo-EM
reconstructions further elucidated additional degrees of freedom during translocation,
including swiveling of the small subunit head domain [9] and inward movement of the L1
stalk on the large subunit towards the E site on the large subunit (Figure 1) [6]. Movement
of the L1 stalk was proposed to stabilize the P/E tRNA in its hybrid binding site. Swiveling
of the small subunit head domain in the direction of the E site results in displacements of up
to 20 Å at the ribosomal subunit interface, which is equivalent to the width of a tRNA
molecule. This movement, coupled with opening of a “gate” between the P and the E sites in
the small subunit, was proposed to enable the anticodon stem-loop (ASL) of P-site tRNA to
move into the E site, resulting in tRNAs bound in the post-translocation state, or P/P and E/
E configurations [9,16]. After the tRNAs have moved into the P/P and E/E configurations,
these motions would reverse to prepare the ribosome for a new elongation cycle (Figure 2).
Similar but not identical dynamics are thought to occur during termination and ribosome
recycling [26,27].

Structures of ribosomes in intermediate states of rotation indicate that transitions between
unrotated and rotated states involve multiple steps [28,29]. Notably, cryo-EM studies of 70S
ribosomes with a P site tRNA stabilized by EF-G in its GTP state revealed a conformation
of the ribosome that probably occurs in a late step of mRNA and tRNA translocation, when
the P-site tRNA ASL transits to the E site of the 30S subunit. In this proposed post-
translocational intermediate state (termed TIPOST), the 30S subunit body partially reverses
its rotation (to 4°), and the 30S subunit head domain swivels by 18° (Figure 2) [30]. This
leads to a 8-10 Å movement of the tRNA ASL, resulting in tRNA ASL contacts to parts of
both the P and E site in the small subunit, and tRNA acceptor arm contacts to the E-site in
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the large subunit (named the pe/E tRNA hybrid site). As head swiveling is thought to guide
translocation of the tRNA/mRNA complex [9,14,16], this structure is expected to closely
match a post-translocation intermediate. Crystal structures of the E. coli 70S ribosome in
intermediate states of rotation [29] provide some clues into the molecular rearrangements
that likely occur in states like those in the TIPOST state [30].

Recently, additional structures underlined the range of motions the ribosome can sample.
The crystal structure of the ribosome bound to the stationary-phase factors such as ribosome
modulation factor (RMF) or hibernation promoting factor (HPF) results in a movement of
the 30S head domain away from the central protuberance in a way that promotes 100S
ribosome dimer formation [31]. Further, ribosome rescue in bacteria by transfer-messenger
RNA (tmRNA) and the protein SmpB induces an unusual 12° tilt movement of the head
domain around an axis that is almost parallel to the mRNA in addition to moderate body
rotation of 5° and a large head swiveling of 19° [32] (Figure 1).

The first high-resolution view of the ribosome in a fully rotated state was revealed in a
crystal structure of the ribosome recycling complex with tRNA and ribosome recycling
factor (RRF) [26]. In the structure, the 30S subunit is rotated relative to the large by 9°, and
the 30S subunit domain is swiveled by 4° (Figure 3). This structure revealed for the first
time the molecular details of how inter-subunit contacts are rearranged to stabilize the
ribosome in the fully rotated state and how the ribosome accommodates P/E hybrid state
tRNA. Two additional crystal structures of the ribosome with release factor 3 (RF3) [33,34],
one containing P/E tRNA, also revealed molecular details of rearrangements in inter-subunit
bridges, which will be described below.

The eukaryotic ribosome also exhibits large-scale dynamics during translation, including
inter-subunit rotation [9,14,15]. However, the rotated states adopted by the eukaryotic
ribosome may differ in some details from those observed with bacterial ribosomes [35]. The
eukaryotic ribosome is much larger than the bacterial ribosome, due to additional rRNA
domains called expansion segments (ES), as well as extensions in conserved ribosomal
proteins and eukaryotic specific ribosomal proteins. Elements of these additional rRNA and
protein components nearly double the interaction surface between the two ribosomal
subunits compared to their bacterial counterparts (Figure 4) [36-39]. The increased
interaction surface between the subunits may explain why the eukaryotic ribosome favors
the rotated state in the absence of ligands whereas the bacterial ribosome favors the
unrotated state in its vacant form [9].

In recent cryo-EM reconstructions of pre-translocation complexes of the rabbit 80S
ribosome, spontaneous rotation of the small subunit body seems to occur without the
coupled swiveling of the 40S head domain [35]. Notably, differences in inter-subunit
rotation are reflected in slightly different positioning of tRNAs relative to the ribosomal
subunits. Structures of the yeast 80S ribosome trapped with the stress protein Stm1p reveal
the first high-resolution views of eukaryotic ribosome conformational states [39]. These
structures will be highly useful in understanding the elements of ribosome dynamics that are
conserved in bacteria, as well as those aspects that are unique to eukaryotes. For example,
one of the yeast 80S structures is close in conformation to that of the bacterial translocation
intermediate with pe/E tRNA [30]. The slight differences in the position of the small subunit
head domain in the two structures may be related to differences in how bacterial and
eukaryotic ribosomes control tRNA movement [35].

Ribosomal RNA dynamics in inter-subunit bridges
The two ribosomal subunits are held together by several inter-subunit bridges that are
composed of both rRNA and ribosomal proteins (Figure 4). These inter-subunit contacts
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need to rearrange in order to accommodate the transition from unrotated to rotated states of
the ribosome. The molecular details of inter-subunit contacts in the unrotated bacterial
ribosome [16-19] can now be compared to those in structures with different extents of inter-
subunit rotation. Structures of the E. coli ribosome in intermediate states of rotation, which
bear similarities to those seen in cryo-EM reconstructions [28,30], revealed how contacts
between the ribosomal subunits rearrange in a stepwise manner [29]. As noted above, one of
the structures of the yeast 80S ribosome also adopts an intermediate state of rotation [36,39].
The molecular details of how the fully rotated state is stabilized have now been revealed in
structures of a functional ribosome recycling complex [26]. Crystal structures of the
ribosome in complexes with RF3, and a structure of the yeast 80S ribosome also shed light
on how the inter-subunit contacts are rearranged to accommodate ribosomal subunit rotation
[33,34,39].

Bridge B3 serves as the “pivot” point between the two ribosomal subunits during inter-
subunit rotation, and remains essentially unchanged during rotation of the small subunit
[26]. Bridge B3 is composed of two sheared G-A base pairs in ribosomal RNA helix h44 of
the small subunit that form A-minor interactions with two G-C base pairs in H71 of the large
subunit [16]. This kind of A-minor interaction is widespread in the ribosome and other large,
folded RNAs [40,41]. In contrast to the pivot point contact between the ribosomal subunits,
other key rRNA inter-subunit bridges (B2a and B4), as well as the rRNA helix h27 that
connects the head domain of the small subunit to the rest of the small subunit, undergo
significant deformations to allow rotation of the small subunit relative to the large, and to
allow tRNA movement between the three tRNA binding sites [16,26,29,33,34,39]. Bridge
B2a, in particular, is notable in that it is located immediately adjacent to the tRNA A and P
sites (Figure 4), and had been observed to change conformation in different steps of
translocation and ribosome recycling [8,11,20,42,43]. This bridge involves an rRNA hairpin
including helix H69 in the large subunit and rRNA helix h44 in the mRNA decoding site
and P site of the small subunit. During inter-subunit rotation, h44 moves laterally towards
the E-site by ~6 Å. To maintain all of the RNA-RNA contacts between the subunits, helix
H69 compresses by ~5Å in the rotated state (Figure 5). To varying degrees, this
compression is also seen in the structures of the ribosome with RF3 and in one of the yeast
80S ribosomes [26,33,34,36,39]. The RNA hairpin in H69 is buttressed by a sharp U-turn
motif, which unstacks to different extents in the available structures. The striking
conformational changes in this short hairpin/U-turn motif that contribute to inter-subunit
rotation help to explain its nearly universal conservation at the sequence level [44].

Conclusion
The last few years have yielded an abundance of new structures of the ribosome, both
bacterial and eukaryotic in origin, determined by cryo-EM and x-ray crystallography. Many
of these structures reveal large-scale rearrangements in the ribosome that are likely essential
for the fidelity of many steps of the translation cycle. Efforts to parameterize these global
motions are still at an early stage, and range from simple descriptions of rigid-body rotations
[26,28-30,35,39] to more complex tensor analyses [45]. However, these efforts are
challenging due to the variable resolutions of the available structural models and the
different degrees of flexibility at the periphery of the ribosome. For example, it is still not
clear whether the fully rotated state in translocation is equivalent to those in termination or
ribosome recycling. Furthermore, the conformational plasticity of RNA and protein
elements connecting rigid domains within the small and large ribosomal subunits is still
coming into focus. Future efforts that combine the new structures of the ribosome with
approaches such as molecular dynamics and other biophysical methods will be required to
fully elucidate how structural changes in the ribosome contribute to the speed and fidelity of
translation.
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Figure 1. Global changes in ribosome conformation during translation
A) During translation the small ribosomal subunit undergoes four large-scale motions:
rotation of the body/platform (1), swiveling of the head (2), tilting of the head (3), and body
closure (4). In the large ribosomal subunit, movement of the L1 arm and L11 arm are also
observed during translation. The stalk proteins in the large subunit (L7/L12 in bacteria) are
highly dynamic. The tRNA A, P, and E sites, which occur at the subunit interface, are
indicated on the solvent side of the small subunit. B) The bacterial ribosome as in A) but
rotated by 90° around the vertical axis so that the ribosome is viewed from the side of the
L11 arm, into the A site. Movements are indicated by arrows. In both panels, the small
subunit rRNA and proteins are shown in light blue and dark blue, respectively. Large
subunit rRNA and proteins are shown in gray and magenta, respectively.
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Figure 2. Structural intermediates of the small ribosomal subunit during mRNA and tRNA
translocation
A) Immediately after peptide bond formation the ribosome assumes a pre-translocation state
(PRE) in which a peptidyl-tRNA occupies the A site (yellow) and a deacylated tRNA
occupies the P site (orange). In this unrotated state of the ribosome, tRNAs are bound in
their classical conformation (A/A, P/P, and E/E configuration). The “gate” component of the
small subunit head domain is marked above the P site. B) Binding of the GTPase EF-G in
complex with GTP stabilizes a pre-translocational intermediate state (TIPRE) in which the
small subunit has rotated as a rigid body by ~7° with respect to the large subunit, the head of
the small subunit swivels by ~5°, and the acceptor arms of the tRNAs move into the P and E
site on the large subunit to assume a hybrid state of binding (A/P and P/E configuration in
the small/large subunit, respectively). The A and P sites in the small subunit head and body/
platform are marked. C) Hydrolysis of GTP and phosphate release is accompanied by
reverse rotation of the small subunit body by −3° and additional head swiveling of +13°
compared to TIPRE. In this “post-translocational intermediate” state (TIPOST), the anticodon
stem-loops (ASL) of the tRNAs bind in small-subunit hybrid sites in which the ASL of the
peptidyl-tRNA contacts the A and the P site in the small subunit head domain and the
deacylated tRNA contacts the P and the E site in the small subunit body/platform domains,
yielding ap/P and and pe/E tRNA configurations on the small/large subunits, respectively.
D) Dissociation of EF-G-GDP from the ribosome leads to complete reversal of the small
subunit rotation and back-swiveling of the small subunit head domain, yielding a post
translocation state (POST) in which the peptidyl-tRNA and deacylated tRNA are bound in
P/P (yellow) and E/E (orange) configurations, respectively. The above model for
translocation is adapted from [30].
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Figure 3. The bacterial ribosome recycling complex in the fully rotated state
A) During ribosome recycling, ribosome recycling factor (RRF, green) stabilizes a fully
rotated state of the ribosome in which the deacylated tRNA (orange) assumes a P/E hybrid
configuration in the 30S/50S subunits, respectively. B) Direction of view of the ribosome in
C) and D) is indicated by an arrow, which shows the 30S subunit from the subunit interface
with the 50S subunit removed. C) Movements of the 30S subunit during inter-subunit
rotation. The 30S subunit body and platform rotate as a rigid body by 9° and the head
domain of the 30S subunit swivels by 4°. Displacements of rRNA phosphorus and ribosomal
protein Cα atoms between the unrotated and the fully rotated state are color-coded by
distance in Å, as indicated. D) Difference vectors between equivalent phosphorus and Cα
atoms in the unrotated and the fully-rotated state are color-coded as in C). H head, B body, P
platform, Sp spur. Reproduced with permission from [26].
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Figure 4. Inter-subunit contacts of the eukaryotic ribosome in the rotated state
Global view of the inter-subunit contacts in the rotated state of the yeast ribosome. The 60S
subunit (left) and 40S subunit (right) are shown from their interface sides. Bridges that are
conserved between bacteria and eukaryotes are shown in blue (B1-B8) whereas eukaryotic-
specific bridges are shown in red (eB8-eB14). Reproduced with permission from [39].
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Figure 5. Bridge B2a during subunit rotation
Rotation of the small subunit during translation leads to a lateral displacement of h44 in the
small subunit by 6° towards the E site. Upon rotation H69 in the large subunit compresses
by 5° in order to maintain its inter-subunit contacts with h44. Nucleotide A1928 is nearly
invariant in position and is shown for reference. Ribosomal RNA of the fully rotated
ribosome is shown in blue (30S) and gray (50S) whereas rRNA of the unrotated ribosome is
shown in red. Inset, icon of the ribosome indicating the direction of view. Reproduced with
permission from [26].
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