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Abstract
Recent studies support the notion that the pre-translocation (PRE) ribosomal complex functions, at
least in part, as a Brownian machine, stochastically fluctuating among multiple conformations and
transfer RNA (tRNA) binding configurations. Apart from the relatively more energetically stable
conformational states of the PRE complex, termed macrostate I (MS I) and macrostate II (MS II),
several additional intermediate states have been recently discovered. Structural and kinetic
analyses of these states, made possible by cryogenic electron microscopy (cryo-EM), X-ray
crystallography, and single-molecule fluorescence resonance energy transfer (smFRET), have
provided important insights into the translocation process, which is now understood to proceed, at
least in the first step of the process, as a Brownian machine that is transiently stabilized in the
“productive” MS II conformation by the binding of the translocase elongation factor G (EF-G).

INTRODUCTION
Translocation is the step during the elongation cycle, immediately following peptidyl
transfer, in which mRNA and the tRNAs are advanced by the span of one codon, preparing
the ribosome for the selection and incorporation of the next aminoacyl-tRNA (Fig. 1).
Conceptually, this step is divided into two substeps: in the first substep (Fig. 1, states
denoted as 7–9), the small subunit rotates relative to the large subunit and the tRNAs
advance from the A (aminoacyl) site to the P (peptidyl) site, and from the P to the E (exit)
site, respectively, relative to the large subunit to form hybrid (A/P, P/E) configurations [1].
In the second substep (Fig. 1, states denoted as 9-0), following the binding of EF-G and GTP
hydrolysis, the small subunit rotates back, and mRNA and tRNAs bound to it advance
relative to the small subunit by the span of one codon.

A growing body of studies focusing on the first substep strongly suggest that the ribosome is
a Brownian machine that performs a major part of its work by harnessing thermal energy
from its surroundings [2•,3,4,5,6•], though a detailed discussion of ribosome dynamics must
include a consideration of the energy set free by peptide bond formation [7]. As such, the
mechanism of ribosome-catalyzed protein synthesis in the cell can be analyzed and
described within the framework of statistical mechanics [8,9]. Necessary ingredients that
enable a Brownian ratchet machine to undergo a processive motion are the “pawl” and the
expenditure of chemical energy, which are responsible for directionally biasing what are
otherwise random, thermally driven conformational fluctuations [10]. What distinguishes the
ribosome from other processive, thermally powered biomolecular machines are the large
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length scales of its motions – relative to the molecule’s size – and the extensive number of
non-covalent interactions that must be remodeled during these motions, both of which are
difficult to conceive of without postulating the existence of structural intermediates, or
conformational states with moderate stability, along the reaction pathway. While it is likely
that the Brownian machine principle is at work at every stage of translation, an idea that has
spurred molecular dynamics (MD) simulation studies of ribosomal components [11,12],
individual factors [13], and the ribosome in its entirety [14,15•], this article focuses on the
first substep defined above.

Intersubunit (“ratchet-like”) rotation of the pre-translocation (PRE) ribosomal complex (i.e.,
after peptidyl transfer but before translocation) was first recognized by cryogenic electron
microscopy (cryo-EM) [16], and is a requirement for translocation, as was established by an
experiment in which the two ribosomal subunits were cross-linked across the intersubunit
interface, preventing the rotation [17]. In fact, the idea that the two ribosomal subunits are
likely to move relative to each other during translation was spelled out early on
independently by Bretscher (1968) [18]and Spirin (1968)[19]. Bulk [20] as well as single-
molecule fluorescence resonance energy transfer (FRET) studies [21,22] indicated that at
physiological (~3.5 mM) concentrations of Mg++, in the absence of EF-G, the PRE
ribosome undergoes random intersubunit rotations, as it oscillates between the two
macrostates (MS I and II, see ref [23], also known as “global states” *22+). Indeed,
structural analysis of such a sample with cryo-EM revealed that the PRE complex exists in
MS I and MS II in a mixture of roughly 30%:70%, respectively [24], though this ratio has
been recently revised based on a more detailed analysis of the same dataset [25••], as will be
seen below. Julian et al. (2008) [26] came to similar conclusions. The fact that the ribosome
binding configuration of the tRNAs depends strongly on the concentration of Mg++, with
[Mg++] > 5 mM favoring the classical tRNA configuration [27], explains why earlier cryo-
EM studies using high Mg++ concentrations failed to find structural evidence of spontaneous
interconversion between different states of the PRE complex.

The absence of EF-G in the bulk and single-molecule FRET (smFRET) experiments, and
thus the absence of the required unidirectional rectification of the Brownian motion, permits
the PRE complex to idle back and forth unproductively between MS I and MS II but
prevents the full translocation reaction from being efficiently carried out. The frequency
with which the PRE complex oscillates between MS I and MS II in the absence of EF-G
exhibits the temperature-dependence that would be expected for a thermally driven
Brownian process, as has been demonstrated by recent smFRET experiments [6•].

EXPERIMENTAL EVIDENCE SUPPORTING THE EXISTENCE OF
INTERMEDIATE STATES BEYOND MS I and MS II

The first indications suggesting the existence of structural intermediates beyond MS I and
MS II sampled by the bacterial PRE complex came from smFRET studies of a PRE complex
harboring a single-point mutation within the so-called P-loop of the 23S ribosomal RNA
(rRNA) component of the large ribosomal subunit, which is responsible for directly base
pairing to the aminoacyl acceptor stem of the P/P configured deacylated tRNA within MS I
or the A/P configured peptidyl-tRNA within MS II [28]. The assumption underlying this
experiment is that an intermediate state that is sampled along the translocation pathway of a
wild-type PRE complex, but that is too short-lived to be observed given the typical time
resolution of smFRET experiments (~40 ms), is sufficiently stabilized in the mutant PRE
complex such that it becomes long-lived enough to be detectable by smFRET. In fact, a
hidden Markov modeling in the analysis of an analogous wild-type experiment detected
evidence of the mutation-induced intermediates [28], though these results could not be
independently confirmed by another lab [29]. A subsequent cryo-EM study of this mutant
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PRE complex [30•] showed that the ribosome within the mutant PRE complex indeed
assumes at least two intermediate angles of intersubunit rotation along with two intermediate
configurations of the P-site tRNA that had not been previously observed. The discovery of
these two mutation-stabilized intermediates prompted a re-examination of the wild-type
dataset that was previously classified into MS I and II [24] with a more powerful method of
classification, a maximum likelihood method developed by the Carazo group [31]. This re-
examination resulted in the discovery of at least two additional intermediate states of the
wild-type PRE complex (Fig. 2) [25••] which have similarity to, but are not identical with,
the two states discovered in the mutant PRE complex [30•]. Not surprisingly, given the
degree of similarity in ribosome core structure and functional mechanism, analogous states
with intermediate rotations and tRNA positions have also been found in a cryo-EM study of
the eukaryotic PRE complex (Fig. 3) [32••], although a detailed comparison with bacterial
intermediates is not yet available. At any rate, these authors do note significant differences
in the classical A/A, P/P configurations when comparing eukaryotic with bacterial ribosome
complexes.

Another process, reverse translocation, was studied by an exhaustive analysis of a large
cryo-EM dataset (>2 million particles) from Escherichia coli, yielding a number of
intermediate states with distinct ribosome conformations and tRNA configurations [33••]. At
the end of the slow process, however, the pool of ribosomes is left in the pre-translocational
mixture of fast-equilibrating states (Fig. 4), which should be directly comparable to the
pools analyzed by Agirrezabala et al. (2012) [25••] and Budkevich et al. (2011) [32••]. Thus
even though the sample preparation, and the path that brought the ribosome population to
the pre-translocational state is quite different, the results (in terms of the structures of
intermediate states defined by ensemble averages of subpopulations) must be very similar.
This expectation is borne out by a comparison between the relevant class reconstructions of
Agirrezabala et al. (2012) [25••] and Fischer et al. (2010) [33••] (Figs. 2 and 4): the states
denoted as pre1, pre2, pre3, pre4, and pre5 of Fischer et al. (Fig. 4) are comparable,
respectively, to states captured by Agirrezabala et al. in classes 2, 4A, 4B, 5 and 6 (Fig. 2),
though this has yet to be analyzed in detail. The biggest step, in terms of reconfiguration of
tRNA positions, goes from pre2 to pre3 (or 4A to 4B) where the P/P-tRNA swings to the P/
E position. Other more subtle changes between successive states are characterized as
reorientations of the tRNAs, around an axis linking anticodon with CCA, that result in
different positions of the elbow (e.g., the P/E-tRNA in pre4 versus pre5).

X-ray crystallography has provided atomic-resolution structures of ribosome conformations
that are captured by happenstance due to crystal packing, allowing an exhaustive analysis of
the remodeling of intersubunit interactions and, in some cases, ribosome-tRNA interactions
that are probably related to the remodeling that has been observed at lower resolution in the
functional PRE complex intermediates that have been identified by cryo-EM [34,35••,36,37].
For a detailed description of these structures, the reader is referred to the companion article
by Jamie Cate in this issue. Quantification of the intersubunit rotation angle, the translational
movement of various intrasubunit structural domains, and the tRNA configurations, using a
method developed by Klaus Schulten’s group in another context *38•], has enabled a
quantitative comparison of all of the structural intermediates that have been studied thus far
for which atomic coordinates are available, either from X-ray crystallography or by fitting
atomic-resolution X-ray crystallographic structures to cryo-EM-derived electron density
[25••]. Notably, the agreement between cryo-EM and X-ray values is not always close. For
instance, while cryo-EM values for the angle that is formed between the “platform” domain
and the “body” domain of the small ribosomal subunit change via a smooth trajectory as a
function of intersubunit rotation, the corresponding measurements in the X-ray structures are
widely scattered.
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ENSEMBLE METHODS IN CRYO-EM
The discovery of multiple structural intermediate states within the same PRE complex
sample, for both forward- and reverse translocation processes, has put a spotlight on novel
methods recently developed in cryo-EM. It has been the initial premise of single-particle
reconstruction [39] that a large ensemble of molecules exhibits the same structure, making it
possible that it can be characterized by a single average. Hence, in the usual practice of
visualizing a molecular machine, one would make an attempt to stabilize a single
conformational state, for example by the use of an antibiotic [40]. More recently, through
the use of sophisticated classification methods, it has now become possible to deal with a
mixture of states, and extract individual three-dimensional structures for each of these states
[41,42•,43,44,45,46,31,47,48,49]. Although the relationship between these states needs to be
established by different experimental techniques, particularly smFRET, the ability to recover
multiple structures of a molecule in thermal equilibrium is nevertheless a significant step in
the continuing development of the cryo-EM methodology, and carries great potential for
future studies of dynamic processes. This approach has been successfully employed in the
cases of ribosome biogenesis [50], reverse translocation [33••], and translocation [25••,32••,
30•,51••]. However, as the development of classification methods is still in flux, careful
validation is required to ascertain the exact number of classes in a pool of molecules, and the
structures they represent.

THE STRUCTURAL BASIS FOR INTERMEDIATE STATES
In attempting to understand the structural basis for intermediate states, we must look at the
way the small and large subunits interact with each other via intersubunit bridges [52,53].
The spatial distribution and composition of the bridges (relatively tight RNA-RNA
associations in the center, relatively loose noncovalent RNA-protein or protein-protein
interactions at the periphery) lend themselves to rotational mobility, with the rotation center
being situated at the tip of helix 27 of the 16S rRNA component of the small ribosomal
subunit [54]. Peripheral bridges, which absorb up to 20Å relative motions of the subunits,
may play the role of control elements that ensure ordered structural transitions. Two
peripheral bridges, both involving small-subunit ribosomal protein S13, have been singled
out for detailed study: bridge B1a, where 23S rRNA helix 38 (the so-called “A-site finger”)
is the large-subunit component of the bridge, and bridge B1b, where large-subunit ribosomal
protein L5 plays that role. A control function of both bridges is indicated by the fact that
ΔS12/ΔS13 mutants exhibit an increased rate of EF-G-independent translocation, albeit
with increased error rate [55], reinforcing Woese’s view *56+ that the ribosome was initially
an RNA-based machine that acquired proteins at a late stage for improved accuracy and
processivity.

An analysis of the long, curved helix 38 by MD simulations showed that this element has
anisotropic elastic properties, lending itself to the steering and stabilization of the path of
intersubunit rotation [11]. Bridge B1b, on the other hand, is formed by interaction between
L5 and S13. Protein S13 glides along L5 as the small subunit rotates with respect to the
large subunit, forming salt bridges at certain intervals [35••,37] that are likely to be
instrumental in defining the intermediates that have been observed by cryo-EM.
Computation of the electrostatic surface charges along S13 and L5 suggests that the gliding
contacts that comprise bridge B1b are stabilized or modulated by juxtaposition of opposite
or equal polarities [23,57].
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THE FREE-ENERGY LANDSCAPE OF INTERSUBUNIT ROTATION AND THE
COUPLING OF tRNA MOTION TO RIBOSOME DYNAMICS

It is remarkable that cryo-EM, by furnishing population counts for the occupancy of co-
existing states, is able to give us information about the topography of the free-energy
landscape that governs dynamic processes such as intersubunit rotation [25••,33••].
Predictably, differences in the free energies of the various conformational states which have
been observed by cryo-EM, corresponding to differences in the minima of the wells
representing the conformational states in the free-energy landscape, are very small, on the
order of 1 kcal/mol or less. On the other hand, the size of the energetic barriers, or hurdles,
separating these minima cannot be gauged by cryo-EM, since the appropriate
conformational transition states are not sufficiently populated to allow computational
separation by classification and separate structural reconstruction. This information is
potentially available from smFRET experiments; however, for various technical reasons,
smFRET has failed thus far to find intermediate states in wild-type PRE ribosomes beyond
the well-characterized states MS I and MS II. The only hints come from the results of
hidden-Markov modeling [28] and from signals derived from L1-tRNA distance fluctuations
[58].

Studies employing smFRET have looked at the question of how movements of the tRNAs
between their classical and hybrid configurations might be coupled to intersubunit rotation --
kinetically, or thermodynamically. Cornish et al. (2008) [21] observed that the rate of
intersubunit motion was 10-fold slower than the rate of tRNA fluctuations between classical
and hybrid configurations. A three-wavelength study has concluded, similarly, that closing
and opening of the L1 stalk of the large ribosomal subunit is only loosely coupled to
fluctuations of the P-site tRNA between its classical and hybrid configurations [58]. It is
plausible to assume [25••] that the binding configurations of the tRNAs on the ribosome are
influenced by the more slowly changing molecular environment presented by the ribosome;
in other words, that tRNA movement is thermodynamically, not kinetically coupled with
intersubunit motion. This argument, incidentally, underlies the presentation of
conformational changes of intrasubunit structural domains of the ribosome and the binding
configurations of the tRNAs as a function of the intersubunit rotation angle as an effective
“independent variable” in refs. *25••,33••].

CONCLUSIONS
The study of ribosome structure and dynamics, made possible by the exhaustive analysis of
cryo-EM data collected on samples of functionally active ribosomal complexes, by a close
examination of X-ray crystallographic structures of ribosomes in a variety of conformational
states, as well as several bulk FRET and smFRET studies, has highlighted several
fascinating aspects of ribosome dynamics which were not initially appreciated when the first
X-ray structures of the ribosome appeared. First, it was recognized that intersubunit
(“ratchet-like”) rotation occurs, second, that this rotation is a functional requirement for
translocation, and third, that the gross ribosome architecture lends itself to this mode of
motion when thermal energy is supplied from the surroundings. Forth, it was established that
intersubunit rotation occurs even in the absence of factors. Thus, the ribosome exhibits all
expected attributes of a Brownian machine. The point of the most recent studies reviewed
here is that, moreover, there is an intricate fine structure in the subunit interface that
produces coarse granularity in the rotation, leading to the formation of intermediate states,
beyond MS I and MS II, in which the ribosome and the ribosome-bound tRNAs adopt
conformations that are intermediate between those observed in MS I and MS II. These
additional intermediate states must be seen as “safe” conduits leading processively from MS
I to MS II -- the state that must apparently be reached for binding of EF-G and productive
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completion of the translocation process. By necessity, the free-energy wells corresponding
to these newly identified intermediate states must be shallow enough to permit rapid
interconversions between them at physiological temperatures, and this is indeed the
conclusion from cryo-EM experiments conducted on samples engaged in forward and
reverse translocation.

A recent article by Peter Moore (2012) [7] suggested that ribosome research, thanks to the
seminal contributions of X-ray crystallography and cryo-EM combined, has now reached a
“poststructural” era in which the dynamic aspect will take center stage. In some sense this is
true, particularly as far as the contributions by X-ray crystallography are concerned, but, on
the other hand, the specter of having to track multiple conformational transitions in a
dynamic model of translation, as this literature review has tabulated, would seem to suggest
that a lot of structural work still needs to be done.
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Highlights

• During the elongation cycle, mRNA-tRNA translocation entails large-scale
relative movements of the ribosomal subunits, mRNA, and two tRNAs.

• Increasing evidence from cryo-electron microscopy (cryo-EM), X-ray
crystallography, and, to some extent, single-molecule FRET (smFRET) point to
the existence of intermediate states characterized by intermediate intersubunit
rotations and tRNA (hybrid) positions.

• Identification and visualization of such intermediates equilibrating in a factor-
free pre-translocational sample has now become possible by cryo-EM with the
aid of classification, as demonstrated by recent studies in several labs.

• Analysis of atomic structures shows that one of the peripheral intersubunit
bridges, B1b, may be responsible for the observed “granularity” of the
intersubunit motion, and may have an important control function in
translocation.

• The model of the ribosome as a Brownian machine is supported by evidence of
temperature-dependent interconversion between states reported by smFRET,
and the coexistence of ribosome subpopulations with distinct structures related
by intersubunit rotation, as visualized by cryo-EM.
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Fig. 1.
The mRNA-tRNA translocation process, and definition of translocation substeps 1 and 2.
This diagram presents a sequence of distinct steps during the process of mRNA-tRNA
translocation, as characterized by biochemical and structural studies. The blue feature on the
left symbolizes the L1 stalk in its “open” and “closed” conformations. The green box on the
right in states 10 and 11 stands for EF-G in GTP and GDP forms. Substep 1 requires the
rotation of the small subunit body (symbolized by a shift of the yellow box with respect to
the blue box) and effects the translocation of the tRNA on the large subunit, through the
formation of hybrid A/P and P/E configurations. Substep 2, reached upon binding of EF-G
followed by GTP hydrolysis, effects the translocation of mRNA and the tRNAs bound to it
with respect to the small subunit. This review focuses on substep 1, which involves several
structural intermediates. (Note: In state 10, it has not been possible to trap a complex
containing P/E-tRNA, A/P-tRNA and EF-G all in one complex for cryo-EM. For illustration
of the general binding position of EF-G on the ribosome, the cryo-EM map depicted here
shows a complex that lacks the A-site tRNA and thus allows EF-G to bind in the GTP form.
The predicted position of A/P-tRNA in a hypothetical authentic EF-G-bound
pretranslocational complex is indicated by an outline. In such a complex, the steric conflict
with domain IV of EF-G is presumably resolved by the positional flexibility of this domain
known for the free form of EF-G [13]) (Adapted from [2]).
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Fig. 2.
Inventory of states in a pre-translocational sample of wild-type E. coli ribosomes.
First row: reconstructions of the 70S ribosome from six classes found by classification,
shown in top view to aid in the comparison with Fig. 4. Second and third row: interface of
small and large subunit, after computational removal of the opposite subunit, respectively.
Class 3 depicts a population of ribosomes in which no A-site tRNA is bound. Class 2
represents the unrotated (MS I) state, with tRNAs in the classical A/A, P/P configuration.
Classes 5 and 6 are very similar, representing the rotated MS II state, with tRNAs in the
fully hybrid A/P, P/E configuration. Classes 4A and 4B are two distinct novel intermediates.
(Landmarks on small subunit: h, head; h34, helix 34; sh, shoulder; h44, helix 44; sp, spur; b,
body; pt, platform. Landmarks on large subunit: L1, L1 stalk; H69, helix 69; L7/L12, L7/
L12 stalk; H38, helix 38; CP, central protuberance.
(Middle and bottom rows reproduced from [25]; with permission from Proceedings of the
National Academy of Sciences).
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Fig. 3.
Inventory of states in a pre-translocational sample of rabbit liver ribosomes. From left to
right: states are termed classical-1, classical-2, rotated-1 and rotated-2. A-, P- and E-site
tRNA are painted pink, green, and orange, respectively. Yellow = 40S subunit, blue = 60S
subunit. The PRE-translocation complex bearing deacylated tRNAPhe in the P site and N-
acetyl-Lys-tRNA Lys3 in the A site was prepared by stepwise addition of purified tRNAs to
reassociated 80S ribosomes (0.8 μM) programmed with MFK-mRNA. (Reproduced from
[32]; with permission by Cell Press).
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Fig. 4.
Relevant states (Pre1 through Pre5) corresponding to the pool of pre-translocational
ribosomes generated by a back-translocation. Cartoons on top depict the tRNA positions,
with Pre1 and Pre2 being two variants of the classical configuration, and Pre3–Pre5 being
three variants of the hybrid configuration. As in the other experiments depicted in Figs. 2
and 3, intersubunit rotation proceeds from the classical, nonrotated state MS I to the rotated
state MS II (on each panel from left to right).
(Reproduced from [33]; with permission from Nature Publishing Company)
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