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Abstract
There is mounting evidence indicating that protein synthesis is driven
and regulated by mechanisms that direct stochastic, large-scale confor-
mational fluctuations of the translational apparatus. This mechanistic
paradigm implies that a free-energy landscape governs the conforma-
tional states that are accessible to and sampled by the translating ribo-
some. This scenario presents interdependent opportunities and chal-
lenges for structural and dynamic studies of protein synthesis. Indeed,
the synergism between cryogenic electron microscopic and X-ray crys-
tallographic structural studies, on the one hand, and single-molecule
fluorescence resonance energy transfer (smFRET) dynamic studies, on
the other, is emerging as a powerful means for investigating the com-
plex free-energy landscape of the translating ribosome and uncovering
the mechanisms that direct the stochastic conformational fluctuations
of the translational machinery. In this review, we highlight the principal
insights obtained from cryogenic electron microscopic, X-ray crystal-
lographic, and smFRET studies of the elongation stage of protein syn-
thesis and outline the emerging themes, questions, and challenges that
lie ahead in mechanistic studies of translation.
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Translation: the
process through which
the ribosome
synthesizes a protein
by repeatedly
incorporating
aminoacyl-tRNAs as
dictated by the
messenger RNA

Cryogenic electron
microscopy
(cryo-EM):
a technique for
three-dimensional
imaging of
macromolecules in
their native state with
a transmission electron
microscope
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1. INTRODUCTION

Protein synthesis, or translation, is universally
catalyzed by the ribosome, a massive, two-
subunit ribonucleoprotein molecular machine
(Figure 1a). New insights into the relationship
between the conformational dynamics of the ri-
bosome, its transfer RNA (tRNA) substrates,
and its translation cofactors, as well as the me-
chanical, catalytic, and regulatory events that
drive protein synthesis, are altering our mecha-
nistic understanding of translation. This is par-
ticularly true for the translation elongation cy-
cle (Figure 1b), where a wealth of biochemical,
structural, dynamic, and computational data
have begun to advance the view of the elongat-
ing ribosome as a processive stochastic molecu-
lar machine (1–4). Synthesis of the data, toward

an understanding of the role of conformational
dynamics, benefits from concepts developed in
recent years in studies of biomolecular motors
(5–7).

1.1. Principles Underlying the
Operation of Biomolecular Motors

Biomolecular motors harness the energy re-
leased from a chemical reaction, typically hy-
drolysis of a so-called high-energy phosphate
compound, such as ATP or GTP, to perform
mechanical work. The detailed mechanisms
through which these systems transduce the en-
ergy of ATP or GTP hydrolysis into mechan-
ical work remains an area of intense research.
Static structures of biomolecular motors, such
as those furnished by cryogenic electron mi-
croscopy (cryo-EM) or X-ray crystallography,
often evoke the impression of smoothly run-
ning, deterministic machines, much like their
macroscopic counterparts, captured in “snap-
shots” at certain time points along their respec-
tive reaction coordinates. In reality, however,
nanometer-scale biomolecular motors operate
in an environment where they are constantly
subjected to the stochastic Brownian forces that
arise from collisions of the surrounding media
with the motor and its parts and where vis-
cous drag easily dominates inertia—conditions
that prohibit the smooth, deterministic mo-
tion usually associated with macroscopic ma-
chines. Thus, it has been proposed that many
biomolecular motors employ, or at least par-
tially employ, Brownian motor mechanisms of
operation (5–7).

The principal idea underlying a Brownian
motor mechanism is that force or motion is
drawn from the stochastic thermal fluctuations
to which these systems are constantly subjected.
Because random thermal noise itself cannot
confer processivity to a biomolecular motor, the
directedness of the process is typically imparted
by “biasing” or “rectifying” the stochastically
fluctuating system through the intervention of
(a) a substrate, cofactor, or allosteric effector
binding event; (b) an irreversible chemical step;
or (c) the release or diffusion of a reaction
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Figure 1
(a) Structure and dynamic features of the ribosome. Cryogenic electron microscopic map of the 70S
ribosome, the 30S subunit, and the 50S subunit. The 30S and 50S subunits are shown with their intersubunit
space facing the reader. The P- and A-site tRNAs are depicted in green and magenta, respectively, and their
positions are denoted on the 70S ribosome. Major landmarks and mobile elements of the 30S subunit are the
head (h), shoulder (s), platform (p), and spur (sp). The location of the decoding center (DC) active site is also
denoted. Major landmarks and mobile elements of the 50S subunit are the L1 stalk (L1) and the L7/L12
stalk (L7/L12). The locations of the GTPase-associated center (GAC) and peptidyltransferase center (PTC)
active sites are also denoted. The locations of all donor (D) and acceptor (A) fluorophore pairs that have thus
far been used in single-molecule fluorescence resonance energy transfer investigations of translation
elongation are labeled in green (D) and red (A). Details regarding each A-D pair are given in Table 1.
(b) The elongation cycle of protein synthesis. The main steps of the translation elongation cycle,
(i) aminoacyl-tRNA (aa-tRNA) selection, (ii) peptidyl transfer, and (iii) messenger RNA (mRNA)-tRNA
translocation, are shown. The E, P, and A tRNA binding sites run vertically along both subunits. Further
details regarding the mechanism of aa-tRNA selection and mRNA-tRNA translocation are provided in the
captions for Figures 2 and 3, respectively. Abbreviations: EF, elongation factor.
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Brownian motor: a
biomolecular machine
that rectifies or biases
stochastic Brownian
forces in the thermal
bath to perform work

Translocation:
movement of the
messenger RNA and
the A-site and P-site
tRNAs through the
ribosome by one
codon

Free-energy
landscape: plot of the
free energy as a
function of reaction
and conformational
coordinates

product away from a catalytic site. Escherichia
coli RNA polymerase provides an excellent ex-
ample of a well-studied molecular motor whose
translocation is driven by a Brownian motor
mechanism (8, 9). During the translocation
step of the transcription elongation cycle, RNA
polymerase has been observed to randomly
oscillate between pre- and posttranslocation
positions on the DNA template. Binding
of nucleoside triphospate to the polymerase
lowers the free energy of the forward position
relative to the reverse position and thus imparts
processivity to the polymerase.

An important aspect of Brownian motor
function is the ability of the motor and its
mechanical parts to undergo stochastic, ther-
mally driven structural fluctuations. Indeed, it is
the nanoscale dimensions of molecular motors
and the energetically weak nature of the non-
covalent interactions underlying their three-
dimensional structures that permit biomolec-
ular mechanical parts to operate at energies
just above those available from the surrounding
thermal bath. Brownian motors operate along
a free-energy landscape in which fluctuations
between two or more conformational states,
such as the fluctuation of RNA polymerase be-
tween pre- and posttranslocation, are thermally
accessible.

1.2. The Free-Energy Landscape
of a Brownian Motor

Complex free-energy landscapes comprising
numerous energy minima (valleys) and maxima
(peaks) were originally introduced and devel-
oped in studies of protein (10, 11) and RNA
folding (12–16). Viewed through this lens, an
ensemble of protein or RNA molecules folds by
navigating along a complex free-energy land-
scape, giving rise to multiple parallel folding
pathways, locally stable folding intermediates,
and kinetic trapping of the folding biopoly-
mers (10–16). An excellent metaphor, provided
by Dill & Chan (17), is that of water flow-
ing along different routes down a collection of
rugged hillsides that, despite experiencing dif-
ferent, trajectory-dependent physical obstacles

to flow, ultimately collects at the same reservoir
at the bottom of a deep valley. More recently,
strong evidence has suggested that complex
free-energy landscapes also underlie the cat-
alytic cycles of various enzymes and ribozymes
(18–28). In this view, individual enzymes or ri-
bozymes within the ensemble can react via any
one of numerous parallel reaction pathways.
As the reaction proceeds, catalysis is guided by
the differential stabilization (i.e., via ligand or
substrate binding, product formation, and/or
product release) of preexisting, thermally ac-
cessible, and on-pathway conformational inter-
mediates. Although the role of enzyme or ri-
bozyme conformational dynamics in guiding
catalysis has been primarily developed using
relatively simple model systems (18–28), it is
quite likely that these ideas extend to catalysis
in much more complex systems (29), includ-
ing the mechanochemical cycles of Brownian
motors.

1.3. Free-Energy Landscapes and the
Concepts of States, Allosteric
Regulation, and Induced Fit

The concept of a complex free-energy land-
scape forces a careful reconsideration of what
is meant by the term state. The term state has
often been colloquially used to refer to a single,
relatively low-energy (i.e., stable) configuration
of the molecule along the reaction trajectory.
The corresponding picture is that of a linear
progression of the entire system with defined
points before and after. Contrasting with the
concept of a state as a single, low-energy
molecular configuration, increasing evidence
supports the view that biomolecules (18–28),
particularly complex biomolecular assemblies
such as the ribosome (30, 31), are conforma-
tionally flexible and highly dynamic entities.
Thus, states are much more adequately defined
by reference to a complex free-energy land-
scape. Each valley in the landscape represents
a free-energy minimum that is populated by
an ensemble of conformations that collectively
reflect a more-or-less stable state. The peaks
separating the valleys represent energetic
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barriers between the various states, and
depending on the heights of these barriers
relative to the available average thermal energy
[RT = 2.5 kJ mol−1 at 298 K, where R is the
universal gas constant (8.314 J K−1 mol−1) and
T is temperature], transitions between states
may be either thermally driven or may require
the energy released by a chemical reaction.

The exact depths of the valleys and heights
of the barriers in the free-energy landscape are a
function of numerous variables and can be read-
ily altered, for example, by changes in buffer
conditions; by the binding of a substrate, co-
factor, or allosteric effector; and by mutation.
Thus, the proportion of molecules found in the
valleys under any given condition and the ability
of molecules to cross a barrier into a neighbor-
ing state are sensitive functions of these vari-
ables. It is this capability to redistribute the
conformational ensemble and alter the rate of
interconversion among the various conformers
that allows ligands to allosterically regulate en-
zyme or ribozyme activity. Because binding of
a cofactor (or allosteric effector) at a regulatory
site can control the accessibility and population
of conformations over the entire enzyme’s or
ribozyme’s molecular surface, catalytic or bind-
ing site geometries can be very effectively regu-
lated, regardless of their distance from the reg-
ulatory site.

The conformational dynamics and existence
of multiple pathways implied by a complex free-
energy landscape also require a reassessment
of the concept of induced fit. Studies using di-
hydrofolate reductase (18, 21), ribonuclease A
(23), and reverse transcriptase and its inhibition
(24) as model systems have revealed that dy-
namics in the micro- to millisecond time regime
allow the system to sample productive binding
configurations, even in the absence of the lig-
and. Thus, the phenomenon of induced con-
formational changes in molecular interactions
termed induced fit (32, 33) is perhaps better de-
scribed as a conformational selection (34, 35) or
selected fit (36) mechanism (28), in which the
ligand simply binds to and stabilizes a produc-
tive binding configuration of the biomolecule

Peptidyl transfer:
ribosome-catalyzed
transfer of the nascent
polypeptide chain
from the P site-bound
peptidyl-tRNA to the
A site-bound aa-tRNA

Single-molecule
fluorescence
resonance energy
transfer (smFRET):
measurement of the
energy transfer
efficiency between
donor and acceptor
fluorophores on single
molecules

Aminoacyl-transfer
RNA (aa-tRNA)
selection: selection of
an aa-tRNA cognate to
the codon at the
ribosomal A site by the
mRNA-programmed
ribosome

during the time interval in which that configu-
ration is sampled.

1.4. Single-Molecule Studies
of Protein Synthesis

Recent studies relating to the structural
dynamics of the translational machinery are
providing compelling evidence that Brownian
motor mechanisms operating along a complex
free-energy landscape may underlie one of na-
ture’s most fundamental and complex multistep
biochemical processes: protein synthesis (re-
viewed in References 1, 3, 4). It is in this context
that single-molecule approaches to connect
cryo-EM and X-ray snapshots in real time have
emerged as a powerful tool for investigating the
mechanisms through which the translational
machinery couples chemical events, such as
factor-dependent GTP hydrolysis, release of
inorganic phosphate, and peptidyl transfer, to
the mechanical steps of protein synthesis (37–
60). Single-molecule fluorescence resonance
energy transfer (smFRET) experiments, in par-
ticular, are uncovering the important role that
large-scale, thermally driven conformational
fluctuations of the translational machinery play
in regulating mechanical events during trans-
lation elongation (38–44, 47, 52–56, 58–60).
In this review, we integrate a rapidly evolving
series of findings by cryo-EM (61–69), X-ray
(70–86), and smFRET (38–47, 51–56, 58–60)
studies of translation elongation that are
beginning to define the complex free-energy
landscape underlying translation elongation.
Our analysis strongly suggests that Brownian
motor mechanisms lie at the heart of at least two
of the principal steps in the elongation cycle:
aminoacyl-transfer RNA (aa-tRNA) selection
and translocation. By using these two examples
to describe the emerging mechanistic themes
and identify the remaining questions and
challenges, we hope to stimulate further inves-
tigation of the hypothesis that similar Brownian
motor mechanisms underlie many, if not all,
of the individual steps of protein synthesis
(2–4).
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2. THE STRUCTURAL AND
DYNAMIC TOOLKIT

At present, the tools of choice for charac-
terizing ribosome structure and dynamics are
cryo-EM, X-ray crystallography, and smFRET.
These three techniques provide complemen-
tary and interdependent experimental informa-
tion that are collectively driving our rapidly
evolving view of the role that ribosome struc-
tural dynamics play in the mechanism and reg-
ulation of protein synthesis. Below, we describe
these three approaches, discuss each of their
advantages and disadvantages, and emphasize
how the complementarity and interdependence
of these three techniques overcome their indi-
vidual disadvantages. Our intent is to present
a persuasive argument that the synergistic ap-
plication of these methods will ultimately pro-
vide a virtual movie of protein synthesis by the
ribosome.

2.1. Cryogenic Electron Microscopy

The technique of cryo-EM combined with
single-particle reconstruction (see References
87 and 88) produces a three-dimensional
density map from thousands of projections
of different molecules ideally having identical
structure, trapped in random orientations
within a thin layer of ice. In contrast to X-ray
crystallography (see below), the molecule is
frozen in its native state, without constraints
from functionally meaningless intermolecular
contacts. Figure 1a introduces the ribosome
as seen by cryo-EM, with landmarks and
important mobile elements denoted. In the
application of this technique to the ribosome,
the challenge is to find ways to trap the majority
of the molecules in the same state, usually
by the addition of small-molecule, ribosome-
targeting antibiotics or nonhydrolyzable GTP
analogs. Dynamics can be inferred by compar-
ing ribosome complexes captured in successive
states (see Reference 89). Any residual hetero-
geneity in a sample poses a problem. However,
new and powerful classification methods
have made it possible to divide the data into

homogeneous subsets. Frequently, therefore, a
single sample results in two or more reconstruc-
tions, each for a subpopulation of molecules in
a defined state (e.g., References 62 and 68).

As an ensemble average, a cryo-EM re-
construction has features with varying resolu-
tion, reflecting local variability of conforma-
tion. Peripheral components sticking out into
the solvent, or components that are function-
ally mobile, may therefore appear washed out.
However, the most serious drawback is that
presently, with a few exceptions (molecules with
high symmetry), the density maps are of insuf-
ficient resolution to allow chain tracing. Much
effort has therefore gone into the development
of so-called hybrid techniques, i.e., tools for
interpreting medium-resolution density maps
of molecular complexes in terms of atomic-
resolution X-ray structures of their compo-
nents. Some of the novel flexible fitting tools
(e.g., Reference 90) yield structures that are
intact, are sterochemically correct, and are in
optimal agreement with the density restraints,
even though they are not uniquely determined
by them owing to insufficient resolution.

2.2. X-Ray Crystallography

X-ray crystallography, whose stunning achieve-
ments form the basis of all current structural
interpretations of translation, shows the
molecule confined and packed in a crystal, in
a conformation not necessarily related to its
function. In some cases, a gallery of structures
of the same molecule in different crystals or
even in the same unit cell (e.g., Reference 91)
may hint at the range of accessible or function-
ally important conformations. However, care
must be taken when inferring dynamics from
such comparisons of X-ray crystallographic
structures, as it has been noted that the con-
straints imposed by the crystal lattice are likely
to dampen or inhibit the range and extent
of conformational changes that are observed
(74, 92). Moreover, ligands frequently have
to be modified or truncated to allow crystal
formation; for instance, tRNA has often been
substituted by an anticodon stem loop (ASL)
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(e.g., References 73 and 93), which limits the
information one can gain about the way the
intact tRNA interacts with the ribosome and
how the intact tRNA might serve to transmit
conformational events originating within the
small 30S ribosomal subunit to the large 50S
ribosomal subunit. Notably, X-ray crystallo-
graphic structures of elongation factor–bound
ribosomes have recently emerged, allowing an
atomic-resolution analysis of the interactions
that these factors make with the ribosome
during the elongation cycle (85, 86).

2.3. Single-Molecule Fluorescence
Resonance Energy Transfer

Neither cryo-EM nor X-ray crystallography
provides information on the evolving dynamic
process itself. smFRET (94, 95) is uniquely
suited to provide such information on a

molecular motor in motion. smFRET draws
directly from both cryo-EM and X-ray crys-
tallography in the design of experiments (i.e.,
in the placement of donor and acceptor flu-
orophore pairs) for maximum information on
dynamic distance changes associated with
molecular function. In a rapidly evolving area of
ribosome research, through careful positioning
of donor-acceptor pairs, smFRET is providing
real-time dynamic information on many of the
structural rearrangements that have been in-
ferred from comparisons of cryo-EM and X-ray
structures (38–43, 44–46, 48, 51–60). Figure 1a

and Table 1 define the positions of all donor-
acceptor pairs that have thus far been used in
smFRET studies of translation.

Although smFRET provides time-resolved
information on changes in molecular distances,
typically only a single distance is monitored per
donor-acceptor labeling scheme. Extension of

Table 1 Positions within the translational machinery that have been labeled with donor-acceptor fluorophore pairs in
smFRET studies of translation elongation

Figure 1
designation Donor fluorophore position Acceptor fluorophore position References
D1/A1 4-Thiouridine residue at position 8 of P-site

tRNAfMet
3-(3-Amino-3-carboxy-propyl) uridine
residue at position 47 of A-site tRNAPhe

38, 39, 44, 47, 52–56,
58, 59

4-Thiouridine residue at position 8 of P-site
tRNAPhe

3-(3-Amino-3-carboxy-propyl) uridine
residue at position 47 of A-site tRNALys

52–54

D2/A2 C11 within an N11C single-cysteine
mutant of ribosomal protein L9

C41 within a D41C single-cysteine mutant
of ribosomal protein S6

43

D3/A3 C18 within a Q18C single-cysteine mutant
of ribosomal protein L9

C202 within a T202C single-cysteine
mutant of ribosomal protein L1

40, 60

D4/A4 C29 within a T29C single-cysteine mutant
of ribosomal protein L33

C88 within an A88C single-cysteine mutant
of ribosomal protein L1

42

D5/A5 3-(3-Amino-3-carboxy-propyl) uridine
residue at position 47 of P-site tRNAPhe

C202 within a T202C single-cysteine
mutant of ribosomal protein L1

40, 41, 57, 60

4-Thiouridine residue at position 8 of P-site
tRNAfMet

C55 within a S55C single-cysteine mutant
of ribosomal protein L1

52, 53

4-Thiouridine residue at position 8 of P-site
tRNAPhe

C55 within a S55C single-cysteine mutant
of ribosomal protein L1

52, 53

D6/A6 Helix 44 of 16S rRNA (nucleotides
1450–1453)

Helix 101 of 23S rRNA (nucleotides
2853–2864)

45, 48

D7/A7 Helix 33a of 16S rRNA (nucleotides
1027–1034)

3-(3-Amino-3-carboxy-propyl) uridine
residue at position 47 of A-site tRNAPhe

51

D8/A8 C231 within an E231C single-cysteine
mutant of EF-G

Unique native cysteine C38 within
ribosomal protein L11

46
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EF-Tu: elongation
factor Tu

EF-G: elongation
factor G

smFRET technology to simultaneously mon-
itor two distances using three-color smFRET
(i.e., using smFRET signals between one donor
and two distinct acceptor fluorophores) within
a single biomolecule has been recently reported
(52, 53, 96, 97). However, the spectral prop-
erties required to generate appreciable energy
transfer between the donor and both acceptors
(and minimize the potentially complicating
energy transfer between the two acceptors) are
at odds with the spectral properties required to
adequately detect the two resulting smFRET
signals; thus, careful balancing of these op-
posing requirements (97) presents technical
challenges [i.e., unacceptable amounts of
donor or acceptor signal bleed through into
the improper detection channel(s), very low
signal-to-noise ratios, etc.] that often result in
smFRET data that cannot be quantitatively an-
alyzed (52, 53). Complicating matters further,
the observed value of FRET efficiency is depen-
dent on a number of spectroscopic and physical
variables that must be carefully measured for
each donor-acceptor labeling scheme in order
to extract an accurate estimate of the distances
between the donor and acceptor fluorophores
(98). Therefore, relative to X-ray crystallog-
raphy and cryo-EM, the structural resolution
available from smFRET experiments is con-
siderably limited, and the technique is best
applied to obtain kinetic information on struc-
tural rearrangements that have already been
well defined by comparisons of X-ray and/or
cryo-EM structures. In the ideal smFRET ex-
periment, donor and acceptor fluorophores are
introduced into mobile and static structural el-
ements of the ribosomal complex, respectively,
such that the recorded smFRET data report on
the intrinsic dynamics of the mobile element
relative to a static landmark (39, 40, 42, 43, 45,
48, 51, 55, 56, 59, 60). smFRET studies where
both fluorophores, or all three fluorophores in
the case of three-color smFRET experiments,
are positioned on mobile elements of the ribo-
somal complex are more difficult to interpret
and often require prior knowledge, or a model,
of the structural rearrangements that are being
probed (38, 41, 44, 46, 52–54, 57, 58, 60).

Given the strengths and limitations of each
of these techniques, the consensus is emerg-
ing that all three should be employed in the
quest to understand the mechanism of protein
synthesis (see for instance References 31 and
99). Indeed, the synthesis of cryo-EM, X-ray
crystallography, and smFRET data has already
yielded important insights into the mechanisms
of aa-tRNA selection (39, 51, 55, 56, 59, 61,
64, 69, 73, 74, 85) and translocation (38, 40–
43, 44–46, 52–54, 58, 60, 62, 63, 68, 86, 99,
100).

3. THE TRANSLATION
ELONGATION CYCLE

The translation elongation cycle can be divided
into three fundamental steps (Figure 1b): (a) se-
lection and incorporation of an aa-tRNA into
the ribosomal A site, a step which is catalyzed
by the essential GTPase elongation factor Tu
(EF–Tu) (101); (b) peptidyl transfer of the
nascent polypeptide from the peptidyl-tRNA
at the ribosomal P site to the aa-tRNA at the A
site, effectively deacylating the P-site tRNA and
increasing the length of the nascent polypep-
tide now on the A-site tRNA by one amino
acid (102); and (c) translocation of the ribo-
some along the messenger RNA (mRNA) tem-
plate by precisely one codon and the accompa-
nying joint movement of the newly deacylated
tRNA from the P to the E site and the newly
formed peptidyl-tRNA from the A to the P site,
a step which is catalyzed by a second essential
GTPase, elongation factor G (EF-G) (99, 103).
At its conclusion, the translocation reaction
places the subsequent mRNA codon at the A
site such that the elongation cycle can be re-
peated for incorporation of the next mRNA-
encoded amino acid.

3.1. Aminoacyl-tRNA Selection

aa-tRNA selection is a complex, multistep pro-
cess during which an aa-tRNA, in the form of
a ternary complex with elongation factor Tu
(EF-Tu) and GTP, is selected by the ribosome
from among at least 20 species of aa-tRNAs
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as dictated by the mRNA codon presented at
the A site. Successful recognition of a cognate
aa-tRNA results in transmission of a confor-
mational signal to EF-Tu that triggers GTP
hydrolysis and subsequent domain rearrange-
ment of the factor resulting in its dissociation
and the accommodation of the aa-tRNA into
the ribosome.

3.1.1. Kinetic proofreading, induced fit, and
the fidelity of protein synthesis. Figure 2
presents the mechanism of aa-tRNA selection
as deduced from comprehensive biochemical
kinetic experiments (101, 104); where avail-
able, cryo-EM snapshots of ribosomal com-
plexes that appear along the reaction pathway
are also depicted. aa-tRNA selection is a pro-
cess in which a series of selection steps control
the ability of the incoming aa-tRNA to partic-
ipate in the peptidyltransferase reaction. It is
within this series of selection steps that kinetic
proofreading (105, 106) and induced-fit (101,
106, 107) mechanisms discriminate aa-tRNAs
that are cognate to the mRNA codon at the A
site from those that are near- or noncognate.

aa-tRNA arrives at the ribosome as part of
a ternary complex with EF-Tu and GTP (step
0 → 1, Figure 2). Selection of aa-tRNA is
based on Watson-Crick base-pairing between
the mRNA codon and aa-tRNA anticodon
(steps 1 → 3, Figure 2). Recognition of a
cognate or, with a much lower probability, a
near-cognate codon-anticodon complex (39,
59, 104) triggers GTP hydrolysis and release
of inorganic phosphate from EF-Tu (steps 3 →
5, Figure 2). This is an irreversible event
which separates the initial selection stage
of aa-tRNA selection from the subsequent
proofreading stage (steps 5 → 7, Figure 2),
thus providing two independent opportunities
to reject near-cognate aa-tRNAs. An important
proposal stemming from the kinetic data is
that the rates of GTP hydrolysis (k4, Figure 2)
and peptidyl transfer (k7, Figure 2) are limited
not by active-site chemistry, but rather by two
preceding structural rearrangements of
the ribosomal elongation complex termed
GTPase activation (k3/k−3) and aa-tRNA

DC: decoding center

GAC: GTPase-
associated center

accommodation (k6/k6′ , Figure 2). Notably,
induced-fit mechanisms synergistically en-
hance the fidelity established by kinetic
proofreading through selectively accelerating
GTPase activation (k3, Figure 2) and accom-
modation (k6, Figure 2) in response to cognate
versus near-cognate aa-tRNAs.

3.1.2. Codon recognition and 30S subunit
domain closure. In structural terms, aa-tRNA
selection begins with binding of EF-Tu to the
L7/L12 stalk near the GTPase-associated cen-
ter (GAC) (Figure 1a) of the 50S subunit and
the formation and recognition of the codon-
anticodon complex at the decoding center (DC)
within the A site of the 30S subunit. NMR stud-
ies of an RNA oligonucleotide mimic of a por-
tion of the DC (108, 109) suggested that in the
absence of ligands the DC is conformationally
dynamic (109), a finding that holds true within
the authentic, ligand-free DC in an intact 30S
subunit (74).

Details concerning the nature of the codon-
anticodon interaction and its recognition and
stabilization by the DC have emerged from
X-ray studies of the 30S subunit. By soaking
mRNA fragments and tRNA ASLs into crys-
tals of the isolated 30S subunit, Ramakrish-
nan and coworkers (74) have demonstrated that
binding of a cognate codon-anticodon complex
into the DC stabilizes a specific local conforma-
tion of the otherwise disordered DC, in which
the universally conserved nucleotides A1492,
A1493, and G530 stably associate with the cog-
nate codon-anticodon complex. In addition,
binding of a cognate codon-anticodon complex
into the DC induces a global conformational
change of the 30S subunit, termed domain clo-
sure, in which the head and shoulder domains
(Figure 1a) rotate toward the center of the 30S
subunit (73).

Based on comparisons of the X-ray crys-
tal structures, the 30S subunit domain clo-
sure has been described as a conformational
change that is induced upon recognition of a
cognate codon-anticodon complex. However,
it is likely that the head and shoulder do-
mains within states 0, 1, and 2 in Figure 2 are
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Figure 2
Distinct states and reversible/irreversible steps of the decoding and peptidyl transfer processes, and corresponding cryogenic electron
microscopy (cryo-EM) maps, where available. In this schematic, tRNAs are colored according to their positions in the canonical (A, P,
E) scheme, consistent with color choices in previous work [e.g. Reference (63)]. State 0: The posttranslocational state in which the A
site is unoccupied, the P site contains a peptidyl-tRNA bound in the classical P/P (denoting the 30S P/50S P sites, respectively)
configuration, and the E site contains a deacylated tRNA bound in the classical E/E configuration and in direct contact with the open
L1 stalk. (Note: The E-site tRNA contacts the L1 stalk through its central fold, or elbow, domain.) Cryo-EM map I from Valle and
coworkers (63). Step 0 → 1 (reversible; k1/k−1): The binding of elongation factior Tu (EF-Tu) in a ternary complex with aminoacyl-
tRNA (aa-tRNA) and GTP to the ribosome via the L7/L12 stalk. State 1: The same as state 0 but with ternary complex bound to
ribosome. Step 1 → 2 (reversible; k2/k−2): The probing of the mRNA codon by the aa-tRNA anticodon at the decoding center (DC).
State 2: The same as state 1 but the aa-tRNA anticodon is engaged with the codon at the DC. Step 2 → 3 (reversible; k3/k−3): The
cognate and a fraction of near-cognate ternary complexes are bound sufficiently long to induce GTPase activation of EF-Tu. Step 2 →
3 (irreversible; k3′ ): The noncognate and a fraction of near-cognate ternary complexes are rejected as their binding to the ribosome fails
to stabilize. State 3: The same as state 2 but with EF-Tu activated for GTP hydrolysis. Cryo-EM map II: The use of guanylyl
iminodiphosphate prevents GTP hydrolysis (119; J. Sengupta, O. Kristensen, F. Fabiola, H. Gao, M. Valle, et al., in preparation). Step
3 → 4: (reversible; k4/k−4) GTP hydrolysis on EF-Tu. State 4: The same as state 3 but with EF-Tu bound in the GDP-Pi state.
Cryo-EM map III: After GTP hydrolysis, kirromycin prevents conformational change of EF-Tu and locks the ternary complex in the
A/T configuration (64). Step 4 → 5 (irreversible; k5): The departure of Pi. State 5: The same as state 4 but with EF-Tu bound in the
GDP only state. Step 5 → 6 (irreversible; k6): The conformational change of EF-Tu, departure of EF-Tu··GDP, and accommodation of
cognate aa-tRNA. (irreversible; k6′ ): The conformational change of EF-Tu, departure of EF-Tu··GDP, and departure of near-cognate
aa-tRNA. State 6: The same as state 5, but with aa-tRNA accommodated in the classical A/A configuration within the A site. Step 6 →
7 (irreversible; k7): The departure of E-site tRNA and peptidyl transfer. (Note that the precise timing of the E-site tRNA departure has
not been established, so this placement is tentative.) State 7: The macrostate I form of the pretranslocational complex is the same as
state 6 but the nascent polypeptide is now covalently linked to the A-site tRNA, whereas the P-site tRNA is deacylated, and the E site is
unoccupied. The ribosome is in its nonrotated conformation, the tRNAs are in their classical A/A and P/P positions, and the L1 stalk is
in its open conformation. Cryo-EM map IV from Agirrezabala and coworkers (68).

inherently conformationally dynamic and that
binding of a cognate codon-anticodon complex
into the DC simply selectively stabilizes the
global conformer that is observed in the X-ray

studies. Indeed, the observation that, depend-
ing on experimental conditions, the ribosome
has anywhere from a 1 in 1 × 103 (110, 111)
through a 1 in 1 × 105 (112, 113) probability
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of misincorporating a near-cognate aa-tRNA
suggests that binding of a near-cognate codon-
anticodon complex into the DC has some prob-
ability of inducing or selectively stabilizing the
domain-closed form of the 30S subunit.

Structural clues regarding how the domain
closure event, inferred from X-ray studies of
the isolated 30S subunit, might couple recog-
nition of a cognate codon-anticodon complex
at the DC to activation of GTP hydrolysis on
EF-Tu at the GAC of the 50S subunit come
from structural studies of ternary complex bind-
ing to ribosomes in the presence either of the
nonhydrolyzable GTP analog, guanylyl imin-
odiphosphate (GDPNP), or of the antibiotic
kirromycin. Kirromycin is a small-molecule an-
tibiotic, which is known to block the aa-tRNA
selection process at a step following GTP hy-
drolysis but prior to the conformational change
of EF-Tu that normally results in its dissocia-
tion from the ribosome and the release of the
aa-tRNA acceptor stem (114, 115). Recogni-
tion of a cognate or, with much lower probabil-
ity, a near-cognate codon-anticodon complex at
the DC leads to formation of the so-called A/T
configuration of the ternary complex, a tran-
sient configuration visualized by cryo-EM (61,
64, 66, 69, 116–118) and, more recently, by X-
ray crystallography (85), in which the aa-tRNA
anticodon engages the codon at the DC while
the aa-tRNA acceptor stem remains bound to
EF-Tu (map II, Figure 2). The structures of the
kirromycin-stabilized A/T configuration have
not only pinned down the intermolecular con-
tacts between EF-Tu and the ribosome but also
demonstrated that, upon EF-Tu binding, the
L11 stalk (Figure 1a), which forms part of the
GAC, curls inward toward the peptidyltrans-
ferase center (PTC) (Figure 1a) of the 50S
subunit (64, 85, 117, 119). Perhaps most im-
portantly, the structure of the A/T configura-
tion led to the discovery of a large conforma-
tional change of the tRNA body, as compared
to its known X-ray structure (120). Apparently,
this conformational change, characterized as
a kink and twist in the anticodon stem, per-
mits a geometry in which the aa-tRNA accep-
tor stem can remain bound to EF-Tu while the

Guanylyl
iminodiphosphate
(GDPNP): a GTP
nonhydrolyzable
analog

anticodon stem can continue probing the
codon-anticodon interaction (61, 64, 69, 85).
It has been suggested, as we point out below,
that the unusual conformation of the aa-tRNA
may have a role in the kinetic proofreading step.

3.1.3. The frequency and rate of stably
forming the A/T configuration depend
on codon-dependent fluctuations of the
ribosome-bound ternary complex. Dy-
namic information connecting the recognition
of the codon-anticodon complex at the DC,
and presumably the associated 30S subunit do-
main closure event, with formation of the A/T
configuration comes from smFRET studies of
aa-tRNA selection. Using an smFRET signal
between a donor-labeled P-site peptidyl-tRNA
and an acceptor-labeled incoming aa-tRNA
(D1/A1, Figure 1a and Table 1), delivery of
a cognate ternary complex to the ribosome
generated a rapidly evolving, presteady-state
smFRET signal that started at a 0-FRET value
prior to ternary complex binding and con-
cluded at a high-FRET value once aa-tRNA
was fully accommodated into the A site (steps
0 → 6, Figure 2) (39). In contrast with this
result, delivery of a near-cognate ternary com-
plex yielded multiple reversible fluctuations
between the 0-FRET value and a novel low-
FRET value, which reports on the transient
binding of the ternary complex to the ribosome
(steps 0 →← 2, Figure 2). Interestingly, delivery
of a noncognate ternary complex failed to yield
any detectable smFRET signal, demonstrating
that transient binding of noncognate ternary
complex either does not take place or is unob-
servable using this particular fluorophore la-
beling scheme and/or available time resolution.
The transient binding configuration of the
ternary complex that is characterized by the
low-FRET value, therefore, is one in which
the DC is able to inspect and recognize the
codon-anticodon complex (state 2, Figure 2).
Although the configuration of the ternary com-
plex associated with the low-FRET value is a
critical intermediate in the aa-tRNA selection
pathway, the stochastic and transient nature
with which it is sampled makes it very difficult
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to structurally characterize or biochemically
investigate using ensemble experiments.

Steps along the smFRET trajectory that lie
beyond the low-FRET, codon-dependent sam-
pling of the DC can be investigated by substi-
tuting GTP with GDPNP in a manner anal-
ogous to the cryo-EM studies described above
(39, 59). A cognate ternary complex delivered
in the presence of GDPNP progresses through
the low-FRET value and subsequently stabi-
lizes at a mid-FRET value that directly cor-
responds to the A/T configuration visualized
by cryo-EM (steps 0 → 3, Figure 2). Near-
cognate ternary complexes, which are very ef-
fectively rejected from the configuration asso-
ciated with the low-FRET value (steps 0 →←
2, Figure 2), have a very low probability of
stably achieving the A/T configuration asso-
ciated with the mid-FRET value. Thus, the
low- → mid-FRET transition reports on a
codon-dependent structural rearrangement of
the ribosome-bound ternary complex in which
the aa-tRNA is brought closer to the peptidyl-
tRNA (hence the increase in FRET) (step 2 →
3, Figure 2). This conformational change pre-
cedes GTP hydrolysis by EF-Tu, and its end
point coincides with stable repositioning of EF-
Tu at the GAC such that GTP hydrolysis by
EF-Tu can be activated. It is therefore likely
that the aa-tRNA itself participates in trans-
mitting the codon-anticodon recognition signal
from the DC to the GAC, inducing GTP hy-
drolysis by EF-Tu, in keeping with the results of
tRNA cleavage (121) and mutational (122–124)
studies.

Careful analysis of a large number of sm-
FRET trajectories reveals that both cognate
and near-cognate ternary complexes can fluctu-
ate reversibly between the low- and mid-FRET
states (i.e., low- →← mid-FRET) in the pres-
ence of GDPNP (59). In addition, two sub-
populations of low- → mid-FRET transitions
were detected. One subpopulation remains at
the mid-FRET value transiently, rapidly tran-
siting back to the low-FRET value. This sub-
population likely represents unsuccessful at-
tempts of the ternary complex to reposition at
the GAC, an interpretation that is supported by

similar smFRET experiments performed in the
presence of the small-molecule, GAC-targeting
antibiotic thiostrepton (56). The second pop-
ulation exhibits a stable and long-lived mid-
FRET signal that indicates the successful repo-
sitioning of the ternary complex at the GAC.
These data directly report on stochastic, ther-
mally driven fluctuations of the ternary complex
between configurations characterized by low-
and mid-FRET values. Comparison of cog-
nate and near-cognate ternary complex delivery
in the presence of GDPNP demonstrates that
near-cognate ternary complexes are ∼sixfold
less likely to undergo a low- → mid-FRET
transition, exhibit a ∼threefold decrease in the
rate of low- → mid-FRET transitions, and are
∼twofold less likely to undergo a successful ver-
sus an unsuccessful low- → mid-FRET transi-
tion. Thus, as part of the initial selection stage
of aa-tRNA selection, thermally driven low- →←
mid-FRET fluctuations of the ribosome-bound
ternary complex are biased in favor of cognate
over near-cognate ternary complexes. If one
assumes that low- → mid- and mid- → low-
FRET transitions correspond to 30S domain
closing and opening events, respectively, it is
possible that rather than triggering a single, dis-
crete 30S subunit domain closure event, recog-
nition of a cognate codon-anticodon complex at
the DC simply biases thermally driven open →←
closed fluctuations of the 30S head and shoulder
domains. It would therefore be of great interest
to design donor-acceptor pairs that directly re-
port on the dynamics of the 30S subunit domain
closure.

3.1.4. aa-tRNA distortion and fluctuations
might drive and regulate the outcome of
the accommodation reaction. Successful
repositioning of a cognate and, with some
probability, a near-cognate ternary complex
at the GAC leads to GTPase activation (step
0 → 3, Figure 2) and GTP hydrolysis (step
3 → 4, Figure 2) on EF-Tu. The mechanism of
GTPase activation of EF-Tu has been recently
illuminated by two cryo-EM reconstructions
of the A/T ternary complex configuration sta-
bilized in the GDP-bound conformation using
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the antibiotic kirromycin (61, 69). These two
recent cryo-EM reconstructions demonstrate
that successful repositioning of EF-Tu at the
GAC triggers opening of a hydrophobic gate
within EF-Tu, which allows a crucial EF-Tu
histidine residue to reorient toward GTP and
activate a water molecule, subsequently leading
to GTP hydrolysis. These findings have been
recently confirmed at atomic resolution using
X-ray crystallography (85). Upon GTP hy-
drolysis and release of the resulting inorganic
phosphate (steps 4 → 5, Figure 2), EF-Tu un-
dergoes a large conformational change, which
results in the above-described dissociation
of EF-Tu··GDP from the ribosome and the
release of the aa-tRNA acceptor stem (steps
5 → 6, Figure 2). At this stage, a near-cognate
aa-tRNA is preferentially released from the
ribosome (k6′ ) while a cognate aa-tRNA,
on account of its optimal binding stability
at the DC, is preferentially accommodated
into the PTC (k6). Assuming that aa-tRNA
in its kinked, twisted conformation is in a
high-energy configuration, the stability of its
binding interactions at the DC may set the
threshold for selection (125). The mid- →
high-FRET transition observed in presteady-
state smFRET studies of aa-tRNA selection
reports directly on the dynamics of aa-tRNA
as it is accommodated from its position within
the A/T configuration of the ternary complex
into the PTC (39). Interestingly, rapid mid-
→← high-FRET fluctuations are observed when
the A/T configuration is stabilized either by
GDPNP or by GDP··kirromycin (39). This
observation suggests that even prior to GTP
hydrolysis, release of inorganic phosphate,
or the subsequent conformational change of
EF-Tu, aa-tRNA can fluctuate and transiently
sample the high-FRET, fully accommodated
state but that stable accommodation of aa-
tRNA into the PTC might require additional
conformational processes at the PTC that
are somehow coupled to the conformational
change and/or dissociation of EF-Tu from the
ribosome. Thus, in a manner analogous to the
initial selection stage of aa-tRNA selection,
these results suggest that the proofreading

stage of aa-tRNA selection involves thermally
driven fluctuations of the tRNA from its bind-
ing site on EF-Tu into the PTC that are biased
to favor cognate over near-cognate tRNAs.

3.2. Peptidyl Transfer

Owing to their current spatial and time reso-
lution limits, cryo-EM and smFRET have not
significantly contributed to our structural and
dynamic understanding of the peptidyltrans-
ferase reaction. There is, however, significant
biochemical (126–128) and X-ray structural
(70) evidence strongly suggesting that local
structural rearrangements of the PTC regulate
the conversion of the catalytic center of the ri-
bosome from an inactive conformation to a con-
formation that supports the peptidyl-transfer
reaction. X-ray crystallographic structures of
the 50S subunit bound to various analogs of
peptidyl- and aa-tRNA acceptor stems, as well
as a peptidyltransferase transition state analog,
suggest that docking of the acceptor end of aa-
tRNA into the PTC triggers a coupled struc-
tural rearrangement of the PTC and the accep-
tor ends of the peptidyl- and aa-tRNAs. The
resulting conformation of the substrate-bound
PTC exposes the reactive carbonyl group at
the C-terminal end of the peptidyl-tRNA, op-
timally positioning it and the α-NH2 group
of the incoming aa-tRNA for the in-line nu-
cleophilic attack that transfers the nascent
polypeptide from the P site–bound peptidyl-
tRNA to the A site–bound aa-tRNA (70). Re-
sults of studies using analogs of peptidyl- and
aa-tRNA acceptor stems within the isolated 50S
subunit have recently been supported by similar
studies using full-length peptidyl- and aa-tRNA
analogs within intact, 70S ribosomes (129).

3.3. mRNA-tRNA Translocation

After peptidyl transfer, the A-site tRNA within
the pretranslocation (PRE) ribosomal complex
carries the nascent polypeptide chain while the
P-site tRNA is deacylated. mRNA and tRNAs
must now be advanced such that the next codon
is placed into the DC of the posttranslocation
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(POST) ribosomal complex (Figure 3). This
is accomplished with the aid of EF-G··GTP,
which binds to the PRE complex in a position
similar to that of the ternary complex (63, 67,

85, 86, 130, 131). Evidently the need to trans-
port mRNA and two tRNAs by the span of
a codon (∼13 Å) requires large, coordinated
conformational changes of the PRE complex

GTP GDP
+Pi

GTPMS-I MS-II

IV V VI I

7 8 9 11 010

E P A E P A E P A E P A E P A E P A

E P A E P AE P A E P A E P A E P A
k

8

k
7   9

k
9   7

k
–8

k
9

k
–9

k
10

k
–10

k
11

k
0

Pi

k
–11

GTP
hydrolysis

P/E tRNA P/E tRNA E/E tRNAEF-GA/A tRNAP/P tRNA A/P tRNA P/P tRNA

Figure 3
Distinct states and reversible/irreversible steps of the translocation process and corresponding cryo-EM maps, where available. In this
schematic, unlike Figure 2, colors mark individual tRNAs, so that the steps of their translocation can be followed. State 7: The
macrostate I (MS-I) form of the pretranslocational (PRE) complex is the same as state 7 in Figure 2. The A site contains the newly
formed peptidyl-tRNA, the P site contains a deacylated tRNA, and the E site is unoccupied. The ribosome is in its nonrotated
conformation, the tRNAs are in their classical A/A (denoting the 30S A/50S A sites, respectively) and P/P positions, and the L1 stalk is
in its open conformation. Cryo-EM map IV from Agirrezabala and coworkers (68). Step 7 → 8 (reversible; k8/k−8): The rearrangement
of MS-I into an intermediate state of ratcheting (44). State 8: This is the same as state 7 but with the PRE complex in an intermediate
state of ratcheting consisting of a ribosome in a semirotated state and tRNAs in an intermediate classical A/A, hybrid P/E configuration
that lies somewhere between the classical A/A and P/P configuration and the hybrid A/P and P/E configuration. The L1 stalk is in a
“closed” position, where it forms a direct intermolecular contact with the hybrid P/E tRNA (44, 156). Step 8 → 9 (reversible; k9/k−9):
The rearrangement of the intermediate state of ratcheting to macrostate II (MS-II) (44). State 9: The MS-II form of the PRE complex
is the same as in state 8 but with the ribosome in the rotated state, tRNAs in hybrid A/P and P/E configurations, and the L1 stalk in a
closed conformation where it directly contacts the hybrid P/E tRNA elbow. Cryo-EM map V from Agirrezabala and coworkers (68).
Note: State 9 can alternatively be reached directly from state 7, bypassing the intermediate state 8. Step 9 → 10 (reversible; k10/k−10):
The binding of EF-G in the GTP state. State 10: The same as in state 9 but with EF-G bound in GTP state, stabilizing MS-II.
Cryo-EM map VI from Valle and coworkers (63). Note that EF-G in the presence of guanylyl iminodiphosphate stably binds only to
ribosomes with an unoccupied A site (63, 68). Step 10 → 11 (reversible; k11/k−11): GTP hydrolysis on EF-G. State 11: The same as
state 10 but with EF-G bound in the GDP-Pi state. Step 11 → 0 (irreversible; k0): The ribosome returns to the nonrotated position,
the newly formed peptidyl-tRNA and the newly deacylated tRNA move into the classical P/P and E/E configurations, respectively, and
the L1 stalk moves into the open position. EF-G··GDP and Pi depart from the ribosome. State 0: The posttranslocation complex. The
same as in state 11 but with the ribosome in the nonrotated position, the newly formed peptidyl-tRNA and the newly deacylated tRNA
in classical P/P and E/E configurations, respectively, and the L1 stalk in the open position. Cryo-EM map I from Valle and coworkers
(63). [Note that using fusidic acid, EF-G has also been trapped on the ribosome in the GDP state, with the ribosome in the nonrotated
position, the newly formed peptidyl-tRNA and the newly deacylated tRNA in classical P/P and E/E configurations, respectively, and
the L1 stalk in the open position as depicted in state 0 (see References 63 and 86).] For clarity, we have refrained from adding a panel
depicting this configuration.
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(steps 7 → 0, Figure 3). Indeed, the PRE com-
plex transitions from one major conformation,
termed macrostate-I (MS-I) (99) or global state
1 (GS-1) (41), to a second major conformation,
termed macrostate-II (MS-II) (99) or global
state 2 (GS-2) (steps 7 → 9, Figure 3) (41),
prior to stable binding of EF-G (step 9 → 10,
Figure 3); throughout this article, we use the
term macrostates or MS. The MS-I → MS-
II transition is characterized by, among other
structural rearrangements, a counterclockwise
ratchet-like rotation of the 30S subunit rela-
tive to the 50S subunit (denoted hereafter as
the nonrotated → rotated ribosome transition),
which was first observed by Frank & Agrawal
(30) by comparing cryo-EM maps, confirming
early proposals by Bretscher (132) and Spirin
(133) that an intersubunit rotation is employed
in mRNA-tRNA translocation.

Formation of the hybrid A/P (denoting the
30S A/50S P sites, respectively) and P/E con-
figurations of the ribosome-bound tRNAs (de-
noted hereafter as the classical → hybrid tRNA
transition), originally inferred from chemical
modification studies by Moazed & Noller (134)
and subsequently confirmed by Hardesty and
coworkers (135) using ensemble FRET, is in-
tricately linked with intersubunit rotation and
is thus also observed to occur as part of the
MS-I → MS-II transition (62, 68, 136, 137).
In addition to intersubunit rotation and for-
mation of the hybrid tRNA configurations, the
MS-I → MS-II transition also encompasses a
closing of the ribosomal L1 stalk (Figure 1a),
a highly mobile domain within the 50S sub-
unit (denoted hereafter as the open → closed
L1 stalk transition) (40–42, 63, 71, 72, 77, 83,
91, 138–142), and formation of an intermolec-
ular contact between the closed L1 stalk and
the hybrid P/E tRNA (denoted hereafter as the
L1◦◦tRNA → L1·tRNA transition) (30, 63).

According to a general rule recognized by
Zavialov & Ehrenberg (143) and Valle et al.
(63), the MS-I → MS-II transition does not
take place unless the P-site tRNA is deacy-
lated, a feature of the conformational dynam-
ics of the ribosomal elongation complex that
can be rationalized by the need to stabilize the

Macrostates (MS-I
and MS-II): two
states of the ribosome
that are encountered
in the process of
translocation and are
characterized by major
conformational
rearrangements

Ratchet-like
rotation:
counterclockwise
rotation of the small
subunit with respect to
the large subunit,
leading from
macrostate I to
macrostate II

ribosome’s conformation during aa-tRNA se-
lection. This rule is appropriately described as
a locking/unlocking mechanism—in the sense
that the unlocking of a door is necessary but not
sufficient for the door to open. In the present
case, the deacylation of the P-site tRNA only
provides the precondition for the MS-I → MS-
II transition.

Ribosome-stimulated GTP hydrolysis by
EF-G and subsequent release of inorganic
phosphate then causes EF-G to undergo a con-
formational change into the GDP form (86,
100), resulting in several interrelated events:
decoupling of the mRNA-tRNAs complex from
the DC (100), rotation of the 30S subunit head
domain (91, 100, 131, 144), reversion of the ro-
tation of the 30S subunit associated with in-
tersubunit rotation (86, 99, 100), full advance
of the next untranslated codon into the DC,
and release of EF-G··GDP from the ribosome
(steps 10 → 0, Figure 3). Head domain ro-
tation and reverse rotation of the 30S subunit
have been recognized as the steps leading to
mRNA-tRNA translocation relative to the 30S
subunit (99, 100).

3.3.1. Thermally driven, spontaneous
fluctuations of pretranslocation complexes
between macrostates I and II. Initially,
binding of EF-G to the PRE complex was
thought to be required to bring about the
MS-I → MS-II transition, including the
associated classical → hybrid tRNA transition,
as this was the condition under which the
original cryo-EM observations were made (30,
63). This result, however, was at odds with the
chemical modification studies of Moazed &
Noller (134) and ensemble FRET studies of
Hardesty and coworkers (135), which indicated
that the classical → hybrid tRNA transition
occurs spontaneously upon peptidyl transfer
and in the absence of EF-G. The notion that
the classical → hybrid tRNA transition within a
PRE complex might be a reversible process was
first suggested by Green and coworkers (145)
as a possible resolution of the discrepancies
between the chemical modification (134) and
ensemble FRET (135) studies, on the one hand,
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and the cryo-EM studies (30, 63), on the other.
A few months later, the laboratories of Chu
and Puglisi (38) reported the first smFRET
investigation of tRNA dynamics within a PRE
complex. Using the same tRNA-tRNA labeling
scheme that was used in the smFRET studies
of aa-tRNA selection (D1/A1, Figure 1a and
Table 1), these studies directly demonstrated
the reversible nature of the classical → hybrid
tRNA transition, revealing that tRNAs within a
PRE complex fluctuate stochastically between
classical and hybrid configurations with free
energies of activation, �G‡, for the classical →
hybrid transition of ∼69 kJ mol−1 (T = 296 K)
and for the hybrid → classical transition of
∼70 kJ mol−1 (T = 296 K)—values that are,
somewhat surprisingly, ∼28-fold larger than
the average thermal energy available at room
temperature (RT = 2.5 kJ mol−1 at 296 K) (38).

The possibility that the tRNA fluctuations
observed by Chu, Puglisi, and coworkers (38)
might be accompanied by fluctuations of the
entire PRE complex between the structurally
observed MS-I and MS-II states in the absence
of EF-G, as proposed by Kim et al. (58),
suggested that a Brownian motor mechanism
might underlie the translocation reaction, at
least with respect to translocation of the tRNA
acceptor ends within the 50S subunit. Initial
experimental evidence suggesting that PRE
complexes might spontaneously occupy the
MS-II state in the absence of EF-G came from
ensemble experiments in which an intersubunit
FRET signal was used to demonstrate that PRE
complexes could occupy the rotated ribosome
conformation in the absence of EF-G (137).
Direct experimental evidence suggesting that
PRE complexes might fluctuate stochastically
between the structurally observed MS-I and
MS-II states in the absence of EF-G came from
characterizing a variety of smFRET signals
reporting directly on nonrotated and rotated
ribosome conformations (D2/A2, Figure 1a,
and Table 1) (43), the open and closed L1 stalk
conformations (D3/A3 and D4/A4, Figure 1a,
and Table 1) (40, 42, 60), and the formation
and disruption of the L1 stalk-P/E tRNA
intermolecular contact (D5/A5, Figure 1a,

and Table 1) (40, 41, 52, 60). Each of these
individual smFRET signals has been found
to stochastically fluctuate between two major
states consistent with the MS-I and MS-II
cryo-EM structures, thus defining individual
nonrotated →← rotated ribosome, open →←
closed L1 stalk, and L1◦◦tRNA →← L1·tRNA
dynamic equilibriums that, together with the
classical →← hybrid tRNA equilibrium, collec-
tively define an MS-I →← MS-II equilibrium.

Interestingly, data using a second intersub-
unit smFRET signal (D6/A6, Figure 1a and
Table 1) were inconsistent with stochastic non-
rotated →← rotated fluctuations within a PRE
complex (45). Instead, this study suggested
that, during the elongation cycle, the energy
of peptide bond formation drives the nonro-
tated → rotated transition, whereas the energy
of ribosome-stimulated GTP hydrolysis on
EF-G drives the reverse rotated → nonrotated
transition. An alternative interpretation, how-
ever, that would reconcile the data obtained us-
ing the D2/A2 and D6/A6 intersubunit label-
ing schemes is that the D6/A6 labeling scheme
simply reports on an as yet undefined confor-
mational switch that is uniquely triggered upon
each unlocking event (i.e., upon deacylation of
the P-site tRNA) and uniquely reset upon each
locking event (i.e., upon placement of the next
peptidyl tRNA into the P site). Such a confor-
mational switch need not directly correspond
to, nor report on, the nonrotated →← rotated
fluctuations that are associated with the MS-I
→← MS-II equilibrium and that are reported on
by the D2/A2 labeling scheme. Thus, the con-
formational cycle observed using the D6/A6 la-
beling scheme might report directly on the cy-
cle of unlocking and locking that occurs during
each round of the elongation cycle (146).

In complete agreement with the ensem-
ble and smFRET investigations, two recent
cryo-EM studies (62, 68), one of which was
specifically performed under experimental
conditions that alter the free-energy land-
scape of the MS-I →← MS-II equilibrium (see
Section 3.3.3. and Figures 4 and 5) in order
to significantly populate MS-II (i.e., lower
[Mg2+], and Figure 5) (58, 68), were able
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Figure 4
A heuristic schematic of the complex free-energy landscape of the elongation cycle, including macrostate
(MS)-I and MS-II of the pretranslocational (PRE) ribosomal complex. Conformational changes of the
ribosomal complex can occur along either the reaction coordinate or the conformational space axes.
Conformational changes that take place along the reaction coordinate axis correspond to the rearrangements
of the ribosomal complex that facilitate the elongation reaction that will ultimately transform
posttranslocation (POST)-1 into POST-2. Conformational changes along the conformational space axis, by
contrast, correspond to fluctuations among the ensemble of conformers that exist at all points along the
reaction coordinate, leading to the availability of numerous parallel reaction pathways, which are the
hallmark of a complex free-energy landscape. The energetic barriers separating POST-1 from the MS-I state
of the PRE complex and the MS-II state of the PRE complex from POST-2 are large enough such that
overcoming these barriers generally requires the energy released from GTP hydrolysis by elongation factor
Tu and/or peptidyl transfer (for POST-1 → MS-I transitions) and GTP hydrolysis by EF-G (for MS-II →
POST-2 transitions). The energetic barrier separating MS-I from MS-II, however, is small enough such that
stochastic, thermally driven fluctuations between MS-I and MS-II are permitted. In addition, the ruggedness
of the landscape strongly suggests that the valleys defining POST-1, MS-I, MS-II, and POST-2 are
themselves composed of a multiplicity of smaller valleys separated by barriers even smaller than that
separating MS-I from MS-II. Thus, POST-1, MS-I, MS-II, and POST-2 are each expected to be composed
of an ensemble of conformations, with the population of any one member of the ensemble depending on the
exact depth of its valley and heights of the barriers separating it from its neighbors. As experimentally
demonstrated in Figure 5, the depth of the valleys within POST-1, MS-I, MS-II, and POST-2, as well as the
depths of the POST-1, MS-I, MS-II, and POST-2 valleys themselves, are sensitive functions of
environmental conditions (e.g., substrate, cofactor, or allosteric effector binding) or the dissociation of
reaction products. The circled numbers listed underneath the POST-1, MS-I, MS-II, and POST-2 valleys
refer to the equivalently labeled POST, MS-I, and MS-II complexes depicted in Figure 3. Abbreviation:
�G‡, free energy of activation.

to apply particle classification methods to
single PRE complex samples in order to reveal
the existence of two classes of particles with
structures corresponding to MS-I and MS-II.

The structural rearrangements encom-
passed by MS-I →← MS-II transitions are

undoubtedly complex, involving substantial
local as well as global reconfigurations of
intra- and intersubunit ribosome-ribosome
and ribosome-tRNA interactions (reviewed
in Reference 31). Despite the complexity of
these structural rearrangements, however, the
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majority of smFRET studies reporting on the
individual classical →← hybrid tRNA (38, 58),
nonrotated →← rotated ribosome (43), open
→← closed L1 stalk (40, 42, 60), and L1◦◦tRNA
→← L1·tRNA (40, 41, 60) equilibriums within
wild-type PRE complexes report fluctuations
between just two major FRET states corre-
sponding to the structures of MS-I or MS-II.
Since individual MS-I →← MS-II transitions
must necessarily occur via some pathway
(or, more likely, via any one of numerous
parallel pathways), the failure of the majority
of smFRET studies to detect any intermediate
states connecting MS-I and MS-II is most
likely due to either (a) the finite time resolution
(typically 25–100 ms frame−1 in studies of
ribosome dynamics) with which smFRET
studies can resolve energetically unstable, and
thus transiently sampled, intermediate states
or (b) the limited spatial resolution with which
a specific donor-acceptor pair signal can detect
the distance change associated with formation
of a particular intermediate state (even an
energetically stable intermediate state). Nev-
ertheless, emerging cryo-EM (X. Agirrezabala,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
Modulating the free-energy landscape of the macrostate (MS)-I →← MS-II equilibrium. (a) An equilibrium single-molecule fluorescence
resonance energy (smFRET) versus time trajectory for a pretranslocation (PRE) ribosomal complex sample containing a donor-labeled
P-site tRNA and an acceptor-labeled L1 stalk (41), (D5/A5, Figure 1a and Table 1) (top). The smFRET trajectory is calculated using
ICy5/(ICy3+ICy5), where ICy3 is the raw emission intensity of the Cy3 donor fluorophore, and ICy5 is the raw emission intensity of the
Cy5 acceptor fluorophore. In this labeling scheme, disruption of the L1 stalk-P/E (denoting the 30S P/50S E sites, respectively) tRNA
contact (L1◦◦tRNA, MS-I) generates a FRET value centered at 0.16 FRET, whereas formation of the L1 stalk-P/E tRNA contact
(L1·tRNA, MS-II) generates a FRET value centered at 0.76 FRET. Analysis of the dwell time spent in the MS-I state prior to
transitioning to the MS-II state provides the average rate constant governing MS-I → MS-II transitions, and the analogous analysis for
the dwell time spent in MS-II provides the average rate constant governing MS-II → MS-I transitions. These average rate constants
can be converted to free energies of activation, �G‡, for the two transitions using the equation �G‡ = –RT ln(hk/kBT), where R is the
universal gas constant (8.314 J K−1 mol−1), T is the temperature (in K), h is Planck’s constant (6.626 × 10−34 J s), k is the rate constant
(in s), and kB is Boltzmann’s constant (1.381 × 10−23 J K−1). The smFRET trajectory shown here, used as a point of reference, was
recorded using a PRE complex containing a phenylalanine-specific tRNA (tRNAPhe) in the P site, an unoccupied A site, and no
addition of elongation factor G··guanylyl iminodiphosphate (EF-G··GDPNP) in a buffer containing 15 mM Mg2+. A contour plot of
the time evolution of population FRET (bottom) is generated by superimposing the first five of numerous individual smFRET
trajectories, binning the data into 20 FRET bins and 30 time bins, and normalizing the resulting data to the most populated bin in the
plot. N indicates the number of trajectories used to generate the contour plot. (b) Inspection of the smFRET trajectories (top) and
contour plots of the time evolution of population FRET (bottom) reveal that lowering the [Mg2+] from 15 mM to 5 mM (left), replacing
the P-site tRNAPhe with formylmethionine specific tRNA (tRNAfMet) (center), and binding of EF-G··GDPNP (right) all markedly alter
the free-energy landscape of the MS-I →← MS-II equilibrium, changing the average rates and corresponding �G‡s for the MS-I →
MS-II and MS-II → MS-I transitions and thereby modulating the observed MS-I and MS-II equilibrium populations. (c) Two-
dimensional free-energy profile of the MS-I →← MS-II equilibrium in which the conformational space coordinate has been averaged to a
single average conformer. The plot summarizes how the �G‡ for the MS-I → MS-II and MS-II → MS-I transitions is altered by
changes in [Mg2+], P-site tRNA identity, and EF-G··GDPNP binding.

H. Liao, J. Fu, J.L. Brunelle, R. Ortiz-Meoz,
et al., in preparation), X-ray crystallographic
(93), and smFRET (44, 52) studies have
reported observations of intermediate states
connecting MS-I and MS-II. We expect that
the reports of these new intermediate states will
drive additional structural and dynamic studies
that push the structural and time resolution
limits of cryo-EM, X-ray crystallography, and
smFRET in an effort to elucidate the physical
basis of MS-I →← MS-II transitions.

3.3.2. Origin of macrostates in the riboso-
mal architecture. An examination of the ri-
bosome’s architecture (77, 147) reveals the ori-
gin of the rotational instability that leads to
the existence of the two macrostates (37): Two
massive subunits are held together by a num-
ber of bridges with varying stability depending
on their location across the intersubunit plane.
As a general rule, tight RNA-RNA interactions
occur in the center of the ribosome particle,
whereas loose interactions involving at least one
ribosomal protein occur at the periphery. An
example of a tight interaction is that between
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helix 44 on the 30S subunit and helix 69 on the
50S subunit (i.e., bridge B2a), and an example
of a loose interaction is that between ribosomal
protein S19 on the 30S subunit and helix 38 on
the 50S subunit (i.e., bridge B1a).

The architectural properties of the ribosome
are such that they give rise to a rotational mo-
tion when the molecule is in its thermal en-
vironment, as shown by normal mode analysis
either of the X-ray structure (138, 148) or of
an elastic network representation of the cryo-
EM density map itself (149). These studies all
indicated that intersubunit rotation is indeed a
predominant mode of motion in this molecule.
Normal-mode analysis also revealed a corre-
lated motion of the L1 stalk; however, this mo-
tion goes in the opposite direction: As the 30S
subunit rotates counterclockwise, the L1 stalk
moves clockwise, toward the intersubunit space,
again in agreement with experimental findings
(40–43, 60, 62, 63, 68). Movement of the L1
stalk has been implicated in the transport of the
deacylated tRNA from the P/P to the P/E po-
sition (41, 63). Thus, we have the important re-
sult that the ribosome is constructed in such a
way that energy supplied from the ambient sur-
roundings is harnessed toward productive work
(99, 148).

Quite likely, this rationale of optimal energy
harnessing is the reason why the intersubunit
motion is encountered in other translational
processes, as well (see tabulation in Reference
99).

1. In initiation, GTP hydrolysis and the re-
lease of initiation factor 2 in its GDP form
from the ribosomal initiation complex are
accompanied by a MS-II → MS-I transi-
tion (48, 150, 151), implying that the ri-
bosomal initiation complex is initially as-
sembled in MS-II, and then brought into
MS-I, the proper state for acceptance of
the first ternary complex of the elonga-
tion cycle.

2. In termination, the binding of GTP to
ribosome-bound release factor 3 triggers
an MS-I → MS-II transition of the ri-
bosomal termination complex (57, 137,

152, 153); this conformational change is
responsible for the dissociation of release
factor 1 or 2 from a ribosomal termina-
tion complex (57, 153).

3. In ribosome recycling, binding of ribo-
some recycling factor to the posttermi-
nation ribosomal complex biases the ri-
bosome toward MS-II (57, 154, 155).

3.3.3. Modulating the complex free-energy
landscape of the MS-I →← MS-II equilib-
rium. As expected for a complex free-energy
landscape, the depths of the valleys and heights
of the peaks underlying the MS-I →← MS-II
equilibrium are affected by a variety of factors.
For example, using smFRET signals directly
reporting on either the classical →← hybrid
tRNA, nonrotated →← rotated ribosome, open
→← closed L1 stalk, or L1◦◦tRNA →← L1·tRNA
equilibriums as proxies for the MS-I →← MS-II
equilibrium, the presence of a nascent polypep-
tide chain versus an amino acid on the A-site
tRNA decreases �G‡ for the MS-I → MS-II
transition by ∼4 kJ mol−1 while having little to
no effect on �G‡ for the MS-II → MS-I transi-
tion (38, 41, 44). Likewise, lowering the [Mg2+]
from 15 mM to 3.5 mM decreases �G‡ for the
MS-I → MS-II transition by ∼3 kJ mol−1 but
has little to no effect on �G‡ for the MS-II →
MS-I transition (Figure 5) (58; J. Fei & R.L.
Gonzalez, Jr., in preparation). Similarly, the
identity of the P-site tRNA can modulate
the free-energy landscape underlying the
MS-I →← MS-II equilibrium; for example,
formylmethionine-specific tRNA (tRNAfMet)
increases �G‡ for the MS-I → MS-II transition
by ∼1 kJ mol−1 and decreases �G‡ for the
MS-II → MS-I transition by ∼2 kJ mol−1 rela-
tive to phenylalanine-specific tRNA (tRNAPhe),
thereby providing the mechanistic basis for
the widely reported propensity of tRNAfMet

to occupy the classical P/P configuration (40,
41), findings that have been subsequently
confirmed (42, 43, 52, 53).

The ruggedness of a free-energy landscape
typically speaks to the scale of the confor-
mational change(s) that can be derived from
a specified change in energy. In the case of
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a smooth free-energy landscape, thermal
fluctuations, which are small in energy, can
yield only correspondingly small changes in
structure. In contrast, thermal fluctuations
within a rugged free-energy landscape can lead
to large conformational changes (17). Thus,
the observation that thermal fluctuations can
propel the large-scale conformational changes
encompassing MS-I →← MS-II transitions (38,
40–44, 52–54, 58, 60, 62, 68) reveals the rugged
nature of the free-energy landscape underlying
the translocation reaction. The ruggedness
takes into account a property of MS-I →← MS-II
transitions that is both predicted and more
recently observed. The complexity of the struc-
tural rearrangement encompassed by MS-I →←
MS-II transitions, shown by atomic modeling
of cryo-EM density maps for MS-I and II (68),
leads us to predict that individual transitions in-
volve an entire cascade of individual small-scale
rearrangements. This suggests the existence
of subsidiary minima within the valleys char-
acterizing MS-I and MS-II, thereby yielding
substates that are individually populated. Inter-
ventions, such as tRNA or ribosome mutagen-
esis or modification (including the fluorescent
labeling necessary for smFRET studies),
depletion of functionally important ribosomal
proteins from ribosomes, binding of antibiotic
inhibitors of translocation, replacing tRNAs
with ASLs, subjecting ribosomes to crystal
packing forces, et cetera, may lead to the lower-
ing of one of the subsidiary wells and thus bias
the system toward the corresponding substate.
Experimental evidence for the existence of
such substates is now emerging from cryo-EM
(156), X-ray crystallography (93), and smFRET
(44, 52). For instance, using an smFRET signal
reporting on classical →← hybrid tRNA transi-
tions, the transition from the classical A/A and
P/P configuration to the hybrid A/P and P/E
configuration within a PRE complex contain-
ing a ribosomal RNA mutation that destabilizes
the A/P configuration was proposed to signif-
icantly populate an A/A and P/E intermediate
configuration (44), an intermediate configura-
tion that had been previously proposed on the
basis of tRNA mutagenesis experiments (157)

and ensemble kinetic measurements (158) using
wild-type PRE complexes. Indeed, a cryo-EM
reconstruction of the mutant PRE complex
shows that the majority of imaged particles
are in an intermediate state between MS-I and
MS-II (state 8, Figure 3) in which the tRNAs
occupy the A/A and P/E configuration (156).
Although the same smFRET study proposed
that the A/A and P/E intermediate configura-
tion is also significantly populated in wild-type
PRE complexes, two cryo-EM studies of
wild-type PRE complexes failed to observe this
intermediate (62, 68). This discrepancy be-
tween the smFRET and cryo-EM studies most
likely arises from the present time and/or struc-
tural resolutions with which such intermediates
can be defined by either smFRET or cryo-EM
in wild-type PRE complexes (29). Similarly,
recent X-ray crystal structures of a new crystal
form of the 70S ribosome crystallized in (a) the
absence of tRNAs, (b) in the presence of a P-site
tRNA ASL, and (c) the presence of both A- and
P-site tRNA ASLs have revealed an additional
intermediate state between MS-I and MS-II
that can be stabilized by confinement of a
wild-type ribosome within a packed crystal in
the absence of intact tRNAs (93). We expect
that such experiments will continue to define
the rugged free-energy landscape underlying
the MS-I →← MS-II equilibrium.

Perhaps the largest alteration of the rugged
free-energy landscape underlying the MS-I
→← MS-II equilibrium, and certainly the most
important in terms of a Brownian motor
mechanism of translocation, is the effect of
EF-G··GTP binding. As described above,
MS-I →← MS-II transitions are stochastic and
thermally driven such that MS-II is transiently
sampled in the absence of EF-G··GTP, one of
the hallmarks of a Brownian motor mecha-
nism. Thus, binding of EF-G··GTP to the PRE
complex should serve to rectify these stochastic
MS-I →← MS-II fluctuations such that MS-II
is conformationally selected and/or transiently
stabilized en route to the second step of the
translocation reaction, namely the EF-G-
catalyzed translocation of the tRNA anticodon
ends and the mRNA on the 30S subunit.
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Indeed, this is exactly what has been observed
using multiple smFRET signals reporting on
the nonrotated →← rotated ribosome (43), open
→← closed L1 stalk (40, 42), and L1◦◦tRNA
→← L1·tRNA (41, 53) equilibriums within
analogs of PRE complexes in which the P site
contains a deacylated tRNA and the A site is
unoccupied (PRE−A). In all cases, the binding
of EF-G··GDPNP rectifies the system toward
MS-II. Interestingly, EF-G··GDPNP-bound
PRE−A complexes can still exhibit spontaneous
MS-I →← MS-II fluctuations, indicating that
such complexes are not necessarily statically
trapped in MS-II (40). In fact, binding of
EF-G··GDPNP to a PRE−A complex can
increase the frequency with which such fluc-
tuations occur relative to that observed in the
corresponding, EF-G··GDPNP-free PRE−A

complex. EF-G binding, therefore, can rectify
MS-I →← MS-II fluctuations toward MS-II
either by lowering the �G‡ for the MS-I →
MS-II transition and/or by raising the �G‡ for
the MS-II → MS-I transition. Perhaps most
interestingly, the identity of the P-site tRNA
dictates the kinetic strategy used by EF-G.
For example, in the presence of P site–bound
tRNAfMet, EF-G lowers �G‡ for the MS-I →
MS-II transition by ∼5 kJ mol−1 while having
little to no effect on �G‡ for the MS-II →
MS-I transition. Contrasting with this result,
the presence of a P site–bound tRNAPhe raises
�G‡ for the MS-II → MS-I transition so high
that this transition becomes virtually inacces-
sible, effectively trapping the system in MS-II.
Satisfyingly, the dynamic nature of the EF-
G··GDPNP-bound PRE−A complex and the
P-site tRNA-dependent regulation of these dy-
namics have been recently confirmed (53). It is
particularly remarkable that the direct binding
interactions that EF-G··GDPNP makes with
the ribosome at the factor-binding site near the
A site can allosterically modulate the kinetics
of L1 stalk opening and closing at a hinge
that is located ∼170 Å away within the E site;
this observation highlights the long-range al-
losteric coupling that links the various dynamic
processes that operate within the PRE complex
(40).

3.3.4. A Brownian motor mechanism may
also underlie translocation of the tRNA an-
ticodons and the mRNA on the 30S subunit.
The observation that, in the absence of EF-G,
the ribosome can efficiently reverse-translocate
the entire tRNA-mRNA complex under certain
experimental conditions (159, 160) strongly
supports the hypothesis that Brownian motor
mechanisms underlie the entire translocation
reaction. Thus, in addition to the Brownian
motor mechanism that drives translocation of
the tRNA acceptor ends within the 50S sub-
unit, a Brownian motor mechanism might also
underlie translocation of the tRNA anticodons
and the mRNA on the 30S subunit. In this
scenario, binding of EF-G··GTP would rec-
tify MS-I →← MS-II fluctuations toward MS-II,
and upon ribosome-stimulated GTP hydroly-
sis, EF-G··GDP would serve to rectify fluctua-
tions of the tRNA anticodons and the mRNA
in the forward direction (i.e., toward POST-2
in Figure 4). Indeed, LepA (EF-4), a recently
discovered translational GTPase that catalyzes
reverse translocation (161), may have the op-
posite function, namely to rectify fluctuations
of the tRNA anticodons and the mRNA in
the reverse direction (i.e., toward POST-1 in
Figure 4). The use of smFRET studies to in-
vestigate reverse translocation and the roles of
EF-G and LepA in promoting forward and re-
verse translocation, respectively, should provide
the means for testing these possibilities.

4. FUTURE GOALS
AND PERSPECTIVES

The current driving forces in the character-
ization of ribosomal dynamics and the way
they affect translation are cryo-EM, X-ray
crystallography, and smFRET. The emerging
view of the ribosome as a processive Brownian
motor, whose states are described by a rugged
free-energy landscape that can be modulated
by environmental conditions as well as by
the ribosome’s tRNA substrates and accessory
translation factors, makes it clear how little
we know from experiments to date. It is even
more humbling to realize that the free-energy
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landscape describing elongation that is used as
an example in Figure 4 is just one of numerous
such landscapes that will require detailed study.
For example, the scope of this article has not
allowed us to discuss further modifications of
the elongation free-energy landscape by the
interactions that the exiting polypeptide makes
with the ribosomal exit tunnel as well as with
the translocon, which are clearly required to
round up the characterization of states. Beyond
elongation, the initiation, termination, and ri-
bosome recycling stages of protein synthesis all
also involve an MS-I → MS-II transition (99,
150–155). Indeed, very recent smFRET studies
have demonstrated how initiation factors (48),
release factors (57), and ribosome recycling fac-
tors (57) rectify and thereby regulate the MS-I
→← MS-II equilibrium during the initiation,
termination, and ribosome recycling stages of
protein synthesis. A true understanding of the
workings of the ribosome as a molecular motor
will require a continued effort to sample the
relevant landscapes systematically, covering
all important substates and macrostates by
cryo-EM or, when feasible, by X-ray crys-
tallography, and all transitions among these
substates and macrostates by smFRET.

Efforts to reach this goal still face a number
of obstacles. Resolving the substates by cryo-
EM with the necessary spatial resolution re-
quires a substantial increase in data collection
and a sharpening of classification tools. The
prospect of digital online data capture with
8000 × 8000 pixel field size on the electron
microscope becoming an affordable option of-
fers hope that data collection in the millions
of particles will be a reality. Regarding classi-
fication, the recent works by the Carazo (162,
163) and Penczek (164, 165) groups have given
us valuable tools for unsupervised classification,
i.e., without the need to use reference struc-
tures. Exciting progress is also being made in
the development of time-resolved electron mi-
croscopy through the employment of flash pho-
tolysis or nanotechnology (166, 167). Thanks to
these efforts, it is now possible to obtain a two-
component mix of ribosome and substrate (such
as EF-G) at a defined time point and freeze the

mixture at some point several milliseconds later
(167). By changing the length of reaction time
in a systematic way, it should be possible to fol-
low the emergence of newly occupied states.

Likewise, several limitations currently re-
strict the potential of smFRET, defining ar-
eas that would benefit from further technical
development. Perhaps the major limitation in-
volves the ever-present trade-offs between time
resolution, signal-to-noise ratio, and the effi-
ciency with which large, statistically relevant
data sets can be collected. On the one hand,
wide-field microscopies, such as total internal
reflection fluorescence microscopy, allow data
to be simultaneously collected on hundreds of
molecules with a time resolution on the order
of tens of milliseconds to hundreds of millisec-
onds (95, 168), limited primarily by the signal-
to-noise ratio of the data but also by the ability
of the computer to rapidly write the data to disk.
Although these techniques allow a large, statis-
tically relevant data set to be collected relatively
rapidly, the time resolution may not be high
enough to characterize short-lived, but mecha-
nistically interesting, conformational substates.
On the other hand, confocal fluorescence mi-
croscopies allow data to be collected on one
molecule at a time with microseconds to tens of
microseconds time resolution (95, 168). Here
the time resolution promises data that will be
mechanistically richer but will require longer
periods of data collection to generate large, sta-
tistically relevant data sets. Finally, model-free
inference of the number of states underlying
smFRET versus time trajectories and the cor-
responding rates of transitions between these
states remains a major goal of developing data
analysis algorithms. Currently, most data anal-
ysis methods model the observed smFRET tra-
jectories using a hidden Markov model and
implement a maximum likelihood-based infer-
ence approach on individual trajectories that
requires the user to either guess the number
of states present in the data or overfit the data
intentionally by asserting an excess number of
states (169–172). Recently, however, a varia-
tional Bayesian approach has been introduced
that allows inference of the number of states
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and transition rates between states from indi-
vidual smFRET trajectories without requiring
user guesses and/or overfitting (40, 60).

The fact that cryo-EM and smFRET
can draw complementary pictures of the
same process provides great opportunities in
coming to an understanding of translation.
However, future studies aiming to integrate

data from cryo-EM with those of sm-
FRET in a more quantitative way will re-
quire looking at the same sample with both
techniques because there are many indica-
tions that even small changes in experimen-
tal conditions and molecular constructs may
have pronounced effects on the free-energy
landscape.

SUMMARY POINTS

1. The ribosome is a highly dynamic molecular machine, specifically a processive Brownian
motor.

2. The conformational dynamics of the ribosome, and the way the ribosome interacts with
its ligands, have been experimentally studied by three primary methods: cryo-EM and X-
ray crystallography, yielding three-dimensional snapshots, and, more recently, smFRET,
yielding the real-time conformational trajectories of single molecules.

3. Detailed insights into the molecular mechanisms underlying aa-tRNA selection and
mRNA-tRNA translocation can be gained by combining results from cryo-EM, X-ray
crystallography, and smFRET.

4. smFRET studies indicate that, during both aa-tRNA selection and translocation, ribo-
somes and tRNAs fluctuate among several conformational states and that the choices of
pathways taken are sensitive to many factors, such as the exact experimental conditions,
the identity of the tRNAs involved, the presence of small-molecule antibiotic inhibitors
of aa-tRNA selection and/or translocation, and the action of translation factors.

5. Translocation is facilitated by architectural features of the ribosome that allow it to in-
terconvert between two conformations, or macrostates, with little expenditure of energy.
These states are linked to the transition of the tRNA configuration from classical A/A
and P/P configurations to the hybrid A/P and P/E configurations.

6. Evidence from smFRET and cryo-EM for spontaneous transitions between the
macrostates has led to a revision of the role of EF-G in translocation, from instrumental
to ancillary, accelerating a process structurally ingrained in the ribosome.

7. A free-energy landscape depiction of the degrees of freedom of the complex formed by
ribosome and its ligands during the elongation cycle is a useful heuristic tool, which
suggests that concepts recently developed in the study of enzyme catalysis are applicable
to this much larger system.

FUTURE ISSUES

1. In terms of the free-energy landscape of translation, our current knowledge is restricted
predominantly to elongation and is limited to only a few states and pathways. A detailed,
systematic mapping of the full landscape throughout all stages of protein synthesis is
clearly required.
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2. As far as cryo-EM is concerned, addressing this broad program will require two de-
velopments: (a) time-resolved methods allowing the study of a presteady-state system
developing over time and (b) further advances in classification methods to sort heteroge-
neous molecular populations into homogeneous subsets.

3. Likewise, the use of smFRET for mapping out the free-energy landscapes of the trans-
lating ribosome will benefit greatly from several developments: (a) further advances in
detector technologies to increase the signal-to-noise ratio and time resolution, (b) auto-
mated and high-throughput data collection schemes to improve the efficiency with which
large, statistically relevant data sets can be collected, and (c) continued development of
automated, high-throughput, and model-free data analysis algorithms.

4. As the experimental knowledge base on ribosomal dynamics from cryo-EM, X-ray crys-
tallography, and smFRET increases, molecular dynamics simulations of selected path-
ways will lead to a fuller understanding of molecular mechanisms of translation.
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