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ABSTRACT

The ribosome is a massive ribonucleoprotein complex (;2.4 MDa) that utilizes large-scale structural fluctuations to produce
unidirectional protein synthesis. Accommodation is a key conformational change during transfer RNA (tRNA) selection that
allows movement of tRNA into the ribosome. Here, we address the structure–function relationship that governs accommodation
using all-atom molecular simulations and single-molecule fluorescence resonance energy transfer (smFRET). Simulations that
employ an all-atom, structure-based (G�o-like) model illuminate the interplay between configurational entropy and effective
enthalpy during the accommodation process. This delicate balance leads to spontaneous reversible accommodation attempts,
which are corroborated by smFRET measurements. The dynamics about the endpoints of accommodation (the A/T and A/A
conformations) obtained from structure-based simulations are validated by multiple 100–200 ns explicit-solvent simulations
(3.2 million atoms for a cumulative 1.4 ms), and previous crystallographic analysis. We find that the configurational entropy of
the 39-CCA end of aminoacyl-tRNA resists accommodation, leading to a multistep accommodation process that encompasses
a distribution of parallel pathways. The calculated mechanism is robust across simulation methods and protocols, suggesting
that the structure of the accommodation corridor imposes stringent limitations on the accessible pathways. The identified
mechanism and observed parallel pathways establish an atomistic framework for interpreting a large body of biochemical data
and demonstrate that conformational changes during translation occur through a stochastic trial-and-error process, rather than
in concerted lock-step motions.
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INTRODUCTION

Advances in X-ray crystallography (Schluenzen et al. 2000;
Yusupov et al. 2001; Blaha et al. 2009; Schmeing et al. 2009;
Zhang et al. 2009) and cryogenic electron microscopy
(Cryo-EM) (Agirrezabala et al. 2008; Schuette et al. 2009)
methods have afforded highly insightful snapshots of ribo-
some structures, each representing a local energetic mini-
mum along the translation process (Fig. 1A–C). Single-
molecule fluorescence resonance energy transfer (smFRET)
has been used to characterize the transitions between these
states (Blanchard 2009; Aitken et al. 2010). In parallel,
pioneering modeling efforts (Malhotra et al. 1990; Malhotra

and Harvey 1994) and advances in high-performance com-
puting have ushered in an era in which molecular modeling
and simulations can elucidate the relationship between
static ribosome structures (Roberts et al. 2008; Villa et al.
2009), structural fluctuations about these local minima
(Tama et al. 2003; Wang et al. 2004; Trylska et al. 2005),
and ribosome function (Sanbonmatsu et al. 2005; Petrone
et al. 2008; Gumbart et al. 2009). Here, we integrate mo-
lecular dynamics (MD) simulations and smFRET to de-
scribe the structural and dynamical features of the ribo-
some that govern translation, in atomic detail.

The fidelity mechanism underpinning transfer RNA
(tRNA) selection on the ribosome is a critical determinant
of the genetic code. In the case of cognate tRNA, this
multistep process is rate limited by accommodation (Rodnina
and Wintermeyer 2001), wherein conformational changes in
the translating complex direct entry of the 39-CCA end of
aminoacyl-tRNA (aa-tRNA) into the peptidyltransferase cen-
ter (PTC) located in the 50S subunit (Fig. 1B,C). While
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smFRET can provide time-resolved measurements of this
biological process (Blanchard et al. 2004), technology allow-
ing simultaneous measurement of multiple degrees of free-
dom is still in its infancy.

Although a fully atomistic picture of accommodation is
available through simulation (Sanbonmatsu et al. 2005),
acquiring statistics that are comparable to experiments rep-
resents a significant challenge due to the size of the ribo-
some, the relatively slow timescale of the process (t z 10–

100 ms), and the large displacement (z90 Å) associated
with aa-tRNA entry into the PTC. While conventional MD
simulations of small polymers (z104 atoms, including
solvent) have reached microsecond timescales (Freddolino
et al. 2008; Garcia and Paschek 2008; Monticelli et al.
2008), and are rapidly approaching the biologically relevant
millisecond regime (Klepeis et al. 2009), achieving similar
timescales with the ribosome (>3 3 106 atoms) necessitates
new strategies and alternative approaches.

One way to access longer timescale simulations of the
ribosome is to utilize the energy landscape theory of bio-
molecular folding and function, which was originally de-
veloped in the context of protein folding (Bryngelson et al.
1995). It is now well acknowledged that the energy land-
scape for protein folding has sufficiently small energetic
trapping, such that the geometrical features of transition
states and folding intermediates can be determined from
protein topology (Clementi et al. 2000). This has allowed
the use of energetically smooth force fields to explore folding
mechanisms. These force fields, which are defined by the
native structure, are also less expensive than highly detailed
empirically based force fields, facilitating longer timescale
simulations and longer length scale simulations. Inspired by
the many successes in protein and RNA folding and func-
tion (Hills and Brooks 2009; Pincus et al. 2009), we apply an
all-atom structure-based (G�o-like) model (Whitford et al.
2009a,b) of the Thermus Thermophilus 70S ribosome (Fig.
1A) (the endpoints of each simulation were taken from Tung
and Sanbonmatsu [2004] and Sanbonmatsu et al. [2005]) to
simulate the process of aa-tRNA accommodation.

By employing an all-atom structure-based force field, we
are exploring the possibility that the ribosome serves as
a structural filter, where the incoming aa-tRNA is accepted
once it successfully navigates the steric barriers imposed by
the accommodation corridor. Since steric contributions
will be similar across simulation protocols, if steric signa-
tures exist, one should be able to identify them with a
simplified set of energetic interactions. The electrostatic
composition is an indispensable contributor to ribosome
structural stability. Since the crystal structure is defined as
the lowest energy conformation in this model, these sta-
bilizing electrostatic contributions are implicitly included.
Due to ionic screening we assume that these interactions
may be approximated by shorter-range interactions. In the
structure-based model, attractive atom–atom interactions
range z5–7 Å (where the energetic minima are at <4 Å).
We further assume the potential energy decreases as a func-
tion of the accommodation reaction, where local energetic
roughness is small and can therefore be described by an ef-
fective diffusion coefficient (Bryngelson and Wolynes 1989).
We also performed explicit-solvent explicit-electrostatics
simulations (Supplemental Fig. S1) for hundreds of nano-
seconds each (Supplemental Table S1) to ensure the overall
dynamics of the A/T and A/A conformations are consistent
between these disparate simulation techniques.

FIGURE 1. Reversible fluctuations observed in simulations and
smFRET. (A) Structure of the 70S ribosome with 16S rRNA (blue),
30S proteins (cyan), 23S rRNA (purple), 50S proteins (pink), mRNA
(green), aa-tRNA (yellow), and p-tRNA (red) shown. aa-tRNA shown
in the (B) A/T conformation and (C) A/A conformation. The purple
dashed line, RElbow, is the distance between U47 of the aa-tRNA and
U8 of the P-site tRNA (purple spheres), used experimentally, and
computationally (distance between O39 atoms), to measure aa-tRNA
elbow accommodation. The orange dashed line, RArm, is the distance
between the C39 atom of G4 in the aa-tRNA and C59 atom of G67 in
P-site tRNA (orange spheres), which measures acceptor arm accom-
modation. The blue dashed line, R39, is the distance between A-site
and P-site amino acids (blue spheres), which measures 39-CCA end
accommodation into the peptidyltransferase center. (D) Time trace of
RElbow for a single accommodation simulation. (E) P(RElbow, t), the
unnormalized probability, was calculated from 312 independent accom-
modation transitions (12 million sampled structures). Values are
colored off-white (low) to red (high), on a log scale, throughout all
figures. Since FRET efficiencies are inversely related to RElbow , the Y-axes
in D and E are inverted for easier comparison with F and G. (F) Single-
molecule time trace monitored after stop-flow delivery of cognate EF-
Tu�GTP�Phe-tRNAPhe(Cy5-acp3U47) to surface-immobilized ribosome
complexes carrying fMet-tRNAOH in the P-site (Cy3-s4U8). (G) FRET
population histogram of single FRET traces postsynchronized to a FRET
value of 0.323. Population only includes traces where the tRNA reaches
the A/A state (N = 431). Note: Reversible fluctuations were observed in
many simulations and FRET traces and each trace has a unique profile.
The uncanny similarities between the shapes of D and F are coincidental.
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In this study, we employed four different approaches to
study the accommodation process: unrestrained structure-
based simulations, explicit-solvent simulations, targeted
molecular dynamics simulations, and smFRET. These
methods provide independent measures of the dynamics,
which enables cross-validation of the results. The identifi-
cation of accommodation pathways, steric barriers, and
transient intermediates with associated transition states was
achieved by simulating 312 independent, and unrestrained,
full accommodation transitions (which totaled roughly
200 ms of sampling) (see Materials and Methods). Shorter-
timescale targeted molecular dynamics (TMD) simulations
(704 accommodation events) confirmed the presence of the
predicted steric barriers. Conventional explicit-solvent sim-
ulations were used (3.2 million atoms for a total of 1.4 ms of
simulated time) to validate the short timescale motions
(tens, to hundreds, of nanoseconds) and the overall scale and
distribution of the structural fluctuations in the structure-
based simulations. All structure-based and explicit-solvent
simulations were of the full 70S ribosome with aa-tRNAPhe

and P-site tRNAPhe. High-spatial and -time resolution
smFRET imaging of aa-tRNA entering the ribosome corrob-
orates the existence of reversible large-scale rearrangements
in the aa-tRNA elbow during accommodation, which serves
as partial validation of the simulated dynamics. Together,
these data provide an atomistic framework for interpreting
experimental measurements and building a theoretical un-
derstanding of tRNA dynamics in the ribosome.

RESULTS

Structure-based dynamics consistent with
crystallographic measurements, explicit-solvent
simulations, and normal mode calculations

The structural fluctuations of the 16S and 23S rRNA
observed in the structure-based simulations have the same
magnitude and distribution as those described by crystal-
lographic anisotropic B-factors and explicit-solvent simu-
lations. The average spatial root-mean-squared displace-
ment (RMSD) of the 16S and 23S rRNA is similar for the
crystal structure (1.7 Å) (Korostelev et al. 2008),4 structure-
based simulations (1.7 Å), and explicit-solvent simulations
(1.9 Å). The three distributions are also well correlated
(Supplemental Fig. S2). The crystal structure of Korostelev
et al. (2008) was used for comparison since translation–
libration–screw (TLS) refinement (Winn et al. 2001) was
used to determine anisotropic B-factors, which can provide
a more realistic description of the dynamics than isotropic

B-factors. The largest variation in the RMSD obtained from
these methods is found for the L1 and L11 stalks in the 50S
subunit and the beak and spur of the 30S subunit. While
both simulation methods predict larger structural fluctua-
tions in the stalks than are seen in the crystal structures,
smFRET measurements corroborate spontaneous large-
scale rearrangements of the L1 stalk in solution (Blanchard
2009; Aitken et al. 2010). These predicted stalk motions are
also consistent with normal mode calculations that indicate
the lowest frequency modes (i.e., the modes with the
smallest potential energy gradient) correspond to L1 and
L11 stalk motions (Tama et al. 2003).

Reversible aa-tRNA motions observed in simulations
and single-molecule FRET experiments

Each all-atom simulation, which employed a structure-
based Hamiltonian (Whitford et al. 2009a,b), was initiated
in the A/T conformation and was terminated when the
endpoint of accommodation was reached (i.e., Fig. 1C, A/A
state). In the A/T conformation, aa-tRNA adopts a kinked,
and therefore strained, configuration (relative to the A/A
state). The aa-tRNA might even be considered a loaded,
highly nonlinear, spring (Frank et al. 2005). In this model,
the strain energy associated with the A/T conformation is
solely due to contact distances and dihedral angles being
displaced from the values found in the A/A conformation.
With this time-independent potential energy function the
aa-tRNA explores the free-energy landscape and spontane-
ously reaches the fully accommodated (A/A) conformation
(Supplemental Fig. S3A,B). Since previous biochemical
data suggest EF-Tu dissociation is faster than accommo-
dation (Rodnina and Wintermeyer 2001), EF-Tu was not
included in the simulation, though future work will explore
the interplay between accommodation and EF-Tu.

Both structure-based simulations and smFRET experiments
reveal that reversible fluctuations in distance occur between
the elbow regions of A- and P-site tRNAs, prior to achieving
the final A/A state (Fig. 1D,F). Comparable statistics for the
accommodation process were obtained from computational
and experimental approaches (312 versus 431 independent
events) (Fig. 1E,G), which highlights the potential for direct
theoretical-experimental comparison via these methods. Fluc-
tuations between high-FRET (with the elbow accommodated
and the 39-CCA end not accommodated) (Fig. 2E) and mid-
FRET (Fig. 1B, A/T) configurations, observed in both simu-
lation and smFRET experiments, show that such motions are
intrinsic to the tRNA–ribosome–mRNA complex.

Since our simulated timescales are only estimated (see
the supplemental material), one does not expect exact
agreement with experimental timescales. Nonetheless, if one
assumes elbow accommodation is a two-state process, where
a single free-energy barrier separates the A/T and elbow-
accommodated states, differences in timescale of this magni-
tude may be attributed to a difference in the free-energy

4Crystallographic B-factors were converted to spatial root-mean-
squared displacement (RMSD) values via the relation Bi = [8p2/
3(RMSDi)

2] (Garcia et al. 1997), where Bi and RMSDi are the B-factor
and RMSD associated with atom i.
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barrier of z2–7 kT.5 A variety of features could lead to
changes in barrier height of this magnitude. For example,
in these simulations there is a coordinated displacement of
H89, away from the A-site codon, during elbow accom-
modation (Fig. 3). Since this displacement is purely due
to steric interactions (i.e., two atoms may not occupy the
same space), if H89 movement were attenuated or am-
plified, the free-energy barriers should be altered, in both
simulations and experiments. While it is beyond the scope
of this study to predict which environmental conditions
will have the largest effect on the conformation of H89, it is
plausible that both ion concentrations and factor binding
may be involved. Consistent with the predicted movement
of H89, mutational analysis shows H89 is involved in the
accommodation process and may act as an allosteric

‘‘finger’’ (Petrov et al. 2008) that regulates tRNA movement
through the accommodation corridor.

A multistate mechanism of accommodation

In the structure-based simulations, the underlying potential
energy surface is downhill in the A/T to A/A direction.
Since the potential energy profile in this model is devoid of
energetic traps, thermodynamic barriers are the result of
sharp decreases in configurational entropy. The structure of
the accommodation corridor introduces configurational
restrictions, which lead to entropic barriers that the aa-
tRNA must navigate in order to reach the A/A conforma-
tion. As the aa-tRNA approaches an entropic barrier, it
must search locally for a configuration that will lead to
a decrease in energy. As discussed below, the asymmetric
structure of aa-tRNA also contributes to such barriers,
which reinforces the notion that aa-tRNA actively partic-
ipates in the selection process (Cochella and Green 2005).

Entropic bottlenecks temporarily halt progress along the
accommodation reaction coordinates, which leads to peaks
in the probability distributions (Fig. 2A–C).6 Figure 2A–C,
suggest that three entropic barriers correspond to the tran-
sitions states between the (1) A/T ensemble (Fig. 1B); (2)
elbow accommodated state (Fig. 2E); (3) elbow and acceptor
arm accommodated state (Fig. 2F); and (4) fully accommo-
dated (A/A) state (Fig. 1C). The first entropic barrier
corresponds to an isolated movement of the aa-tRNA elbow
(as it associates with the A-site finger). Interactions between
the tRNA acceptor arm (residues proximal to A64) and H89
(primarily C2471 and G2472) of the 23S rRNA (Fig. 2D) are
formed in the transition state ensemble (defined as configu-
rations where 44 Å < Relbow < 48 Å). Accordingly, elbow
accommodation (i.e., movement of the elbow from the A/T
ensemble to the A/A position) results in a temporary, re-
versible displacement of H89 (Fig. 3). Formation of the
elbow-accommodated state (Fig. 2E) facilitates subsequent
accommodation steps and is accompanied by promiscuous
movements of the 39-CCA end of aa-tRNA, where all possible
orientations of the 39-CCA end (i.e., all values of the
pseudodihedral angle F2) are sampled (Fig. 4B; Supplemental
Video 1). The next entropic barrier is encountered during
movement of the aa-tRNA acceptor arm into an accommo-
dated position (Fig. 2F, acceptor arm accommodation). Due
to close interactions with the A loop, H89 and H90, the
mobility of the 39-CCA end (as measured by F2, Fig. 4B) is
reduced (i.e., a decrease in entropy). From this state,
accommodation is completed upon insertion of the 39-CCA
end into the PTC (fully accommodated state). These data

FIGURE 2. Probability distributions reveal sequential elbow, arm,
39-CCA end accommodation. (A) P(RElbow, R30 ) shows four highly
populated conformations: (1) A/T, (2) elbow accommodated, (3)
acceptor arm accommodated, and (4) A/A states. Peaks are numbered
consistently between plots, i.e., the same structures compose peak X
(= 1,2,3,4) in each figure. (B) P(RElbow, RArm) prior to 39-CCA entry
into the PTC (R39 > 30 Å, above the black dotted line in A). The bend
in the probability distribution, centered about peak 2, indicates
sequential elbow-arm accommodation. Simultaneous elbow and arm
accommodation events would fall on the gray dashed line, which
connects peaks 1 and 3. (C) P(RArm, R39) for elbow-accommodated
structures (RElbow < 30 Å, right of white dotted line in A). RArm and
R39 are correlated, but the arm reaches the A/A conformation, while
the 39-CCA end is z40 Å from the PTC (peak 3). (D) Representative
snapshot of the transition state associated with elbow accommodation
(between peaks 1 and 2 in A), where the tRNA closely approaches
H89. (E) Snapshot of the elbow-associated state (peak 2) colored as in
Figure 1 with the A-site finger (gray) and A loop (pink) also shown
and rotated 90° from D. (F) Representative structure of arm-
accommodated state (peak 3).

5In a two-state system, k } exp(�bDG). Given two measured rates, ki

and kj, the corresponding difference in DG is given by DDG = DGj � DGi =
kBT ln(ki/kj). Thus, a factor of 100 difference in rates corresponds to
a difference in DDG of z4.6 kBT. Even if one estimates the uncertainty in
simulated time to be an order of magnitude, then DDG would be between
2.3 and 6.9 kBT.

6Since these simulations are ‘‘kinetic’’ (i.e., each simulation is termi-
nated once the A/A conformation is reached), the sampling does not
represent a complete canonical ensemble. Accordingly, entropic signatures
may be present in the probability distributions, but precise quantification
of the thermodynamics requires more exhaustive sampling techniques.
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suggest that the accommodation process itself is multistep in
nature and that flexibility in the 39-CCA end of the aa-tRNA is
an integral component of the tRNA selection machinery.

Flexible 39-CCA end of aa-tRNA resists
accommodation and accesses multiple pathways

In addition to the entropic barriers introduced by the
ribosome structure, the flexible 39-CCA end of the aa-tRNA
also leads to a net loss in entropy upon accommodation
(Fig. 4B). This predicted loss in configurational entropy is
consistent with high-resolution crystallographic data that
find the 39-CCA end exhibits ‘‘relatively high disorder’’ (Shi
and Moore 2000) in isolated tRNA and has low mobility
when in complex with the 70S ribosome (Voorhees et al.
2009). This loss of entropy is physically intuitive: There are
no external structural constraints on the single-stranded
39-CCA end of aa-tRNA immediately after dissociation
from EF-Tu, while enzymatic function of the ribosome
requires specific interactions to be formed with the fully
accommodated aa-tRNA molecule. Previous analysis of
crystal structures led to the proposal of rotary motion of
the 39-CCA end during translocation (Agmon et al. 2005,
2006), which is similar to the motions observed here. A
recent crystal structure of the ribosome complexed with
EF-Tu and aa-tRNA (Schmeing et al. 2009) in the A/T
conformation revealed large distortions in the 39-CCA end,
which also emphasizes its flexible nature. In addition to
crystallographic evidence, explicit-solvent simulations cor-
roborate the broadly distributed 39-CCA configurations in
the A/T ensemble and a narrow distribution of structures in
the A/A state (Fig. 5A). Since the explicit-solvent simula-
tions employ an empirically calibrated force field (for
a recent review on empirical force fields, see Adcock and

McCammon 2006), agreement partially validates the dy-
namics predicted by the structure-based simulations.

The flexibility of the single-stranded 39-CCA end of
tRNA allows it to navigate around the steric barriers
surrounding the PTC via multiple pathways (Fig. 4B).
During entry (R39 z 35–10 Å), the 39-CCA end can take
a (+) route where it passes between the 59 end of the tRNA
and H89 (Fig. 4C). Alternately, it may enter in the (�)
direction where the 39-CCA end moves between the aa-
tRNA acceptor arm and the A loop (Fig. 4D), or take more
extended structures and pass between the A loop and H89
(Fig. 4E; Supplemental Video 2). Comparison of recently ob-
tained high-resolution crystal structures of T. thermophilus
ribosomes reveals conformational variability in the PTC
(Voorhees et al. 2009), which will be inextricably linked to
the likelihood of observing each pathway. Since these results
suggest that the dynamics of the incoming aa-tRNA may be
influenced by the conformation of the ribosome, the inherent
flexibility of the ribosome is also likely to be important dur-
ing tRNA selection.

Structure of the accommodation corridor leads
to a robust mechanism

As discussed above, in the structure-based simulations, the
calculated mechanism of accommodation is a result of the
steric interactions between the aa-tRNA and the ribosome.

FIGURE 3. Displacement of H89 during aa-tRNA elbow accommo-
dation. (A) Structure of A/T conformation with aa-tRNA (yellow),
p-tRNA (red), mRNA (green), H89 (purple), and stem–loop of H89
(violet) shown. The distance between the stem–loop of H89 and the
A-site codon (H89-codon), is indicated by the pink bar. The green bar
indicates RElbow (as defined in Fig. 1B). (B) Probability distribution of
H89-codon versus RElbow, calculated from 312 unrestrained structure-
based simulations. Only structures in which the arm is not accom-
modated (RArm > 12 Å) are included in the distribution. The gray line
is the average H89-codon distance as a function of RElbow. Note:
X-axis is inverted for visual ease. As the aa-tRNA elbow accommo-
dates (i.e., RElbow decreases) H89-codon increases when the aa-tRNA
contacts the stem–loop of H89 (RElbow z 49 Å) and then reduces after
the aa-tRNA elbow has accommodated.

FIGURE 4. Entropy from 39-CCA flexibility resists accommodation.
(A) 39-CCA rotation coordinate, F2 (Sanbonmatsu et al. 2005),
formed by the O39 atoms of residues 69, 71, 73, and O atom of
Phe. (B) Probability as a function of F2 and R39 indicates that in the
A/T conformation (R39 z 80–90 Å) the flexible 39-CCA end samples
all angles with relatively high probabilities. During acceptor arm
accommodation (R39 = 40–60 Å), the restricted mobility of the
39-CCA end indicates an entropic barrier. As the 39-CCA end enters
the PTC, the configurational entropy decreases as the 39-CCA end
proceeds via a (+) or (�) pathway (pink and black lines). Note that
since F2 is a dihedral angle, (B) is periodic along the Y-axis with
a modulus of 360°. Representative snapshots of 39-CCA entry (C)
along the major groove of H89, (D) by passing over the A loop, or (E)
by passing between H89 and the A loop.
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To verify that the mechanism is due to these structural
restrictions, and not the model’s energetics, we compared
the predicted accommodation dynamics for a variety of
parametric settings. Further, we compared the dynamics to
those obtained using targeted molecular dynamics (TMD).
We find that overall, the calculated accommodation path-
ways are similar, though there are some notable exceptions.

The overall elbow, then arm, then 39-CCA accommoda-
tion mechanism is robust to changes in the energetics and
temperature (Supplemental Fig. S4). We first reduced the
strength of contacts that are unique to the A/A conforma-
tion (see Materials and Methods), effectively reducing
the driving force of accommodation. While the relative
populations of each state varied between parameter sets,
the overall accommodation mechanism was consistent.
Though, since these simulations are also structure-based,
one might argue that the energy profile is still too similar to
unambiguously partition the contributions of structure and
energetics.

To further investigate which features of the mechanism
are robust, we turn to TMD simulations (see Materials and
Methods). In TMD simulations a time-dependent con-
straint induces a transition over a predetermined period of
time. Accordingly, since TMD algorithms do not allow the
system to fully equilibrate at each point along the transi-
tion, the energetic details of the force field become less
relevant, such that the stochastic character of the transi-
tions cannot be observed. Therefore, common mechanistic
features are likely due to the molecular structure, and not
the model’s energetics. Comparison of the structure-based
simulations without and with TMD (cf. Figs. 2A and 5B)
reveals a conserved mechanism, albeit with a narrower
distribution of pathways for the latter. We additionally
compared the pathways from TMD simulations with an
explicit-solvent force field (each 2–4 ns in duration) and
a structure-based force field (each 8 ms in duration). Both
explicit-solvent (Sanbonmatsu et al. 2005) and structure-

based TMD pathways (Fig. 5B; Supplemental Fig. S5) fall
within the region of phase space sampled in unrestrained
simulations (Fig. 2). While for all simulations 39-CCA end
entry into the PTC is the final step of accommodation, the
largest mechanistic difference observed between methods is
the precise timing of elbow and arm accommodation.
Specifically, in the TMD trajectories the elbow and arm
accommodation was more correlated, on average. Since the
work done by the TMD algorithm alters the relative timing
of the elbow and arm, the balance between their motions
may also be sensitive to the environmental conditions. In
contrast, even with TMD, CCA entry is facilitated by suc-
cessful arm accommodation.

DISCUSSION

This study represents the first example in which all-atom
simulations of ribosomal conformational transitions have
been compared with single-molecule fluorescence experi-
ments. In the context of tRNA accommodation, this work
has revealed the presence of reversible structural fluctua-
tions associated with the incoming aa-tRNA, a specific
ordering of conformational events and entropic contribu-
tions of the 39-CCA end of aa-tRNA.

The present study also predicts a multistate mechanism
of accommodation. The predicted mechanism is robust
across simulation methods and protocols employed, sug-
gesting that the structure of the accommodation corridor
imposes stringent limitations on the accessible pathways.
Specifically, elbow accommodation always precedes 39-CCA
accommodation, though the exact timing of arm accom-
modation can vary slightly. The feasibility of independent
movements of different parts of the tRNA molecule pro-
vides a structural framework for interpreting experimental
measurements.

Two examples of experimental results that may be re-
interpreted in terms of a multistep accommodation mech-
anism can be found in studies of aa-tRNA dissociation
(Dale et al. 2009) and antibiotic-dependent ribosome
stalling (Vazquez-Laslop et al. 2008). It was recently shown
for Escherichia coli ribosomes that the dissociation rate
from the A site is comparable for deacylated-tRNA and
acetylated-tRNAs that carry a Phe amino acid, when the
tRNA has a tight-binding anticodon (GAC) (Vazquez-
Laslop et al. 2008). In contrast, when the anticodon is
weak-binding (GAA), acetylating the tRNA with Phe re-
duces the rate of dissociation by about an order of
magnitude. Further, for weak-binding anticodons, deacyl-
tRNA dissociation is tRNA body-dependent though aa-
tRNA dissociation rates are body-independent. Since our
simulations demonstrate the possibility of a multistep ac-
commodation (association) process, it is likely that disso-
ciation also involves multiple steps, each of which has the
potential to limit the overall rate. Thus, for weak-binding
anticodons, tRNA dissociation may be rate limited by

FIGURE 5. Comparison of structure-based simulations and explicit-
solvent (ES) simulations. (A) Color contour plot is the probability
distribution obtained from structure-based simulations. Transparent
gray shadows delimit the region of the phase space sampled in 1.4 ms
of explicit-solvent simulations (a slight shift of the A/A ensemble, to
lower R39, is due to attraction between the aa-tRNA and p-tRNA
amino acids). (B) Probability distribution from 704 TMD simulations
with a structure-based force field. Two trajectories from explicit-
solvent TMD (Sanbonmatsu et al. 2005) are shown as black and
brown lines.
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39-CCA end release (which may also be coupled to a
conformational rearrangement in the PTC, as the authors
suggest).

A second ribosomal function for which a multistep,
multiple-pathway mechanism may be relevant is drug-
dependent ribosome stalling. While it has previously been
shown that the PTC is the focal point of erythromycin-
dependent stalling of ribosomes from E. coli (Vazquez-
Laslop et al. 2008), the atomic mechanism of stalling is still
an active area of investigation. Stalled complexes were
shown to be insensitive to puromycin, suggesting the aa-
tRNA occludes the A site of the PTC in stalled complexes.
Our simulations suggest that stalled complexes may be
composed of a fully accommodated elbow and arm, and
that the 39-CCA end need not be fully accommodated, but
only be close enough to the PTC to prevent puromycin
binding. More recently, experimental measurements have
revealed that the composition of the A-site codon also con-
tributes to stalling (A Mankin, pers. comm.). One inter-
pretation of this finding is that in stalled complexes, the
PTC is structurally perturbed, such that some amino acids
are allowed to enter the PTC (and form peptide bonds),
while others are not. This is consistent with there being
multiple PTC entry pathways; each amino acid has a favor-
able path and rearrangements in the PTC affect each path
differently.

In contrast to macroscopic machines, where tightly cou-
pled rigid parts operate deterministically, experiments can
now directly quantify the stochastic dynamics of molecular
machines through a variety of single-molecule methods.
These rapid advances are necessitating a new set of theo-
retical and computational methods to explore such func-
tions. Here, in the context of tRNA accommodation, we
show how an integrated approach involving multiple sim-
ulation techniques and smFRET may begin to unravel the
atomic details of functional motions in the ribosome.

MATERIALS AND METHODS

Details of the structure-based Hamiltonian

To simulate accommodation in the T. Thermophilus 70S ribosome
(Supplemental Fig. S1), we use an all-atom structure-based model.
All heavy (nonhydrogen) atoms are included as spherical beads
(140,743 atoms). A potential energy function based on the A/A
conformation was used (i.e., the A/A conformation is the global
energetic minimum). Each simulation was started in the A/T
conformation and was terminated when the A/A conformation
was reached (defined as R39 < 8 Å). When in the A/T state, many
A/A intermolecular contacts are not formed and many intra-
molecular contacts and dihedrals angles are perturbed from their
lowest energy configurations. As the tRNA accommodates, these
strained interactions relax and provide stabilizing energy to the
system. The Hamiltonian employed in this work has been well-
characterized elsewhere (Whitford et al. 2009a,b) and is fully
described in the Supplemental material.

Simulation details

Structure-based simulations

All simulations were performed using the Gromacs (Berendsen
et al. 1995; Lindahl et al. 2001) software package, with force-field
files that were generated in-house.7 Reduced units were used
(see Supplemental material; Frenkel and Smit 1996) (Gromacs
v4 Manual). A time step of 0.0005 was employed. Stochastic
dynamics was used with a coupling time of 1.0. Simulations were
performed in 5,000,000 time-step segments, and were continued
until the A/A structure was reached (5–120 M total time steps).
The dynamic load balancing utility of Gromacs was employed
(Hess et al. 2008), which allowed each simulation to be performed
using 64 and 128 cores with minimal reduction in performance
due to intercore communication.

Explicit-solvent simulations

Simulations were performed using Gromacs (Berendsen et al.
1995) v4.0 with the Amber99 force field (Wang et al. 2000).8 All
systems were fully solvated with [MgCl2] = 7 mM and [KCl] = 100
mM. A/T simulations included 977,217 water molecules for a total
of 3,178,833 atoms (ribosome + ions + water) in each simulation.
A/A simulations included 976,610 water molecules for a total of
3,177,012 atoms. The simulation parameters and equilibration
protocol are described in the Supplemental material.

Targeted molecular dynamics (TMD)

TMD was implemented as described elsewhere (Schlitter et al.
1994). Each TMD simulation was performed in combination with a
structure-based force field and was allowed up to 12 ms to fully ac-
commodate, though simulations typically accommodated in z8 ms.

Experimental details

Single-molecule experiments

Sample preparation is described in the Supplemental material.
Single-molecule FRET measurements were performed using
a prism-based total internal reflection (TIR) fluorescence micro-
scope, where fluorescently labeled molecules were spatially immo-
bilized near a quartz surface following previously published
procedures (Munro et al. 2007). Ribosome complexes bearing
(Cy3-s4U8) tRNAfMet were excited with monochromatic light
at 532 nm (Ventus750mW Nd:YAG, Laser Quantum) by the
evanescent wave generated by TIR. Stop-flow delivery of the
ternary complex (Cy5-acp3U47) Phe-tRNAPhe, EF-Tu, and GTP to
surface-immobilized ribosomes results in FRET due to the
binding of ternary complex and spatial localization of Cy3 and
Cy5 fluorophores within the Forster radius (20–80 Å). Fluores-
cence emission was collected using a 1.2 NA water-immersion
objective (CFI Plan Apochromat, Nikon) and optically split by

7These models are freely available at http://smog.ucsd.edu.
8Based on the observation of irreversible changes in RNA backbone

conformation, questions regarding the backbone dynamics in the Amber99
force field have been raised. Here, consistent with a previous study (Garcia
and Paschek 2008), we see the backbone a and g dihedral angles make
reversible rearrangements.

Whitford et al.

1202 RNA, Vol. 16, No. 6



a dichroic mirror and focused (Dual View, Photometrics) onto
a CCD-chip (Cascade 512B, Photometrics) where images were
acquired at a frames rate of 25/sec using commercially available
software (MetaMorph, Universal Imaging Corp). All experiments
were performed in Tris-polymix buffer (pH 7.5) (Munro et al.
2007) containing oxygen-scavenging and triplet state quenching
compounds to extend fluorophore lifetime and to minimize blink-
ing (Dave et al. 2009) (1 unit/mL glucose oxidase, 10 unit/mL
catalase, 0.1% v/v glucose, 1 mM Trolox, 1 mM Cyclooctatetraene,
and 1 mM nitrobenzyl alcohol). Data analysis is described in the
Supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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