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1. Introduction
Single-molecule fluorescence resonance energy transfer (smFRET) (reviewed in Munro et al., 2009) and
cryo-electron microscopy (cryo-EM) investigations
(Frank and Spahn, 2006; Spahn and Penczek, 2009;
Fischer et al., 2010) of the translation apparatus reveal
the ribosome’s propensity to undergo large-scale fluctuations in conformation during function. Progress in
these areas, building upon achievements in high-resolution structure determination of ribosomal subunits
and functional complexes of the ribosome (Yusupov et
al., 2001; Wekselman et al., 2009: Zhang et al., 2009;
Gao et al., 2009; Demeshkina et al., 2010; Stanley et
al., 2010), combined with an ever increasing breadth
of computational modeling, simulation (Sanbonmatsu
and Tung, 2007; Whitford et al., 2010 a), and bioinformatics approaches (Roberts et al., 2008; Alexander et
al., 2010), offers the potential to further broaden our
understanding of the dynamic nature of the ribosome
and translation components during protein synthesis.
The large fluctuations observed by single-molecule
studies, and the multitude of conformations reported
by cryo-EM, make it clear that each „state“ of the ribosome is in fact an ensemble of structurally similar configurations that are localized to a particular minimum
on the free-energy landscape.
As single-molecule (Blanchard et al., 2004ab),
cryo-EM (Frank and Spahn, 2006; Frank et al., 2007),
rapid kinetics (Pape et al., 1999) and computational
techniques (Sanbonmatsu et al., 2005) were first being
extended to investigations of ribosome dynamics, the
generally accepted goal was to identify specific “states”
associated with biochemical steps in the translation
process. This aim, driven by the canonical biochemical framework, held that structural and kinetic transitions in the ribosome were governed by factor- and
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GTP hydrolysis-driven transitions between a limited
number of specific system configurations. However,
the framing of the translation process in biochemical terms as a series of discrete “jumps” between distinct “states” mediated by specific translation factors
often leads one to draw analogies between the ribosome and macroscopic machines which are inconsistent with both old and new observations in the field.
First, the ribosome can synthesize protein in the absence of translation factors and nucleotide hydrolysis
(Gavrilova et al., 1976), suggesting that translation is
a function inherent to the ribosome. Second, as clearly
demonstrated for other biopolymers (Frauenfelder et
al., 1991), the ribosome is intrinsically dynamic. This
aspect of ribosome function has now been highlighted by many recent smFRET measurements, wherein
dynamics have been observed from a number of distinct structural perspectives. As evidence regarding
the ribosome’s intrinsically dynamic nature mounts
(Dorner et al., 2006; Fei et al., 2008, 2009; Cornish et
al., 2008, 2009; Munro et al., 2007, 2010 a,b), it is increasingly apparent that the architecture of each translation component is designed to be inherently flexible
and that further efforts must be made to describe function in this context.
An important consideration of dynamic systems is
that even the lowest-energy “states” (e. g., the classical
state), are in fact large ensembles of physically distinct
configurations. “States” are better defined as a set of
configurations with similar free energies that rapidly
interconvert, fluctuating around a local free energy
minimum within a larger free energy landscape. In
this view, the energy landscape of ribosome function
is characterized by distinct free energy basins, each
with a relative free energy minimum and free-energy barriers separating it from other basins. A deeper
understanding of the ribosome’s transit between
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distinct basins on the free energy landscape during
function is central to delineating key features of both
elemental translation processes as well as the cellular
strategies for translational control of gene expression.
The free-energy landscape is an intrinsic property of
a given molecular system, independent of the experimental/theoretical method employed to study it and
various methodological approaches have emerged as a
means to probe ribosome function from this perspective. These efforts are highlighted by advances in the
area of time-resolved cryo-EM investigations of the
translocation reaction coordinate (Fischer et al., 2010)
as well as single-molecule fluorescence and theoretical
investigations.
Single-molecule FRET measurements, as well as
simulations, provide a powerful means of probing the
properties of the free-energy landscape by providing information about the time spent within a given
energy minimum before transitioning to another.
While the insights obtained through such investigations portend a shift in our understanding of the
translation mechanism, an apparent lack of consensus has emerged regarding specific dynamic events,
in particular, the rates and amplitudes of motion and
the number of intermediate configurations observed
during global rearrangements in ribosome structure
(Blanchard, 2009). In the context of highlighting
early progress in monitoring ribosome activity at the
single-molecule scale, this chapter attempts to define
outstanding challenges facing the field and considerations that will be critical to delineating a quantitative
framework for ribosome dynamics during function.
Drawing from the protein folding community, a clear
definition of the free-energy landscape of ribosome
function is established, specific methods that can be
used to measure features of the landscape are outlined,
and the utility of the landscape view for understanding existing experimental data and protein synthesis
regulation is explored. This template is provided to
serve as a springboard towards next-generation experiments and a systems-level perspective on translation control.

2. Static states vs. ensembles of
conformations
The first consideration to be made is that the term
“state” implies the existence of a well-defined, deep,
energetic minimum, where thermal fluctuations that
may lead to structurally-similar configurations are in-
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significant. In this view, an exogenous source of energy, much greater than is available from the thermal
bath, is necessary to mediate structural transitions in
the system on a time scale necessary to support cellular translation. Recent smFRET and cryo-EM investigations of the pre-translocation complex provide
evidence that distinct structural elements of the ribosome undergo spontaneous, transient transitions on a
range of timescales (reviewed in Munro et al., 2009,
2010 a, b). These data demonstrate the existence of
metastable structural configurations of the ribosome
stemming from reversible conformational events (subunit ratcheting/unratcheting; L1 stalk closure and
opening; tRNA exchange between classical and hybrid
configurations), whose relative populations depend on
environmental variables and the ligands bound to the
ribosome. Such observations suggest that the energetic
barriers required to escape from each configuration of
the system are small and the thermodynamic boundaries of each state are poorly defined. In this view, the
number of identifiable “states” of the system depends
on the probed degrees of freedom. Correspondingly, a
substantially more comprehensive picture of the freeenergy landscape underpinning ribosome function
emerges where “states” are considered to be ensembles of structurally diverse configurations and thermal fluctuations are sufficient to promote substantial
structural rearrangements. Moreover, if the free-energy landscape is not comprised of single, large barriers
between distinct configurations, a variety of possible
transition routes between “states“ in the system may
exist. Here, the total number of routes between local
free-energy minima on the energy landscape can be
collectively referred to as the transition state ensemble. As has been shown for protein structure-function
relationships (Hyeon and Onuchic, 2007; Miyashita
et al., 2003), the existence of structural heterogeneity
within the ensemble suggests entropic contributions
are critical to the architecture of the energy landscape,
and correspondingly, ribosome function (Sievers et al.,
2004; Whitford et al., 2010).
For the following discussions of energy landscapes,
the differences between free energy, potential energy
and enthalpy must be taken into consideration. The
non-entropic component of the free energy can be referred to as enthalpy, effective enthalpy, or potential
energy, depending on the context. A potential energy
surface is distinct from the free-energy surface, as the
latter also includes an entropic component.
A reduced description of the free-energy landscape of ribosome function is represented by the po-
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the E-site (Fig. 1). Here, the potential of mean force is
given by
the probability of configuration and kB is Boltzmann’s constant. In this schematic representation, the role of
elongation factors can be depicted as transiently reducing the free-energy barriers associated with the
transition state ensembles “ahead” of the tRNA molecule (in terms of movement of tRNA through the
ribosome) and/or increasing the barriers associated
with the transition state ensembles “behind” the
tRNA. Similarly, the role of antibiotics can be represented as increasing the barriers associated with progression of the tRNA through the ribosome.
Quantitative descriptions of ribosome dynamics
during translation are likely to emerge by applying the
principles of energy landscape theory and the arsenal
of quantitative tools largely developed in the protein
and RNA folding fields (Bryngelson and Wolynes,
1989; Leopold et al., 1992; Onuchic and Wolynes,
1993; Onuchic et al., 2006; Wales, 2004; Onuchic et
al., 2000; Thirumalai et al., 2010; Pincus, 2009; Thirumalai and Hyeon, 2005). This framework provides a
uniform foundation for understanding the vast range
of complex motions and energetic contributions associated with ribosome function. Understanding which
features of the landscape are robust will be paramount
in uncovering new mechanisms of control. If successful, this self-consistent, statistical physics-based
framework may ultimately afford predictive control
over ribosome function.
Fig. 1 Energy landscapes. Schematic representation of the potential of mean force (pmf ) for a single tRNA molecule from the A/T
configuration to when it leaves the E site. The black line represents
the factor-free pmf. For simplicity, we discuss the pmf of a single
tRNA molecule after averaging over the coordinates of the second
tRNA. Perturbations to the landscape are schematized in color:
(red) GTP hydrolysis by EF-Tu destabilizes the A/T ensemble;
(green) antibiotic binding near the PTC could increase the barrier
to aa-tRNA 3’ CCA entry into the PTC since its displacement would
be required for aa-tRNA accommodation; (blue/gold) changes in
pH can alter the barrier/rate of peptidyl transfer (PT); (brown) EFG-GTP can increase the rate of hybrid formation, and stability of
the hybrid-state ensemble (i. e. lower barrier and lower minimum).
(light blue) EF-G-GDP can increase the rate to, and stability of,
the post-translocation ensemble. In vivo released E-site tRNAs are
processed by cellular enzymes, making the chemical potential of
spontaneous tRNA-binding energetically uphill (pink).

tential of mean force (pmf ), the free energy of the
system measured as a function of a particular coordinate. For instance, such a coordinate may describe
movement of the tRNA through the ribosome, proceeding from the energy basin describing the A/T
configuration of the ribosome to tRNA release from

3. Choosing the energy landscape
reaction coordinate
The first step in characterizing the energy landscape of
any molecular process is to establish the proper reaction coordinate. A reaction coordinate is a measurable
quantity that is uniquely defined for a given conformation. Since molecular systems possess 3N configurational degrees of freedom, where N is the number
of atoms, projecting a given motion onto a particular
reaction coordinate is often necessary to reduce the
dimensionality of the dynamic process under investigation. Generally, an optimal choice of reaction coordinate will capture the barriers corresponding to the
relevant kinetic steps of the system. This reaction coordinate should: (1) be continuous (i. e. local changes
in structure are measured as local movements along
the coordinate); (2) distinguish between starting and
ending points of a transition and; (3) identify the tran-
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sition state ensemble (TSE) (Nymeyer et al., 2000; Cho
et al., 2006; Komatsuzaki et al., 2005; Das et al., 2006).
An ideal reaction coordinate identifies the ensemble
of conformations (the TSE) that are equally likely to
reach the starting ensemble and the ending ensemble,
where the TSE corresponds to the maximum in the
pmf along a reaction coordinate.
While the system’s free energy landscape determines its kinetic and thermodynamic properties, the
pmf depends on the experimental observable. The difference between the underlying barrier and the measured barrier is apparent by considering the statistical
mechanical definition of the probability for a given
configuration:

where is a 3N-dimensional vector describing the coordinates of the system,
is the potential energy at
point , Z is the partition function of the system and
! is the contribution to the partition function from
the momenta integral. Here, the exponential in the numerator represents the velocity-independent, standard
Boltzmann weight of a particular configuration. The
denominator, Z, represents the unnormalized probability of all configurations. Thus, the pmf along any
given reaction coordinate, Q, can be defined as,

where the observed pmf, pmf(Q), will depend on its
projection from 3N-dimensional coordinates onto the
reaction coordinate,
. This discussion is particularly relevant to smFRET experiments where changes
in FRET efficiency as a function of time are used to
monitor the reaction coordinate but are only typically
monitored from a single structural perspective. Any
single fluorophore labeling strategy can only produce
one slice of the multidimensional energy landscape.
Thus, distinct dye locations used to monitor a given
conformational event may therefore lead to distinct
conclusions regarding the system’s dynamics. Such
considerations provide a plausible explanation for why
different labeling strategies for monitoring L1 stalk dynamics on the ribosome yield a different number of
states (Fei et al., 2008; Cornish et al., 2009; Munro et
al., 2010 b) and how spontaneous ratcheting dynamics may be observed using one set of labeling strategies
(Cornish et al., 2008, 2009), while using others they are
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not observed (Marshall et al., 2008). That is, each local
minimum may be composed of an ensemble of configurations which is resolved by certain choices of dye
locations and not by others. Specific reaction coordinates may mask or reveal more complicated features of
the free-energy landscape (Garcia and Onuchic, 2003).
The advent of technologies to monitor specific translation reactions from distinct structural perspectives
(Cornish et al., 2008/9; Geggier et al., 2010) or multiple
structural perspectives simultaneously (Munro et al.,
2010 a,b) can afford deeper insights into the relevant
reaction coordinates of the process under observation.
As additional technologies emerge to site-specifically
position fluorophores in a greater number of positions
within the translational apparatus, explicit control of
the observed reaction coordinate can ultimately be obtained.
To provide a concrete example of how different
reaction coordinates may lead to differential conclusions about the dynamics it is illustrative to examine
a recently reported set of 312 independent all-atom
simulations of tRNA accommodation (Whitford et al
2010). These data were used to calculate the probability distribution of the distance between the incoming
aa-tRNA elbow and the P-site tRNA elbow (RElbow) as
well as the distance between aminoacyl residues on
A- and P-site tRNAs (R3) (Fig. 2 A-D). The calculated
probability distribution shows at least four highly populated ensembles accumulate during accommodation:
the A/T ensemble, the elbow-accommodated ensemble, the elbow- and arm-accommodated ensemble, and
the A/A ensemble. Along the (R3) reaction coordinate
(Fig. 2 B), there are several peaks that closely reflect
the full distribution of states transited by the system
(Fig. 2 A). In contrast, only two dominant peaks in the
probability distribution are observed along the (RElbow)
reaction coordinate (Fig. 2 C). These data show that
both individual structural perspectives are limited and
that only when the distribution is measured as a function of both (RElbow) and R3 are the individual ensembles well separated.
Using a second reaction coordinate, the same simulations also revealed insights into the nature of L1 stalk
motions. These data are of relevance to contextualizing
recent smFRET studies of L1 protein motions in the
pre-translocation complex (Munro et al., 2010a,b; Cornish et al., 2009; Fei et al., 2008). Here, the simulations
showed large, thermally-accessible (< 6kBT) excursions
in L1 stalk position as a function of time (Fig. 2 E-H),
where uncoupled twisting (±20 degrees) and extension (± 20Å) motions of the L1 stalk occurred (Fig. 2 F),
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motion, were observed by the different groups using varied labeling strategies to measure L1 motion (Fig. 2H).

4. Further considerations in potential of
mean force measurements

Fig. 2 Describing and using energy landscapes. (A) The probability of accommodation calculated from 312 independent all-atom
simulations (Whitford et al 2010 a) as a function of the distance
between aa-tRNA and P-site tRNA elbows RElbow and amino acids
R3’. This distribution shows 4 – 6 peaks. (B) When the probability is
calculated as a function of R3’, not all peaks are clearly separated. (C)
The probability distribution, as a function of RElbow , shows 2 dominant peaks. Some peaks in panel B are only present as shoulders in
panel C. (D) Structural representation of RElbow and R3’. (E) Structure
of 23S rRNA (tan), P-site tRNA (cyan) and the L1 protein (red).
(F) The L1 stalk “twist” coordinate, 03, is defined by the pseudodihedral angle formed by the C1’ atoms of G2127, A2171, C2196 &
G2093 on the 23S rRNA. (G) The pmf as a function of the distance
between the P-site tRNA and protein L1, RL1–P, and 03, calculated
from all-atom simulations (Whitford et al 2010 a), shows that large
rearrangements in the L1 stalk (±20Å and ±20 degrees) occur with
only a modest (few kBT) energetic penalty. (H) Schematic that illustrates how rotation of the L1 stalk is more easily detectable by
smFRET if the donor and acceptor fluorophores fall along the tangent (double arrow) of the rotation.

which gave rise to a broadened ensemble of configurations (Fig. 2G). Such observations perhaps shed light on
why a different number of states, with distinct rates of

In addition to the aforementioned complexities associated with pmf measurement and calculation, it is
also important to consider that the measured degrees
of freedom in the smFRET measurement are in fact
the distances between the transition dipoles of the
fluorogenic centers, not the atoms to which they are
attached. In most cases, the interdye distance can be
approximated by their center of mass averaged over
the imaging time interval. Anisotropic dye motions resulting from the steric contours of the molecule or site
to which it is attached add a degree of uncertainty to
this approximation. Rigorous comparison to the interatom and inter-dye distances also requires an estimation of how far the dyes extend away from the atoms to
which they are attached.
As an example of the uncertainty in dye position
in a smFRET experiment, fluctuations in inter-dye
distance were calculated using all-atom simulations of
the A/T ribosome configuration1, where A- and P-site
tRNAs were linked to Cy3 and Cy5 fluorophores, respectively, mirroring the labeling strategy used in
smFRET imaging of aa-tRNA selection on the bacterial ribosome (Geggier et al., 2010) (Fig. 3A). A naive
estimate of the barrier height to aa-tRNA movement
from an A/T to A/A position based on the experimentally-derived probability distribution2 suggests a
barrier-crossing free energy of ~0.6 kT. Based on such
an analysis, the elbow-accommodation time would
be estimated to be ~1–10 ms, substantially faster than
anticipated from bulk kinetics (Rodnina and Wintermeyer, 2001; Johansson et al., 2008), previous smFRET
experiments (Blanchard et al., 2004; Lee et al., 2007)
as well as hidden-Markov modeling (Geggier et al.,
2010). Here, a simple numerical exercise provides important insights into how functionally relevant barrier
1 This near-A/T model was obtained by using a flexible-fitting algorithm (Orzechowski and Tama, 2008), in conjunction with a
structure-based forcefield (Whitford et al 2009 a, 2009 b) and an
unpublished cryo-EM map, as implemented elsewhere (Ratje et
al., 2010).
2 This naive estimate was not reported in previous publications.
Here, we simply used the logarithm of the probabilities obtained
in the previous study to illustrate how the barrier height is likely
underestimated by this approach.
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Fig. 3 Fluctuations in FRET dye position can alter the measured
pmf. (A) Structural representation of aa-tRNA (left, yellow), P-site
tRNA (right, cyan), mRNA (brown), Cy3 dye (green) and Cy5 dye
(red). (B) Distance between the center of Cy3 and Cy5 (red) and
RElbow as functions of time for an all-atom simulation of a near-A/T
conformation. Fluctuations in RElbow are ~ 3 Å and fluctuations in
dye distance is ~ 10 Å. (C) Hypothetical free-energy profile, with
dispersion in dye distance of ~ 12 Å and a free-energy barrier of 5 Å.
(D) Free energy in panel C projected onto the dye distance (dashed

line) shows a barrier of ~ 1.7 kBT. When projected onto RElbow (solid
line) the barrier is 5 kBT. The pmf along the dye distance will likely
underestimate the free-energy barrier. (E) Uncertainty in the projection onto a reaction coordinate can mask barriers in the landscape. A potential free-energy profile is shown in (black). As done
in panel C, this profile is described by a two-dimensional landscape,
where the uncertainty in the observable (sigma, σ) is given a particular width and the “observed” pmf is then calculated. As sigma is
increased, the intermediate minima are less pronounced.
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heights can be difficult to estimate from FRET probability distributions projected along the experimentally-obtained tRNA-elbow distance (Fig. 3).
When the free-energy barrier associated with a
transition exceeds several kBT, where barrier crossing
events occur infrequently, then over reasonably long
time intervals (ca. milliseconds) the time-averaged
center of mass position of the Cy3 and Cy5 fluorophores provides a close approximation of the average tRNA position. In this regime, the Cy3 and Cy5
fluorophores tumble rapidly relative to the rates of
large-scale tRNA motions and large changes in distance between the center of mass of the Cy3 and
Cy5 fluorophores occur only during barrier-crossing
events. However, when imaging time scales approach
the rates of Brownian fluctuations in fluorophore position (e. g., microseconds), then the inter-dye distance
fluctuates significantly even in the absence of appreciable changes in the A- and P-site tRNA inter-elbow
distance. In this regime, dye mobility contributes significantly to the experimentally measured pmf. Simulations suggest that dye positions may vary by as much
as 12 Å on the nanosecond-microsecond time scale. To
illustrate this point, the pmf of the A/T to A/A transisim
sim
tion for both, RElbow
and RFRET
probability distributions
can be projected onto the reaction coordinates and
analyzed according to statistical mechanics3:

This analysis shows that the estimated barrier height
for motion based on R sim
FRET (1.7 kBT) is substantially
sim
lower than for RElbow
(5 kBT), which is due to both experimental noise4 and uncertainties in dye position
(Fig. 3D). As the rate of barrier-crossing is proportional to e–"GTSE/kBT, where "GTSE is the barrier height
and TSE is the transition state ensemble, such differences correspond to about a factor of 30 in timescale.
Thus, broadening of the observed probability distribution due to the ratio of signal-to-noise and dye mobility considerations in smFRET measurements tend to
provide underestimates of the physical barrier height
and therefore overestimate the rates of motion. As the
uncertainty in the observable increases, the likelihood
3 Since the surface in Fig. 2C is defined as a function of R sim
FRET
sim
sim
and R Elbow
, “projecting” onto R FRET
simply means calculating the
sim
sim
appropriate sum over RElbow
for each value of RFRET
.
4 In this discussion we are focusing on the contribution of dye uncertainty. Though, currently, additional sources of noise are likely
comparable in scale.

of observing subtle features of the underlying energy
landscape diminishes (Fig. 3E). At the same time,
fast conformational events can be missed in smFRET
measurements (Blanchard et al 2004 a), having the
opposite effect of providing estimates of the rates of
motion that are slower than reflected by the true barrier heights. As the uncertainty in the projection onto
a reaction coordinate changes, or if different reaction
coordinates are employed, the measured pmf will be
systematically altered.
Such considerations represent important challenges for all single-molecule fields. An important
avenue by which to explore these issues is to simulate
“noise-less” smFRET data according to explicit kinetic
models of motion and then to simulate different types
and amplitudes of noise to enable direct comparisons
to the experimental data (Munro et al., 2007; Geggier
et al., 2010). Progress may also be made by delineating
methods for choosing the ideal reaction coordinate for
a given transition. Such pursuits may be aided by (i)
computational/theoretical efforts (Faradjian and Elber,
2004; Peng et al., 2010; Das et al., 2006) and (ii) more
rigorous approaches for understanding the nature
of fluorophore mobility in their biological contexts.
While, in principle, it should be possible to choose an
optimal reaction coordinate, performing experiments
and simulations with probes in different positions may
ultimately be necessary to provide the quantitative information necessary to determine robust features of
the underlying energy landscape of a given conformational transition.

5. The role of diffusion in energy
landscapes: connecting kinetics and
thermodynamics
While no direct experimental measurements have
been aimed at determining barrier-crossing attempt
frequencies in the context of the translation apparatus,
recent smFRET measurements of aa-tRNA selection
(Geggier et al., 2010) and pre-translocation complex
dynamics (Munro et al., 2010 a,b) have observed what
can be considered “non-productive” transition attempts to achieve key intermediate configurations during the process of aa-tRNA selection and translocation,
respectively. During selection, aa-tRNA was described
as sampling “GTPase-activated” and “accommodated”
configurations prior to undergoing the chemical steps
of GTP hydrolysis and peptide bond formation, respectively. The pre-translocation complex was shown
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to transiently achieve a FRET configuration consistent with formation of the unlocked state, the putative
intermediate for translocation. Such notions of nonproductive conformations, which bear resemblance to
the transition states of barrier crossing, are consistent
with the stochastic nature of barrier-crossing processes. The following general relationship describing diffusive motions in molecular systems provides an important bridge between the free-energy landscape and the
kinetic parameters of ribosome function (Bryngelson
and Wolynes, 1989; Zwanzig, 1988):
(1)

where k is the rate of barrier crossing, <#> is the meanfirst passage time, Q is the reaction coordinate, D is the
effective diffusion coefficient in reaction-coordinate
space, and Rstart and Rend are the endpoints of the
transition. The diffusion coefficient D is often assumed
constant and particle diffusion in three dimensions
can be estimated according to the Stokes-Einstein relationship, D = kBT / 6$%&, where η is the viscosity
of water and a is the hydrodynamic radius. Through
analysis of kinetic models and experimental data,
Fluitt et al. (2007) estimated the diffusion coefficient
of ternary complex in solution to be ~2.6 mm2/s. As
the hydrodynamic radius of ternary complex is roughly two-fold larger than the tRNA molecule, tRNA diffusion in solution can be estimated to be ~5.2 mm2/s.
Scaling by an additional factor of one-third to account
for the approximately 1-dimensional diffusion of
tRNA as it moves through the ribosome (i. e. along the
RElbow vector) reduces this value to 1.7 mm2/s, in good
agreement with explicit-solvent simulations of the 70S
ribosome (205 – 301 ns each), estimating the diffusion
in RElbow to be ~ 1 mm2/s (Whitford et al., 2010 b). Advances in experimental and computational methods
(Nettels et al., 2008; Wong and Case, 2008) may allow
for more precise estimates of the diffusive properties
of tRNA inside the ribosome, though such studies
have not been reported to date. Full characterization
of the diffusive properties will allow for a quantitative
relationship between kinetics and thermodynamics, as
well as for direct comparisons to rates determined in
bulk (Gromadski and Rodnina, 2004) and single-molecule methods. However, for sufficiently large energy
barriers, the rate of barrier crossing (equation 1), can
be simplified through the introduction of a prefactor,

C, that approximates the diffusive properties, manifested as a barrier-crossing attempt frequency:
(2)

One can think of the prefactor as describing how frequently the barrier crossing events are attempted,
where the probability of successful crossing is determined by the barrier height. Investigations of the
folding properties of small proteins suggest that C is
~ 0.1– 20 's−1 (Kubelka et al., 2004; Tang et al., 2009).
Thirumalai and Hyeon (2005) similarly estimate C for
RNA folding to be ~1 's−1. Explicit-solvent simulations
of the 70S ribosome also suggest the prefactor associated with tRNA elbow-accommodation to be ~ 1 's−1
(Whitford et al., 2010 b). Here, it is important to note
that a sharp distinction should be made between the
prefactor associated with conformational rearrangements and the prefactor associated with the transition
state for catalysis. Classical biochemical transitionstate theory was developed in the context of enzyme
catalysis, where the attempt frequency to the chemical
transition state is governed by covalent bond stretching and bond angle bending. Since these vibrations
occur on femtosecond to picosecond timescales, the
attempt frequencies should occur in a similar time
domain. However, in the case of conformational rearrangements where the attempt frequency is limited
by multi-dimensional diffusion on the energy landscape, barrier-crossing attempts will be far more rare
and dependent on the functionally-relevant degrees
of freedom in the system. The observation of “nonproductive” sampling events on path to productive
aa-tRNA selection and translocation suggests that
barrier-crossing attempts may be observed in both the
microsecond and millisecond regimes. As the timeresolution of smFRET imaging experiments continues
to increase, intermediates of this nature are likely to be
more frequently detected and more critical to mechanistic discussions of ribosome function.

6. Energetic coupling between ribosomal
compo nents
While the notion that the ribosome acts as a “thermal ratchet” (Spirin 2009) implies that the energetic
barriers of large-scale ribosomal subunit motions
are small relative to thermal fluctuations, it has only
recently been suggested that th is may be the case
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throughout the translation cycle (Munro et al., 2009).
Analogous to protein folding landscapes (Onuchic et
al., 2000), broad energetic basins separated by lower
barriers ensure physiologically-relevant timescales of
function. Such a landscape is consistent with a scenario where many independent, thermally-accessible
motions within the ribosome may be anticipated to
occur, and whose timescales are dependent on the
diffusive properties of the system. Experimental observations of independent degrees of freedom in the
pre-translocation complex that appear loosely coupled
support this notion (Munro et al., 2010 a, b).
Formally, coupled degrees of freedom represent
conformational events that are structurally distinct,
but not energetically separable. A general expression
of the total potential energy of a system, V, and the
coupling between conformational events can be given
by the equation:
V=WU(V1(R1)+V2(R2))+WCVC(R1R2),

(3)

where Vi(Ri) is the separable contribution to the potential due to degree of freedom R1, VC(R1,R2) is the
inseparable contribution due to coupling between the
R1 and R2, WU is the scale of the uncoupled contribution and WC is the scale of the coupling interaction.
Assuming entropy is constant as a function of R1 and
R2, the free energy of the system reduces to the potential energy. One can define the degree of coupling in
the system, (, as the ratio of the coupled and uncoupled contributions, WC/WU . In the limit of uncoupled
motions, ()~)0. For weakly coupled systems, ()<<)1.
When the contribution of the coupled and uncoupled
terms are comparable, corresponding to a moderately,
or loosely, coupled system, ())~ 1. When ())>>)1, the
coupled interactions dominate the dynamics and the
system should be considered strongly coupled. Fig.
4 A-C illustrate how the energy landscape of a conformational process involving two structurally distinct
degrees of freedom may change as Gis increased. In the
uncoupled case, each degree of freedom is independent, and there are two intermediate ensembles between
the two endpoints (the upper-right and lower-left basins are considered the “endpoints”). At (=)0.8 the two
intermediate ensembles become less populated, and it
is more likely the system will move along both coordinates simultaneously. For (= 6 the two intermediates
become highly destabilized and only two basins in the
free energy landscape, the starting and ending configuration, are populated.

Relating such landscapes to experimental observables, trajectories of diffusive motion similar to those
that may be obtained from a single-molecule measurement may be generated via Brownian dynamics simulations where the movement across the landscape of
a “pseudo-particle” evolves in time (Fig. 4D-F). From
such trajectories, the autocorrelation and cross-correlation functions of the variables can be calculated
(Fig. 4G-I). Here, both the distance trajectories (Fig.
4D-F) and the correlation data (Fig. 4G-I) reveal that
movements along the two reaction coordinates are indeed independent for (=)0 and increasingly coupled
as G increases. This illustrative example suggests that
a reasonable experimental measure of the degree of
coupling, (corr, of a given process may be estimated by
the ratio of the decay times for the cross-correlation
function (τcross) and the autocorrelation function (τauto).
When the degrees of freedom are uncoupled, τcross and
(corr are both zero. As coupling increases, τcross and
τauto become comparable, and (corr approaches 1. With
continued advances in multi-color smFRET technologies, where multiple degrees of freedom can be probed
simultaneously (Munro et al 2010 b), quantitative
measures of the degree of coupling between any two
degrees of freedom may be possible.

7. Energy landscapes and X-ray
crystallography
At first glance, these dynamic views of ribosome function
may appear at odds with the static structures obtained
using x-ray crystallography and cryo-EM methods.
However, if these two experimental approaches are
considered in terms of the associated energy landscapes
during data collection, the results of such studies are indeed consistent with the ensemble description provided
through single-molecule methods.
For context, this discussion will focus on the process of cognate aa-tRNA accommodation, for which
both structural (Villa et al., 2009; Schuette et al., 2009;
Schmeing et al., 2009) and functional (Gromadski et
al., 2004; Geggier et al., 2010) information have been
recently obtained. Fig. 5A shows a simplified schematic
of a possible energy landscape for tRNA accommodation as it may occur in solution (black line).5 In this con5 It should be noted that this schematic is not intended to be allinclusive. That is, the landscape may possess substantially more
detail (Geggier et al 2010), though for demonstrative purposes
we used this overly-simplified representation.
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E
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G

H

Fig. 4. Energy landscapes provide intuitive measures of coupling
between coordinates. (A-C) Three energy landscapes with varied
degrees of energetic coupling between the two reaction coordinates
(Γ=0, 0.8 and 6). Each landscape is represented as the sum of two
independent contributions to the landscape (one for each coordinate), each with two minima, plus an interaction term that harmonically couples the two coordinates (see main text). In (A), the coordinates are uncoupled (Γ=0), and the free-energy basins indicate
it is equally likely to populate any combination of end states. That
is, the free energy of the four basins is the same. Simulating diffusive motion of a “pseudo-particle” on this landscape (D) shows that
movement along the two coordinates is independent, as verified by
the near-zero cross-correlation function (G; labelled CRC1-RC2). When

I

the energetic contribution of the coupling term is comparable (i. e.
loosely coupled) to that of the uncoupled term (B) the intermediate
basins are destabilized, (E) there is a visible correlation between the
coordinates and (H) the timescale of decay of the cross correlation
function approaches that of the autocorrelation functions for each
coordinate (CRC1 and CRC2). In the tightly-coupled case (C) there
are no longer any independent intermediate basins, the time traces
of the coordinates (F) are visibly closely related and the cross- and
auto-correlation functions are indistinguishable. While Γ provides
a quantitative measure of the degree of coupling, in terms of energy,
cross-correlation functions from multi-color smFRET provide an
experimental measure of coupling.
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A

B

C

text, there are many possible “effective perturbations”
to the energy landscape upon dehydration and formation of crystal contacts in a lattice (depicted as gold and
blue lines). Here, the effective perturbation may include the effects of agents, such as the antibiotics paromomycin and kirromycin, used to “trap” a particular
conformation of the system. Collectively, these effects
are depicted as increasing the depth of the A/T basin
by approximately 5-fold, though crystallization likely
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Fig. 5. Energy landscapes in crystals, cryo-EM, and simulations.
(A) When determining a crystal structure, it is necessary to “trap”
the conformation. Energetically, this is represented as a significant decrease in the free energy of a particular ensemble (gold or
dashed blue). Since the basin is not (infinitely deep and sharp,
thermal fluctuations will lead to finite degrees of motion (arrows)
inside the crystal. Certain fluctuations will be attenuated by lattice
contacts between adjacent ribosomes in the crystal, and the energetic basin may shift (dashed blue). For example, because the L1
and L11 stalks are likely flexible (i. e. small energetic perturbations
can significantly shift the distribution of configurations), the stalk
ensembles will be affected by such interactions. (B) In a cryo-EM
experiment, the pre-quenched ensemble follows a Boltzmann distribution. During quenching, if the glass transition temperature is
reached (T < Tg) faster than the reconfiguration time of the system,
the final frozen ensemble will be a Boltzmann distribution at the
original temperature (TX is the temperature at subsequent points in
time tX after quenching is initiated, tX< tX+1). During data analysis,
maximum-likelihood methods are used to identify “states”. Future
work should determine what a “classified state” is energetically. (C)
Functional forms of the energy landscape may be tested through
simulation. When using an energetically “downhill” potential energy function for accommodation, steric barriers lead to highly-populated kinetic intermediates (Whitford et al., 2010 a). Since these
simulations displayed native-basin fluctuations that were consistent
with anisotropic crystallographic analysis (Korostelev et al., 2008),
explicit-solvent simulations, and normal mode calculations (Tama
et al., 2003; Wang et al., 2004; Trylska et al., 2005), the coupling
between the global fluctuations and the large-scale aa-tRNA movement into the ribosome could be characterized. Since these simulations exhibited similar tRNA-elbow movements as measured in smFRET (Geggier et al., 2010; Whitford et al., 2010 a), reliable details
of aa-tRNA acceptor arm accommodation and entry of the 3’ CCA
end into the PTC could be gleaned.

has far larger affects on the landscape. While the depth
of the basin may be increased by such perturbations,
and possibly shifted (dashed blue line), the system is
still subject to energetic fluctuations arising from the
surrounding environment. Fluctuations of this nature
lead to structural fluctuations inside the crystal, which
can be partially described by the B-factor. When the
crystallizing conditions are sufficient to yield high-resolution scattering patterns, the energy basin is sharply
defined and the distribution of the “trapped” ensemble
becomes narrow enough for atomic resolution structure determination to be achieved. In such cases, the
system is often referred to as a single “state”. Nonetheless, the energy landscape framework necessarily applies and the system is simply a narrowly-defined ensemble, with reduced-amplitude motions.
While the ensemble nature of biological molecules
has been rigorously demonstrated for proteins (Frauenfelder et al., 1979, 1991), where dynamics characterized as “forever kicking and screaming” have been
noted (Weber 1975), this notion has only recently
been exploited to study the motions inside ribosome
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crystals (Korostelev and Noller, 2007; Korostelev et
al., 2008). Since each atom is subject to a unique set
of interactions, the motions about the “trapped” basin
are anisotropically distributed, both in direction and
magnitude (Garcia, 1992; Garcia et al., 1997). Here,
an analysis of residual motions observed reveals that
tRNA molecules fluctuate in the crystal lattice in directions consistent with the translocation reaction
coordinate. These data support the notion that tRNAs
remain in constant motion on the ribosome as suggested by single-molecule methods (Blanchard et al.,
2004; Lee et al., 2007; Geggier et al., 2010; Whitford et
al., 2010 a) and that the effective perturbations of the
crystal condition attenuate the overall magnitude of
motions observed.

8. Energy landscapes and cryo-EM
Sample heterogeneity constitutes a major resolutionlimiting factor for solving structures using single particle cryo-EM (Spahn and Penczek, 2009). However,
with the development of multiparticle methods of image processing it is now possible to directly visualize
instrinsic conformational heterogeneity within ribosomal complexes (Klaholz et al., 2004; Schuette et al.,
2009; Agirrezabala et al., 2008; Julian et al., 2008). Consideration of the energy landscape during the “plunging” process suggests that the reconstructions determined by this approach actually reflect the ensemble
nature of the system under investigation (Fig. 5 B).
Prior to freezing the sample in vitreous ice (quenching), the molecules under investigation are distributed
among an ensemble of states according to the nature
of the energy landscape. During quenching, the system responds to the perturbation and the energy landscape deforms in a time-dependent fashion. The rate
and magnitude of the changes in the energy landscape
depend on both the entropy of each configuration in
the system (Wales, 2004) as well as the contribution
of energetic interactions in each conformation. These
energetic interactions can also be altered, such as the
degree of screening of electrostatic interactions, which
depends on the temperature-dependent dielectric constant of the solution (Landau et al., 1984). If quenching
is sufficiently rapid, such that the glass transition temperature, Tg (Williams et al., 1955), is reached faster
than the overall reconfiguration time of the system,
then the ensemble of frozen molecules closely approximates the Boltzmann distribution of states in the system prior to freezing.
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After freezing and imaging, multiparticle data
processing methods enable sorting of the particle
images and result in not one, but a set of reconstructions. However, while each structure within the set of
reconstructions is often referred to as a “state”, it represents the average of an ensemble of configurations,
centered about a particular energetic minimum. High
conformational flexibility of parts of a ribosomal complex can explain why certain parts of the density map
may appear fragmented or may only be observed at
low contour levels. For example, in the A/T state of
the ribosome trapped during the accommodation process using the antibiotic kirromycin (Villa et al., 2009;
Schuette et al., 2009), the authors found that the switch
1 helix of EF-Tu, a key structural element involved in
GTPase activation, was found in a disordered, dynamic state during the switch from the GTP form to the
GDP form.
As recent landmark investigations of spontaneous
reverse translocation have demonstrated (Fischer et
al., 2010), the development of time-resolved cryo-EM
techniques may be used to report on the pmf along a
reaction coordinate. In the regime where over a million
images can be obtained (Ratje et al., 2010), probability distributions can be calculated by projecting each
image onto a distinct reaction coordinate. When one
has thousands of counts per bin, the noise due to sampling should be on the order of 1/ ≈ 3 %, assuming
the uncertainty in the measured population scales as
. Since the pmf is proportional to ln(P), an uncertainty in P by a factor of 1.03 corresponds to a difference in the pmf of kBT(ln(1.03P) – ln(P)) = 0.03 kBT.
The major caveat with such a venture is that, while the
statistical noise due to sampling may be low, the uncertainty in the projection onto the coordinate and the
noise present in each image can lead to much larger effects (see Fig. 2). Similar to smFRET, characterizing the
statistical properties of each of the reaction coordinate
projections represents a substantial challenge towards
using cryo-EM to reveal the fine details of the energy
landscape.

9. Exploring energy landscapes through
simulation
As petaflop supercomputing (i. e. 1015 calculations
per second) can now be achieved, molecular dynamics simulations of the 70S (and, in principle, 80S)
ribosome functions are now accessible (Sanbonmatsu
et al., 2005, Whitford et al., 2010 a). With continued
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technical advances, as well as the development of new
computational approaches, it is worthwhile to assess
current computing practices and identify how each
approach may shed light on the details of the energy
landscape. Here, the general approaches, considerations and limitations in simulating ribosome functions
are outlined in order for the reader to assess the field’s
directions and capabilities.
The first consideration in a simulation is to choose
which force field (potential energy function) is appropriate for the questions of interest. In semi-empirical
force fields, such as AMBER6 (Pearlman et al., 1995),
one uses a classical potential energy function, where
interaction energies of the four nucleotides and twenty
amino acids are calibrated to experimental quantities or to quantum calculations. These same energies
are applied to any RNA or protein simulated and the
system is immersed in a box of water molecules and
excess ions. This approach often provides information about rapid (sub-microsecond) movement on the
landscape. An alternative approach is to employ potential energy functions with pre-defined properties, such
that the landscapes may be tested against ribosome
experiments. Through iterative comparison with experiments, this second approach allows for much longer timescales (milliseconds) and can identify which
properties of the ribosome’s free energy landscape are
most important in determining function.
The length of the simulation, the employed force
field, and the process of interest must all be considered
when determining what aspects of the landscape are
being probed in each computational study. Here, we
discuss recent simulations using semi-empirical force
fields to illustrate how the timescale of each simulation
allows for specific insights into the character of the
landscape. Using enhanced sampled methods (Sanbonmatsu, 2006 a; Vaiana and Sanbonmatsu, 2009;
Garcia and Sanbonmatsu, 2000) thermodynamic convergence (i. e. calculated thermodynamic quantities do
not change with additional sampling) of 16S decoding
center dynamics with and without a ligand bound were
achieved in 17,000 and 2,000 nanoseconds, respectively. These thermodynamic measurements showed that a
stochastic gating mechanism of A1492/A1493 is likely
a low-energy process, where there is a balance of motions of the A1492 and A1493 bases into and out of
helix 44 during aminoglycoside recognition (Sanbon-

matsu, 2006 a). While simulations of the full 70S ribosome (~3 million atoms) are too expensive to measure
thermodynamics directly, the relaxation time of local
fluctuations in tRNA position were measured to be on
timescales of ~10 ns (Whitford et al., 2010 b; 205 – 301
ns per simulation), which characterizes how tRNAs
diffuse across the landscape. Simulations of three-way
junctions (Besseová et al., 2010; 30 –100 ns per simulation) demonstrated that the landscapes local to the
crystal configurations are not deep energetic basins.
Rather, rapid local reconfigurations on the landscape
allow for flexibility, which is likely relevant during
translation. Similar simulations with the CHARMM
forcefield7 (Brooks et al., 1983) of the nascent TnaC
peptide inside the 23S tunnel (Trabuco et al., 2010; 120
ns per simulation) suggest that the interactions formed
on short timescales (tens of nanoseconds) contribute
to the arrested conformation being a deep minimum
on the energy landscape.
The second approach to simulating ribosome landscapes is to employ effective potential energy functions
that reflect principles suggested by ribosome experiments and physical arguments. Agreement between
the resulting dynamics and experiments partially validates the proposed energy landscape. By varying the
parameters of the simulation, one can also characterize features of the process that are robust and features
that should be sensitive to the specific environmental
conditions. Since the features of the potential energy
surface are explicitly defined, effective perturbations
may be introduced to understand how the ribosome
responds to changes in the cellular environment.
Using effective potentials, the idea that accommodation is a downhill potential energy process was
tested through simulations (Whitford et al., 2010 a).
The classical conformation was defined as the minimum of the potential energy function. By construction, the starting (A/T) configuration is higher in potential energy, which is consistent with the notion of
tRNA molecules acting as molecular springs (Frank et
al., 2005) that must be properly aligned to enter the
A site (Sanbonmatsu, 2006 b). Fig. 5 C shows a schematic of the effective potential energy function used in
that study. Since the configurational entropy is determined by the accessible phase space, and the potential
energy was completely devoid of energetic roughness,
kinetic intermediates were the result of changes in

6 It should be noted that, for nucleic acids, the AMBER forcefield
is generally regarded (by the computational community) as the
most well-developed potential for empirical simulations.

7 The vast majority of CHARMM development has focused on the
parameterization of amino acids, and not nucleic acids.
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configurational entropy during accommodation. Since
the kinetic proofreading mechanism (Hopfield, 1974)
requires barriers to be associated with the selection
process, it was anticipated that entropic/steric barriers
would exist and serve to reject non-cognate aa-tRNAs.
While enthalpic interactions may drive the aa-tRNA
into the ribosome, the simulation data suggested that
the loss of configurational entropy resists accommodation. This entropic penalty resulted in reversible
accommodation attempts and a multi-step accommodation process, much like what was observed through
smFRET.

10. Future outlook
Understanding the mechanisms of translation control
is expected to be a critical area of research in the coming decade. As the ribosome is the central component
of the translation apparatus and an integration point
for regulation, the implementation of quantitative
tools to explore the molecular determinants of ribosome function in greater depth will be vital to this
pursuit. The arsenal of structural, kinetic and computational methods already available for interrogating
intrinsic conformational changes of the ribosome and
their relationship to function, have provided important new insights for the road ahead. The energy landscape underpinning ribosome conformational events
has been shown to be sensitive to buffer conditions,
tRNA ligands, translation factors and antibiotic inhibitors that bind directly to ribosomal RNA. These early
insights speak to the inherently metastable nature of
the ribosome’s architecture, foreshadowing the existence of substantial distinctions in the energetics of
ribosome function across domains of life and the potential to understand gene-specific regulatory events at
the molecular scale. Such events include nascent chain
stalling, stop codon readthrough, frameshifting as well
as other dynamic recoding processes (Gesteland and
Atkins, 1996).
The impact of single-molecule, cryo-EM, and
theoretical/computational methods to advance our
understanding of the mechanism of protein synthesis
remains nascent. The implementation of multicolor
FRET experiments, integrated platforms for simultaneous force and FRET measurements, high-throughput strategies, as well as sorting algorithms to further
explore heterogeneities in the ensemble of particles are
certain to provide access to numerous, untold discoveries. Continued advancement of the energy landscape
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framework of ribosome function through simulation
will help provide a rigorous connection to an all-atom,
molecular view of the system. As simulations are extending to experimentally attainable timescales (milliseconds), atomic simulations of translation processes
enable a direct integration of structural, computational
and kinetic fields. Such efforts will yield trajectories of
motion and testable hypothesis about specific trajectories of motion. Experimentally validated trajectories
may ultimately provide unforeseen insights into the
basic transl ation mechanism as well as evolutionary
distinctions that may exist between the translation apparatus of each organism. Such insights are expected
to enrich our knowledge and understanding of cellular
and therapeutic strategies for translation control.
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