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Abstract

Protein synthesis by the ribosome is coordinated by an intricate series of large-scale
conformational rearrangements. Structural studies can provide information about long-lived states,
however biological kinetics are controlled by the intervening free-energy barriers. While there

has been progress describing the energy landscapes of bacterial ribosomes, very little is known
about the energetics of large-scale rearrangements in eukaryotic systems. To address this topic,

we constructed an all-atom model with simplified energetics and performed simulations of subunit
rotation in the yeast ribosome. In these simulations, the small subunit (SSU; ~1MDa) undergoes
spontaneous and reversible rotations (~8°). By enabling the simulation of this rearrangement
under equilibrium conditions, these calculations provide initial insights into the molecular factors
that control dynamics in eukaryotic ribosomes. Through this, we are able to identify specific
inter-subunit interactions that have a pronounced influence on the rate-limiting free-energy barrier.
We also show that, as a result of changes in molecular flexibility, the thermodynamic balance
between the rotated and unrotated states is temperature-dependent. This effect may be interpreted
in terms of differential molecular flexibility within the rotated and unrotated states. Together, these
calculations provide a foundation, upon which the field may begin to dissect the energetics of
these complex molecular machines.
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Introduction

The ribosome is a massive molecular assembly that undergoes a wide range conformational
rearrangements in order to accurately synthesize proteins [1-4]. The precise composition
of a ribosome is organism-specific, though it is generally composed of two large RNA
(rRNA) chains (~1000-4000 nucleotides in length, each), in addition to a variable number
of smaller RNA and protein molecules (~50-100, in total). The overall architecture of the
ribosome is commonly described in terms of the large subunit (LSU) and small subunit
(SSU), where each has three distinct tRNA binding sites (Fig. 1). During protein synthesis,
aminoacyl-transfer RNA (aa-tRNA) molecules must decode the messenger RNA (mMRNA).
Upon recognition of an mRNA codon, the incoming aa-tRNA molecule binds the ribosomal
A site. The nascent protein chain that is attached to the P-site tRNA is then passed to the
A-site tRNA through the formation of a peptide bond. After peptide bond formation, the
A-site and P-site tRNA molecules are displaced to the P and E sites, respectively. This
process, called translocation, leads to a vacant A site, which allows the ribosome to decode
the next mMRNA frame.

The process of tRNA translocation involves large-scale displacements of tRNA molecules (~
40A), which are facilitated by an elaborate sequence of collective rearrangements within the
ribosome. In bacteria, countless cryo-EM and crystallographic structures have been resolved
in which the SSU is rotated relative to the LSU (i.e. body rotation [5,6]), or the SSU

head is rotated relative to the SSU body (head swivel [7,8] and tilting [9]). To complement
these structural snapshots, biochemical measurements [10] and single-molecule studies [11-
13] have identified coupling between global SSU rearrangements and tRNA dynamics.
Similarly, structural models of eukaryotic [14,15] and mitochondrial [16] ribosomes have
revealed a broad range of orientations that are accessible to the SSU. In addition to rotary-
like rearrangements, cryo-EM structures have also revealed that the SSU body may undergo
tilt-like rearrangements in eukaryotic systems (called “rolling” [15]). These more recent
insights into eukaryotic structure raise new questions into the relationship between SSU
motion and tRNA dynamics. For example, how do differences in eukaryotic and bacterial
ribosome structure give rise to differential dynamics? What is the relationship between

SSU rotation and eukaryotic-specific tilting/rolling? While there is significant interest in
understanding these dynamic properties, the biophysical features that govern eukaryotic
translation are largely unexplored.

For nearly two decades, advances in structure determination have fueled the development
and application of theoretical models to study subunit rotation in bacteria. In the earliest
theoretical efforts, coarse-grained models were utilized to perform normal mode analysis
[17] and principal component analysis [18], which illustrated how the architecture of the
ribosome predisposes it to rotation-like fluctuations of the SSU. Later, highly-detailed
explicit-solvent simulations (100ns-1.s5) were applied to study small-scale structural
fluctuations [19,20], which reinforced the predicted energetic accessibility of rotary-like
fluctuations. Explicit-solvent simulations have also been applied to characterize how SSU-
LSU bridge interactions may facilitate large-scale rotation [21]. Complementary to explicit-
solvent methods, recently-developed coarse-grained models have allowed for spontaneous
rotation events to be simulated [22]. In those models, it has been shown how specific subunit
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bridges can “hand off” the SSU during rotation. While each effort has provided insights into
distinct aspects of rotation in bacterial ribosomes, simulations of spontaneous and reversible
SSU rotation in a eukaryotic ribosome have not been reported previously.

In the current study, we provide a physicochemical foundation for understanding the
dynamics of SSU rotation in eukaryotic ribosomes. Specifically, we developed and applied
an all-atom structure-based (SMOG) model [23,24] to study the dynamics of subunit
rotation in the yeast ribosome. This model includes all non-hydrogen atoms (206k atoms,
in total), and the energetics are defined to explicitly stabilize the rotated and unrotated
conformations. Using this simplified model, we were able to simulate 25 reversible rotation
events, where the SSU spontaneously rotated/back-rotated by ~ 8° degrees. With this data
set, we provide an initial description of the free-energy landscape associated with SSU
rotation. This analysis reveals a distinct sequence of rearrangements at the SSU-LSU
interface, as well as a pronounced temperature dependence of the free-energy landscape.
Together, these calculations establish a technical and conceptual framework for rigorously
characterizing eukaryaotic ribosome dynamics, both through theoretical and experimental
approaches.

2. Materials and Methods

2.1. Multi-basin structure-based model

In the current study, we developed a multi-basin structure-based model, where knowledge of
the rotated and unrotated conformations (PDB: 3J77 and 3J78 [14]) were used to define the
potential energy function. For this, we applied a SMOG-AMBER variant [25] of the SMOG
class of structure-based models [24], where the potential energy is given by:
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Here, FD(¢) = [1 - cos(¢)] + %[1 - cos(3¢)] and Fy(@,) = [1 — cos(2¢,)]. The bonded parameters

(.0 @nd 6,,.,) were obtained from the AMBERO03 force field [26]. The planar ring dihedrals
were maintained by cosine potentials of periodicity 2. The position of the minimum of
each dihedral angle ¢,,., was defined as the mean value adopted in the rotated and
unrotated structures. This ensures that the dihedral energies in the two structures are
isoenergetic. Combined with the AMBER bonded geometry, these terms ensure there is

no intrasubunit bias toward either endpoint configuration. Dihedral energies were assigned
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as described previously [24]. For completeness, we will summarize the details, here. To
define the dihedral interaction weights (e,, and ¢,.), dihedrals were first grouped based on the
composition of the middle bond. Each dihedral group was given a summed weight of ¢,, or

€. The ratio Ry, = ? was set to 1 (nucleic acids) or 2 (proteins). e, was defined to be equal

for protein and nucleic acids. Contact and dihedral strengths were scaled, such that

- X e -
RC/D_ZebbJ" Zesc_z

and

Z €C+Z ebb+z €. = Ne,

where N is the number of atoms in the system and e is the reduced energy unit, which is
equal to 2k,T. Contact pairs were defined using the Shadow Contact Map algorithm with
default values [27]. ,; was set to 0.96s,, Where o, is the interatomic distance between atoms
that are in contact in the rotated (or unrotated) configuration. This scaling of contacts

was introduced to avoid the artificial expansion of the ribosome that can arise from
configurational entropy [25,28]

To construct the multi-basin force field, the inter-subunit contact pairs found in both
structures were combined. The position of the minimum was defined for each atom pair,
such that the contacts are isoenergetic (with value e, ), with respect to the rotated and
unrotated conformations (Fig. S1). If ¢,,/ec > 1/2, the contacting pair of atoms was classified
as a “common” contact. Applying this criterion, all inter-subunit pairs whose distances are
similar in both structures were assigned an isoenergetic distance. All intra-subunit contact
pairs were also considered common contacts. Consistent with the dihedral parameters, this
isoenergetic assignment of contacts ensures that common interactions do not favor either
rotation state. The weights of common contacts (inter-subunit and intra-subunit) followed
the scaling rules described above [24]. For the remaining interface contacts (i.e. unique
contacts), o, was assigned the value found in the conformation for which the contact is
defined: (un)rotated contacts are given the distances found in the (un)rotated conformation.
Contacts unique to the rotated configuration were then given an energetic weight of 0.21 and
contacts unique to the unrotated configuration were given weights 0.19. An initial parameter
sweep was performed to identify weights for which the rotated and unrotated conformations
represent pronounced free-energy minima of comparable depths.

Since the available cryo-EM reconstructions resolved different numbers of atoms, minor
components of the structure had to be structurally modeled. Consistent with previous efforts
[28], position-restraint based techniques were applied to model the missing regions, where
the completed region in the alternate structure was aligned to the missing region. With this
approach, residues 65-135 of eL.24 were reconstructed in the unrotated structure (3J78), and
residues 2061-2075 of the 25S rRNA were reconstructed in the rotated structure. After these
steps, both models contained 206389 non-hydrogen atoms.
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2.2. Simulation details

The simulations were performed using the GROMACS software package (v5.1.4) [29,
30]. Force field files were generated using SMOG v2.3 [24] with the SBM_AA-amber-
bonds force field templates [25], which are available through the smog-server.org force
field repository. The contacts and dihedrals were then subsequently modified by custom
scripts. Two simulations were initiated from the unrotated structure (PDB: 3J78 [14]). To
ensure robustness of the results, an additional simulation was initiated from the rotated
configuration (PDB: 3J77 [14]). The temperature was maintained via Langevin Dynamics
protocols, with a value of 60 in GROMACS units, or a reduced value of 0.49887, for all
simulations. Each simulation was continued for at least 7-10° time steps. Using the estimate
of Yang et al. [31], each simulation represents an effective timescale of approximately

15 milliseconds. To allow for equilibration, the first 107 time steps were excluded from
analysis. The time step was 0.002 reduced units and configurations were saved every 5000
time steps.

2.3. SSU rotation measures

To describe the orientation of the SSU, we extended the definition of rotation angles

that were originally introduced for bacterial ribosomes [28,32]. Consistent with previous
descriptions [28], the overall strategy is to identify sets of residues that are structurally
conserved between the rRNA of the LSU and SSU body in E. coli and yeast. Using these
structurally-conserved residues, a reference E. coli structure is separately aligned to the

LSU and SSU body of the yeast ribosome. This allows one to approximate the position of
the SSU body and head in terms of rigid body rotations, relative to E. coli. The reference

E. colimodel is PDB entry 4V6D [6], where the axis of pure rotation is defined by the
structures of the classical and rotated body. With this definition, we decompose the rotation
in terms of Euler angles (¢, 0, w). Here, we report the net body rotation as ¢, = ¢ + w, body
tilting/rolling as 6..., = 6 and the tilt direction as yi..., = ¢ + C. C is an arbitrary constant that
ensures ., = 0 reflects tilting motions that are roughly about the long axis of helix 44 in
the SSU body.

In the current study, we extended our protocol for defining angles, in order to apply Euler
Angle decomposition to the yeast ribosome, while still allowing for direct comparisons
with SSU orientations in other organisms. First, we performed STAMP alignment [33] to
determine the corresponding £. co/i numbering of the yeast rRNA residues. STAMP was
applied separately to the LSU and SSU body. Then, for the LSU and SSU body, we applied
a second, more stringent, condition to define which residues in the rotated yeast structure
are structurally conserved with the reference £. colistructure. Specifically, we performed
least-squares alignment of the STAMP-aligned residues and calculated the spatial deviation
of each P atom. Any P atom that deviated by more than 1A was then excluded in a second
round of fitting. After the second round of alignment, all P atoms (including those that
were not used for fitting) that are within (above) 1A are included in (excluded from) the
fitting group. This process was repeated until the set of included residues converged. These
sets of residues, which we will call the “core” groups, were then used for all subsequent
angle calculations in the study. All angle calculations were performed using in-house scripts
written for use with VMD [34].
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3. Results

3.1. Simulating spontaneous subunit rotation events in a complete ribosome

To study the dynamics of subunit rotation for a eukaryotic ribosome, we applied molecular
dynamics simulations with an all-atom model (206,389 atoms) that employs a simplified
energetic representation. Specifically, we used a multi-basin structure-based model, which
is inspired by similar models for the study of multi-domain proteins [35]. In this model, all
non-hydrogen atoms are represented, and the stabilizing energetic interactions are explicitly
defined to stabilize the rotated and unrotated configurations of the ribosome. Here, we
define the interactions based on cryo-EM structures of a yeast ribosome in the rotated

and unrotated conformations (Fig. 1). With this representation, we were able to simulate
spontaneous (i.e. without targeting techniques) and reversible transitions between rotated
and unrotated conformations (Movie S1).

When interpreting the physical significance of the simulated dynamics, it is important to
recognize that the modeled interactions are intended to reflect the effective energetics of
the system [36-38]. That is, structures that have been resolved necessarily represent free-
energy minima. In the structure-based model, we directly encode these free-energy minima
by defining contacts and dihedrals to stabilize the pre-assigned structures. This general
approach has been applied recently to study rotation in a bacterial ribosome with a coarse-
grained model [22]. In the current study, we extend to an all-atom representation, such that
the presented models may later be used to study the precise influence of sterics during tRNA
rearrangements in the ribosome. This consideration is motivated by previous simulations
of bacterial ribosomes, which have demonstrated the critical influence of molecular sterics
on tRNA dynamics during accommodation [39], A/P hybrid formation [40], P/E hybrid
formation [41] and tRNA translocation [28]. In order for our model to have future utility to
address these motions in eukaryotic ribosomes, it is necessary to employ atomic resolution.
Here, we focus on rotation in the absence of a bound tRNA molecule.

In order to characterize the dynamics of SSU rearrangements, one must define appropriate
collective coordinates that distinguish between rotated and unrotated orientations of the
small subunit (SSU). To this end, we employed Euler Angle decomposition, as used
previously to describe bacterial ribosomes [28,32]. Here, this method was generalized (see
Methods for details) for use with non-bacterial ribosomes. Consistent with previous efforts
to quantify rotation angles in the ribosome [28], we first defined sets of residues within

the LSU and SSU body that undergo minimal intra-domain rearrangements during rotation
(called the “core” residues). We then aligned reference structures of the core residues to
the LSU and SSU body. The orientations of the aligned structures were then quantified in
terms of Euler angles, which may be expressed as a net body rotation angle (¢.,), @ body
tilt angle (6,..,) and a corresponding tilt direction (y..,)'. Pure body rotation leads to gy, # 0,
while 6,.,, = 0, where the rotation axis is parallel to that defined by reference structures of
E. coli [6]. Non-zero values of the tilt angle 6., represent any level of deviation from pure
rotation. In relation to other studies of eukaryotic ribosomes, the tilt angle measures the
so-called “rolling” rearrangement of the SSU body [15]. For consistency with descriptions
of SSU head motion [28], we use the term “tilting” to describe such motions. To complete
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this description of subunit rotation, the direction of tilting is given by wi., , Where o, ~50°
corresponds to the tilting/rolling rearrangement that is apparent in cryo-EM models of the
yeast ribosome [14]

Using our structure-based model, we performed several independent simulations, in which
a total of 25 rotation and backrotation events were observed (Fig. 2C,D). It is important

to note that, while the atomistic resolution imposes significant computational requirements,
the simulated events were obtained without the use of enhanced sampling methods, or
artificial targeting forces. Rotation events are apparent in the time traces, where there are
sharp changes in ¢,.,, of approximately 8° (Fig. 2C). There are also abrupt transitions in
the tilting angle 6,.,, that coincide with changes in the rotation angle. Thus, this model
suggests that subunit rotation and tilting/rolling are not kinetically-separable processes.
While one could expect two-state-like behavior in this type of simplified model, it is
important to note that it is common for these types of models to reveal sterically-induced
free-energy minima [42]. That is, while the models define specific conformations as stable,
the imperfect complementarity of steric interactions can impede the motion and lead to long-
lived intermediates. However, despite this possibility, we find that the steric composition of
the SSU-LSU interface appears to be sufficiently smooth that rotation and tilting can occur
simultaneously, and in a two-state manner.

With regards to tilting dynamics, we find there are large variations in the tilt direction ..,
within the unrotated ensemble (Fig. 2D). These large variations are expected, since the tilt
direction is undefined when the tilt angle is zero. Accordingly, when 6,,,, is small, structural
fluctuations associated with thermal energy can give rise to minimal changes in 6,,,, and
large changes in wyy -

Overall, the presented simulations demonstrate how an all-atom structure-based model can
be used to provide a first-order approximation to the dynamics of rotation in a eukaryotic
ribosome. Since these simulations describe spontaneous rotation events, the data set provides
an opportunity to gain initial insights into the relative timing of inter-subunit contact
formation during rotation, as well as the impact of specific interactions on the free-energy
landscape.

3.2. Quantifying the energy landscape of rotation

A persistent challenge in molecular biophysics is to define low-dimensional measures that
can accurately capture the dynamics of complex multi-dimensional processes [43 —46]. In
addition to posing an intellectual challenge, there is also a practical utility of identifying
appropriate coordinates. Specifically, knowledge of appropriate one-dimensional measures
can allow one to precisely characterize the relative contributions of individual interactions

to biological kinetics. To this end, we explored multiple approaches for describing the
simulated SSU rotation events, which together help establish a physical-chemical foundation
for the analysis of eukaryotic ribosome dynamics.

Visual inspection of individual simulated time traces suggests there is a strong correlation
between SSU rotation and tilting/rolling (Fig. 2C). To better understand the relationship
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between these motions, we calculated the two-dimensional free energy (—k;TIn(P)) as a
function of ¢4, and 6,.., (Fig. 3A). Consistent with the time traces, there are two distinct
minima corresponding to the rotated and unrotated ensembles. However, rotation and tilting
are not perfectly correlated, and there is a notable degree of variability in 6,., within each
ensemble. In the unrotated ensemble (low ¢,., values), the tilt angle samples values that
range from 1° to 4°. Similarly, in the rotated ensemble (high ¢., values), .., spans a
wide range of values (2.5 - 6.5°). Interestingly, as the body tilts/rolls, the direction of
tilting also shifts. Specifically, the direction of tilting (ys..,) Within the unrotated ensemble
is typically around 50°, while the rotated ensemble represents configurations for which

the tilt direction is towards higher v, values. This illustrates how, upon reaching the
rotated/tilted ensemble, the accessible tilting fluctuations change in character. Based on the
current simulations, it is not clear whether this change in tilting dynamics has a specific
biological role, though it is possible that it may help coordinate tRNA dynamics during
hybrid formation and/or translocation.

Since rotation and tilting are found to be correlated, we asked whether a one-dimensional
description can be sufficient to quantify the free-energy barrier and kinetics associated
with SSU motion. To determine whether the rotation angle ¢..., provides a kinetically-
meaningful approximation to the free-energy barrier, we employed multiple independent
analysis strategies. First, we applied transition path analysis [47,48] to assess whether ¢y,
can unambiguously identify the transition state ensemble (TSE). That is, we calculated
the probability that the system is undergoing a transition (i.e. is on a Transition Path),

as a function of @y : P(TP | ¢hoay)- 1T drgy IS able to unambiguously identify the TSE, then
P(TP | ¢hosy) Will adopt the diffusion-limited value of 0.5. Here, we find that P(TP | ¢oq)
reaches a peak value of ~0.5, indicating that ¢, is suitable for describing the underlying

barrier. Further, this allows us to identify the position of the TSE: ¢y, ~3.5". As a point
of comparison, in the study of protein folding [47,48], a coordinate p is often considered
“good” if P(TP | p) reaches values that are greater than ~ 0.4

In addition to capturing the TSE, we find that ¢..., is able to recapitulate the long-time
dynamics of SSU rotation. To illustrate this, we used a Bayesian inference approach [48]
to calculate the diffusion coefficient as a function of ¢,., This produced a nearly-uniform
value of the diffusion coefficient D that was approximately 0.0025(degrees Y/t - 7 i the
reduced time unit. We used this value of D to estimate the mean first passage time via the
relation:

o Phinal dp[ iy EXP [(F(p) — F(p"))/k,T]

2
(o) | “

Pinitial

where F(p) is the free-energy as a function of p = ¢y * pra @NA gy are the values of ¢, at
the free-energy minima, and p,,, is the smallest accessible value of the coordinate. According

to this calculation, the inferred timescale is estimated at 10%z, . This is comparable to the
apparent timescale (total simulated time divided by the number of observed transitions)
of ~1.8 x 10%z,. Agreement between the apparent and inferred timescales is consistent
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with P(TP | ¢, ) reaching the diffusion-limited value of 0.5. It is important to note that,
even when using intuitively-defined coordinates, there is no guarantee they will be able
to accurately recapitulated the long-time kinetics. For example, in a recent study of SSU
rotation in bacteria [22], it was shown that a similar coordinate is unable to capture the
TSE, and the coordinate dramatically underestimates the height of the free-energy barrier.
Fortunately, here, our analysis indicates that ¢..., may be used to probe the factors that
govern SSU rotation in a eukaryotic ribosome.

3.3. Simulations implicate millisecond-scale dynamics of rotation

Since ¢4, Can be used to precisely describe the free-energy barrier for rotation, we next
compared the predicted free-energy barrier with biological kinetics. For this, we use the
expression:

1/7 = Cexp(~AF/k,T), ®)

where AF is the height of the free-energy barrier and C is the average barrier-crossing
attempt frequency. The free-energy barrier along ¢, is AF~6 — 7k,T, and we used a barrier-
crossing attempt frequency for rotation C that was previously estimated from explicit-solvent
simulations [19]. This conversion between the free-energy barrier and kinetics implicates

a mean first-passage time ¢ that is in the millisecond regime (1-5 ms). When interpreting
this estimate of the timescale, it is important to recall that C was obtained for a bacterial
ribosome, which is ~ 70% the mass of the yeast ribosome. In accordance to Stokes-Einstein
scaling for rotational diffusion, this would lead one to anticipate that rotational diffusion in
yeast will be reduced by a factor of roughly 1.5. Further, since C is linearly proportional

to the diffusion coefficient [19], the estimated timescale is likely underestimated by a
comparable factor. Accordingly, a timescale of 1-5 ms represents a lower-bound on the
mean first-passage time for SSU rotation in our model.

Even though the employed model is not intended to provide a complete description of
ribosome energetics, the predicted timescale for SSU rotation is generally compatible with
the rate of protein synthesis in the cell. The average rate of protein synthesis in yeast has
been estimated to be approximately 10 amino acids per second [49], which imposes an upper
limit of 100 ms on the timescale of any individual substep. However, there is no evidence
that SSU rotation is rate limiting, which would be consistent with rotation kinetics occuring
on substantially shorter timescales. In terms of energetics, this empirically-imposed upper
bound on the timescale indicates that the barrier height in vivo is necessarily less than

~ 10k,T (estimated according to ref. [19]). In terms of modeling considerations, a difference
in barrier height that is only a few k,T can easily be accounted for by minor changes in the
energetic representation. For example, increasing the rotated and unrotated contact strength
by ~ 2% would increase the barrier by ~4k,T. To make this estimate, we assume that most
contacts will primarily stabilize the endpoint conformations. Since there are approximately
500 unique contacts in each endpoint, each of strength ~ 0.2 reduced units (1r.u. = 2k,T),
an increase of 2% would stabilize the endpoints by 4k,T. At the simulated temperature, the
reduced energy unit is equal to 2k,T. Since the mechanistic aspects of ribosome dynamics
are often robust to parameters changes on this scale [50], we will consider the deviations
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between the predicted and in vivo upper-bound barrier height to be minimal. Taken together,
the compatibility of the timescales for elongation /7 vivo and the simulated rotation events
suggests the model represents an appropriate first-order approximation to the energetics of
subunit rotation.

3.4. Asynchronous dynamics of subunit bridge interactions during rotation

While applying rigid-body descriptions of biomolecular dynamics is often motivated by
analogies with macroscopic systems, the scale of thermal energy in molecular systems gives
rise to a fundamentally distinct relationship between structure and dynamics. In the cell,
solvent introduces energetic fluctuations that are of the same scale (k,T) as the interactions
that maintain structural integrity. This leads to heterogeneous and anisotropic structural
fluctuations [51] that can manifest in the form of large-scale global motions [18], as well

as more localized distortions and partial unfolding [52,53]. In contrast, a corollary of rigid-
body arguments would be that all intersubunit bridge interactions should simultaneously
interconvert as the SSU rotates. However, such a process would likely be associated with a
large free-energy barriers that would lead to prohibitively slow dynamics.

To better understand how molecular flexibility can facilitate collective rotation of the

SSU, we used our simulated transitions to explore the ordering of intersubunit bridge
rearrangements. Specifically, we calculated the probability that each rotated and unrotated
contact is formed: Py . N refers to the conformation (rotated, or unrotated) and ij denotes
the atom pairs involved in a contact. Here, uniquely rotated/unrotated contacts are defined as
atomic interactions that are present (i.e. proximal atoms) in only one of the conformations.
Further, to be classified as “unique,” the atom pair must be substantially farther apart (see
Methods) in the alternate conformation. We then calculated the average probability of all

unique contacts that are defined with a specific atom: (Py) = Z}'\f%, where N, is the number

of contacts that are defined with atom i. We then calculated (Py) as a function of the
rotation angle ¢..,, for both the rotated (Fig. 4A) and unrotated (Fig. 4B) contacts. Since the
contact probabilities will be proportional to the stability imparted by a specific interaction,
such analysis allows one to categorize interactions in terms of their contributions to the
free-energy barrier and biological kinetics.

Contact analysis reveals how specific bridge interactions can have differential effects on

the global kinetics of the system. We find that most unrotated contacts break early in the
rotation process (Fig. 4B), where almost no interactions are still formed by the time the
ribosome reaches the TSE (¢4, ~3.5°). This suggests that, while contacts that are unique to
the unrotated conformation can contribute to the stability of the classical configuration, these
interactions are unlikely to directly affect the free-energy barrier. In contrast, the rotated
contacts form over a broad range of ¢..., values, where some contacts are likely to form prior
to the system reaching the TSE (Fig. 4A).

To visually depict which interface regions are likely to have the strongest influence on the
free-energy barrier, we identified all atoms that have at least one contact that is formed
(P4 > 0.8) in the TSE. Consistent with Figure 4A/B, there are only four unrotated contacts
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that are likely to be formed (yellow spheres in Fig. 4C/D). This is in sharp contrast with the
dynamics of the rotated contacts, for which there are clusters of formed contacts scattered
across the subunit interface. In particular, there is a dense cluster of formed contacts that
are centered around bridge B8, which is formed between protein L23 and SSU helix 14.
This suggests that, during rotation, the flexibility of the bridge allows it to “reach out” and
form rotated contacts before the SSU body has fully transitioned to a rotated configuration.
This finding suggests new ways in which experiments may modulate rotation kinetics in
eukaryotic ribosomes. For example, it may be possible to introduce mutations to protein
L23 that will specifically impact the rotated and TS ensembles, while leaving the stability
of the classical configuration unperturbed. Together, these calculations provide a physical
framework that can guide the development of next-generation experimental techniques that
will be able to control biological dynamics.

3.5. Molecular flexibility leads to temperature-induced population shift

In addition to characterizing the transition-state ensemble and the dynamics of SSU-LSU
bridge interactions, we next asked whether the balance between rotated and unrotated
ensembles is likely to be temperature-dependent. To explore this possibility, we calculated
the relative free-energy of the rotated and unrotated ensembles as a function of temperature.
We find that increases in temperature are associated with increased stability of the rotated
ensemble (Fig. 5A). As described below, one can understand this effect as arising from an
increase in mobility of a localized region within the LSU upon rotation.

To probe the temperature dependence of the energy landscape, we pursued a free-energy
perturbation (FEP) approach. That is, we calculated the free-energy at arbitrary temperatures
according to: F(prosy) = — ksTIn(P'(rosy)), Where P'(¢hos,) represents a probability distribution
for which each simulated frame was assigned a weight:

1 1
w=exl-(gr - o)) @

U is the potential energy of the simulated snapshot, T, is the temperature of the simulation,
and 7’ is the temperature of interest. When T, = T’ (i.e. original simulated distribution),

W reduces to 1. Before discussing the results obtained from the FEP calculations, it

is important to explain the rationale and assumptions that are implicit in these types

of methods. The first consideration was the scale of the simulations. That is, even

though simulations with the simplified model are faster (many orders of magnitude) than
simulations with explicit-solvent models, the size (>200,000 atoms) and effective timescale
(milliseconds) remains very computationally demanding (~ 1019 simulated timesteps,

per simulation). Thus, it is not practical to obtain equilibrium sampling for a range

of temperatures. The second consideration that supported the use of FEP was that the
distributions calculated from different simulations were highly reproducible (not shown).
This suggests the acquired sampling provides adequate coverage of the local phase space,
which is necessary for FEP techniques to provide reliable estimates. The final consideration
was that we are interested in temperature effects over a relatively small temperature

range. That is, we considered a temperature range of £2%, where dramatic changes in the
accessible conformations of the system are not likely to occur. This is an important point,
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since one may only extrapolate free energies using perturbation techniques if the perturbed
parameter/s (i.e. temperature) would primarily redistribute the probabilities of well-sampled
regions of phase space. Since the presented simulations were performed at a temperature
for which which only modest changes in flexibility are expected with this model [54],

it is reasonable to assume that the accessible range of configurations will not be altered
dramatically by small changes in temperature.

We find that the rotated ensemble is favored as temperature is increased (Fig. 5A).
For this, the rotated and unrotated ensembles were defined as 5.4 < ¢y.., < 7.86° and

—1.12 < ¢y < 0.82°. The difference in free-energy of the two ensembles was then defined
aS AF = F,, — Fuuo = ksT In(P,c/ Py, Where Fy is the free-energy of ensemble N. For

the reported simulations, the free-energy of the two ensembles was comparable (Fig.

3D). However, we find that the relative stability of the rotated ensemble increases with
temperature. This suggests that differences in the configurational entropy of the rotated
and unrotated ensembles can lead to a distinct temperature-dependence of the distribution
between these states. It is important to note that, since the current model does not provide an
explicit treatment of the solvent, the predicted trend is due solely to the contributions of the
configurational entropy of the ribosome. Based on available data, it is not known whether
solvation entropy will provide a significant contribution to this free-energy difference. If
future experiments corroborate the observed trend, then one may infer that configurational
entropy considerations are sufficient. If an opposite trend were found in experiments,

this would suggest that solvation entropy is the dominant contributor. However, since the
majority of the SSU-LSU interface is maintained in the rotated and unrotated states, it is
reasonable to expect that solvation entropy changes will be minimal.

To provide a structural interpretation for the origins of the temperature-dependent
distributions, we considered the flexibility of the ribosome in each ensemble. To assess

the differential flexibility of the ribosome, we calculated the spatial root mean-squared
fluctuations (rmsf) of each atom, where the average was calculated separately for the
unrotated and rotated (Fig. 5C) ensembles. In both cases, the rmsf values are highly
heterogeneous, where the stalk regions are most flexible, alongside some peripheral protein
tails. To identify which regions of the structure contribute to the observed temperature-
dependent dynamics, we calculated the difference in rmsf values Armsf = rmsf,,, — rmsf ., fOr
each atom (Fig. 5D). This reveals that the differences in flexibility within the ensembles are
primarily centered around a small region of H63 (expansion segment 27b, ES27b: red in Fig.
5D). Interestingly, there is also one region in the LSU rRNA involved in the formation of

a bridge interaction (ES31a in H79; blue in Fig. 5D) that exhibits a decrease in mobility,
though the attenuation of mobility is of a smaller scale than the increase in mobility of
ES27b.

In summary, as the ribosome rotates, the ES27b region can dissociate from the SSU interface
and adopt a wide range of configurations. This increased mobility can then entropically
drive the ribosome towards the rotated ensemble. At a qualitative level, this type of behavior
of reminiscent of the notion of an entropic spring in polymer physics, where extension-
associated reductions in entropy lead to an effective contractile force. There have also been
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similar examples in the study of protein conformational rearrangements, where increased
mobility has been suggested to act as an entropic counterweight [55]. Accordingly, the
current study helps elucidate the interplay between flexibility and dynamics in the ribosome,
while revealing a common theme with simpler molecular systems.

4. Discussion

While structural methods can reveal atomic details of the ribosome at various stages of
function, biological kinetics are controlled by energetics. Due to the complex character of
ribosomal motions, directly quantifying these energetics through experiments has proven

to be extremely difficult. Thus, there is a need for a quantitative physical foundation,

with which precise experimental measurements may be devised and executed. To this end,
molecular simulations represent a powerful approach that can help guide the development
of next-generation experiments. That is, rather than attempting to predict the exact behavior
of a complex assembly, simulations may be used to establish broad trends and relationships.
These insights can then suggest experimental strategies that will be able to isolate the factors
that control biological dynamics in the cell.

In the presented study, we illustrate how molecular simulations of a eukaryatic ribosome can
provide initial insights into the relationship between molecular flexibility and kinetics. For
example, we find that rotation is best described in terms of asynchronous motions that are
facilitated by heterogeneous flexibility of the ribosome. As another example, we find that
the flexibility of a specific helical region (ES27b) can increase upon rotation. This increase
in mobility is accompanied by an increase in configurational entropy that can drive the
rotation process. In terms of experiments, these predictions suggest that it may be possible
to alter the dynamics of large-scale processes by introducing localized modifications to the
ribosome (e.g. mutations, small-molecular binding) that can impact flexibility. In future
studies, it will be interesting to see the many ways in which flexibility can help orchestrate
the dynamics of these assemblies.

With the ever-increasing availability of computational facilities, the ribosome is now
becoming a model system for exploring theoretical concepts in biomolecular dynamics.
That is, while performing a ribosome simulation used to represent a major technical
accomplishment, the field is now entering a stage where the primary challenge is to craft
pointed questions, as well as suitable models for addressing them. This stage of development
is reminiscent of the protein folding field in the late 1990s and early 2000s. At that time,
there was an endless stream of proposed theoretical models, where each could be tested by
applying simulation techniques. 20 years later, similar approaches are becoming possible
for large assemblies, such as the ribosome. Building on current efforts, we anticipate that
the continued integration of experiments, theoretical concepts and simulation techniques
will allow for the identification of the precise molecular factors that control complex
biomolecular assemblies.
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Figure 1. Subunit rotation in a eukaryotic ribosome.
The elongation cycle of the ribosome involves numerous large-scale conformational

rearrangements. A) In the ribosome, the nascent protein chain is attached to the P-site tRNA
molecule (red). A “classical” P/P configuration is shown. In this state, the small subunit
(SSU; rRNA:cyan, protein:blue) is described as being in an “unrotated” conformation.
Perspective shown in the bottom panel is rotated ~ 90° about the horizontal axis. B)

After peptide bond formation, where the nascent chain is transferred to an incoming

tRNA molecule, the P-site tRNA adopts a hybrid P/E conformation, where it is displaced
toward the E site of the large subunit. P/E formation is also accompanied by a ~ 8°
counterclockwise rotation of the SSU, relative to the large subunit (LSU; rRNA:gray,
proteins:white). White dashed lines are shown to highlight the relative rotation of the SSU.
In the current study, we apply molecular dynamics simulations to probe the dynamics and
energetics of SSU rotation in yeast. Structures shown are PDB entries 3J78 (unrotated,
classical) and 3J77 (P/E, rotated) [14].
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Figure 2. Simulations of subunit rotation in a eukaryotic ribosome.
Using an all-atom structure-based model [24], we simulated spontaneous rotation and

backrotation of the SSU in yeast. A) Euler angle decomposition was used to describe the
orientation of the SSU, where the angle ¢,.,, measures rotation of the SSU body, relative to
the LSU. ¢, is defined as rotation about the yellow vector. B) The tile angle 4,.,, describes
rotation that is orthogonal to the body rotation angle ¢..,. The tilt axis (red) may be in

any direction perpendicular to the rotation axis (yellow), where the direction of tilting axis
iS given by wi., . In the figure, yy,., ~60° is shown. C) ¢..., and 6,.., shown for a single
simulation (of 3, in total). In this model, there are distinct and sharp transitions between

the unrotated (¢, ~ — 17) and rotated (¢.q,~7°) Orientations. There are also concommittent
changes in 6,.,, . For reference, the cryo-EM structures [14] correspond to ¢y, ~— 1.8° and

Broay~2.4° foOr the unrotated state and ~8.6° and 6,..,~5.0" for the rotated state. Negative and
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non-zero angles for the unrotated conformation reflect the relative orientation of the SSU in
yeast, relative to the reference bacterial system (£. coli). D) In the simulation, the direction
of tilting (ww.4) Shifts to slightly higher values as the SSU rotates and tilts. This reveals

how the direction of structural fluctuations depends on the global conformation of the
ribosome. The effective simulated times are estimated based on previous comparisons with
explicit-solvent simulations [31]
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Figure 3. Thefree-energy landscape of rotation.
Equilibrium simulations of the intact yeast ribosome (Fig. 2) were used to characterize the

energetics of subunit rotation. A) The free-energy as a function of ¢.., and ..., suggests
the barrier for rotation is ~7k,T. Rotation and tilting are correlated, though the simulations
reveal that tilting motions are widely accessible within the unrotated ensemble. When

dooay~ — 1, the tilting angle 6,.,, can adopt values up to ~4°. Similarly, there is a range of

~4° in the tilt angle for the rotated ensemble. This indicates that, while rotation and tilting
are correlated, the motions are only weakly coupled. B) Free-energy as a function of the

tilt angle 6,.,, and direction of tilting w..,. Comparison of cryo-EM structures would suggest
a single direction of tilting, though the simulations indicate that as the ribosome adopts
more tilted orientations, the direction of tilting shifts to slightly higher values of ...

As a result, it is appropriate to describe tilting in terms of a twist-like rearrangement that

is concomitant with rotation. C) While rotation/tilting involves a complex combination of
motions, the kinetics of rotation is described well by the single coordinate ¢...,. Specifically,
the probability of being on a transition path as a function of ¢y, P(TP | ¢rd), adopts a
peak value of ~0.5. Gray area indicates the identified TSE region. D) The free-energy as

a function of ¢.., also yields a barrier that is comparable to that of the two-dimensional
landscape shown in panel A.
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Figure 4. Contact analysisreveals sequential displacementsat the SSU-L SU interface.
A) Average fraction of rotated-specific inter-subunit contacts formed, by atom, as a function

of ¢nsy . Many rotated-specific contacts are formed by the time the ribosome reaches the TSE

(dway~3.5°). B) In contrast to the rotated-specific contacts (panel A), the unrotated specific
contacts are very rarely formed in the TSE. C) Structure of the SSU, viewed from the SSU-
LSU interface. Red (yellow) spheres indicate which atoms have at least one rotated-specific
(unrotated-specific) contact formed in more than 80% of the TSE frames. D) Structure of
the LSU, viewed from the SSU-LSU interface, shown in the same representation as in panel
C. While there are only four atoms involved in unrotated contacts in the TSE (yellow),

there are clear clusters of rotated contacts formed in the TSE (red). In particular, contacts
between h14 and protein L23 (also called uL14, found in bridge B8; circled) are frequently
formed, indicating they can have a strong influence on the free-energy barrier and kinetics of
rotation.
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Figure 5. Temperature-dependent free-energy landscape.
The presented simulations reveal how the free-energy landscape is influenced by changes

in molecular flexibility upon rotation. A) Difference in free-energy of the rotated

(5.40° < ¢hos, < 7.83%) and unrotated (—1.12° < ¢, < 0.82°) ensembles, as a function of
temperature. Positive values indicate the free-energy of the rotated ensemble is higher. As
T is increased, the free-energy of the rotated ensemble monotonically decreases, relative to
the unrotated ensemble. B) Spatial root mean squared fluctuations (rmsf), by atom, for all
simulated frames within the rotated ensemble. Peaks in the protein regions are typically due
to marginally ordered tails at the peripheral regions of the ribosome. C) Difference between
rmsf values calculated for the rotated and unrotated ensembles: Armsf. Positive values
indicate elevated mobility in the rotated ensemble. Consistent with the temperature-induced
shift in population towards the rotated ensemble (panel A), there is one region of the LSU
rRNA that is significantly more flexible in the rotated ensemble (expansion segment 27b,

Biophysica. Author manuscript; available in PMC 2023 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Freitas et al.

Page 24

ES27b). D) Structural representation of the LSU rRNA, colored by Armsf values (blue to
red). There is a large increase in flexibility of ES27h, suggesting that rotation allows this
region to adopt a wider range of configurations and provide an entropic drive towards the
rotated ensemble. This observation is consistent with the lack of electron density obtained
for this region in a cryo-EM reconstruction of the rotated state [14].
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