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Abstract

The accurate expression of proteins requires the ribosome to efficiently undergo elaborate confor-
mational rearrangements. The most dramatic of these motions is subunit rotation, which is nec-
essary for tRNA molecules to transition between ribosomal binding sites. While rigid-body de-
scriptions provide a qualitative picture of the process, obtaining quantitative mechanistic insights
requires one to account for the relationship between molecular flexibility and collective dynam-
ics. Using simulated rotation events, we assess the quality of experimentally-accessible measures
for describing the collective displacement of the ~ 4000-residue small subunit. For this, we ask
whether each coordinate is able to identify the underlying free-energy barrier and transition state
ensemble (TSE). We find that intuitive structurally-motivated coordinates (e.g. rotation angle, inter-
protein distances) can distinguish between the endpoints, though they are poor indicators of barrier-
crossing events, and they underestimate the free-energy barrier. In contrast, coordinates based on
inter-subunit bridges can identify the TSE. We additionally verify that the committor probability
for the putative TSE configurations is 0.5, a hallmark feature of any transition state. In terms of
structural properties, these calculations implicate a transition state in which flexibility allows for
asynchronous rearrangements of the bridges as the ribosome adopts a partially-rotated orientation.
These calculations provide a theoretical foundation, upon which experimental techniques may pre-

cisely quantify the energy landscape of the ribosome.
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Introduction

By describing conformational motions in terms of diffusive movements across an energy land-
scape, it is possible to directly connect free-energy barriers and biomolecular kinetics.™ Within
this framework, the transition state ensemble (TSE) corresponds to the set of configurations that
are positioned at a saddle point on the free-energy surface (i.e. the free-energy barrier), and transi-
tion paths refer to individual barrier-crossing events.** Since structural rearrangements are often
complicated and can involve thousands of atoms, it is desirable to reduce the description to a
small number of essential coordinates that preserve the dominant kinetic features. In the context
of protein folding and conformational rearrangements, theoretical and experimental studies have
provided techniques for identifying low-dimensional free-energy barriers.” ™" With these tools,
along with advances in simulation techniques and computational capabilities, we are now posi-
tioned to search for appropriate one-dimensional coordinates that describe large assemblies, such
as the ribosome.

The bacterial ribosome is a complex molecular assembly (2.4 MDa) comprised of three RNA
molecules and over 50 proteins (Fig. MA). During the translation of mRNA sequences into pro-
teins, the ribosome undergoes a series of conformational rearrangements that include the relative
displacement of large domains (>20,000 atoms). These motions allow tRNA and mRNA molecules
to sequentially bind to three distinct ribosomal binding sites (A, P and E) on the small (30S) and
large (50S) subunits.””® Each round of elongation begins with delivery of an aminoacyl-tRNA
(aa-tRNA) molecule by EF-Tu. After formation of codon-anticodon interactions between the aa-
tRNA and mRNA, the tRNA molecule fully binds to the ribosomal A site (i.e. accommodation)
and the new amino acid is added to the nascent protein chain. Upon forming a peptide bond, the
ribosome-tRNA-mRNA complex is described as being in a pre-translocation state. From this point,
the tRNA molecules may spontaneously adopt hybrid-state configurations, prior to binding the next
ribosomal binding site (i.e. translocation). Hybrid configurations are associated with ~ 20 — 50A
displacements of the tRNA molecules, which are facilitated by transient large-scale rotary-like

motion (Fig. M) of the ribosomal subunits. ™3
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Many studies have provided insights into the character of subunit rotation in the ribosome.
Early cryo-EM reconstructions™ first identified a 6 — 10° counterclockwise rotation of the 30S
subunit, relative to the 50S (Fig. MA,B). Subsequent efforts refined this description by distinguish-
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ing between rotation of the 30S body and hea as well as tilting-like motion of the 30S
head."®*! In the present study, we focus specifically on 30S body rotation, which is required for
rapid hybrid-formation and translocation.*" While the critical influence of body rearrangements
is known, a physical-chemical/energetic understanding of the balance between rotation and tRNA
motion is currently lacking. In order to enable experimental and theoretical investigation into this
relationship, it is necessary to first identify physically-meaningful measures of rotation.
Numerous metrics have been proposed to describe subunit rearrangements in the ribosome,
though most are based on static structures. For example, inertial tensor analysis of X-ray/cryo-EM
structures provides a mathematically convenient coordinate system.*” Another strategy is to use the
Euler-Rodriguez formula to characterize conformational differences in terms of single rigid-body

rotations."® As an extension of this, Euler angle decomposition can distinguish between rotation

and tilting motions of the 30S body and head.®*” Principal component analysis (PCA) of simu-

434y 46,4’/

lated trajectories and normal mode analysis provide measures of ribosomal flexibility,
and spontaneous simulated rotation events have been isolated based on root-mean-square devia-
tion (RMSD) calculations.* In terms of experiments, single-molecule and bulk FRET assays have
provided insights into the timing of subunit rotation during tRNA hybrid-formation and transloca-
tion.”*¥1 Even though each experimental design has been grounded in available structural data,
different labeling strategies can implicate apparently contradictory dynamics.””* While simpli-
fied models have helped rationalize these differences in terms of flexibility,*® it is still not clear
which atomic coordinates accurately report on the rate-limiting free-energy barrier. Due to this
limitation, there has yet to be a study that implicates specific characteristics of the transition state
ensemble associated with rotation.

In the current study, we identify structural metrics that can precisely identify the transition state

ensemble and free-energy barrier of subunit rotation. For this, we analyze a recently-reported set of
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simulations in which hundreds of spontaneous subunit rotation events were observed.* In the orig-
inal study, the coarse-grained (one bead per residue) model was used to show how ribosomal flexi-
bility can give rise to distinct relationships between individual interatomic coordinates (e.g. FRET
pair distances) and rotation. Building upon this, we now adopt an energy landscape approach to as-
sess the ability of structurally-motivated coordinates to accurately capture barrier-crossing events.
We find that a collective body angle coordinate ¢noqy outperforms measures based on FRET pair
distances, thought it does not identify the TSE, and it underestimates the free-energy barrier. How-
ever, we find that contact-based coordinates provide more precise descriptions of rotation events.
In addition, these coordinates can reliably identify configurations for which the committor proba-
bility is 0.5, a necessary property of the TSE. From this, we are able to distinguish between bridge
interactions that directly influence the kinetics, and those which primarily shift the thermodynamic
balance of the system. With regards to structural characteristics, we find the TSE is associated with
partial formation/breakage of specific bridges, suggests how these bridges gradually “hand off”
the small subunit during rotation. Together, this analysis provides a quantitative foundation that
can guide development of next-generation experimental and theoretical methods, which have the
potential to uncover the precise molecular factors that govern biological assemblies. In terms of
organization, we provide a more technically-oriented description under Results, while biological

and experimental implications are described in the Discussion section.

Methods

Coarse-grained structure-based model

To explore the influence of molecular flexibility on the apparent dynamics of subunit rotation, we
previously developed a coarse-grained structure-based (SMOG) model of the T. Thermophilus ri-
bosome. The model was constructed, such that the system will undergo spontaneous rotation/back-
rotation rearrangements (Fig. [ID), while accounting for molecular flexibility through an elastic net-

work within each subunit (intrasubunit contacts). The strength of the elastic network interactions
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was parametrized in order for the by-residue RMSF values to be consistent with explicit-solvent
simulations at 300K and with anisotropic B-factors obtained from x-ray crystallography. To allow
for spontaneous large-scale transitions between the endpoint structures, intersubunit interactions
were modeled using Gaussian-based Lennard-Jones-like potentials.>” Specifically, interface con-
tacts that are unique to either the rotated or unrotated configuration were included as stabilizing
interactions, which introduces energetic competition between the endpoints. As a result, the system
spontaneously interconverts between two dominant free-energy minima that correspond to unro-
tated and rotated ensembles. Backbone geometry is maintained through a combination of harmonic
and cosine potentials that account for bonded interactions. To prevent chain crossing, each residue
was assigned an excluded volume. Non-bonded atom pairs that do not form contacts in either struc-
ture were assigned non-specific excluded volume interactions. Further details and the functional

form of the coarse-grained potential can be found in the SI and Levi et al. **

MD simulations

Transition path analysis of equilibrium simulations : Transition path analysis was performed using
a set of simulations of unrestrained rotation events. For this, molecular dynamics simulations were
performed using the Gromacs (v4.5.4) software package™>® with source-code extensions to allow
for Gaussian-based contacts.”” The SMOG 2 software package (smog-server.org)™ was used to
generate force field files. All calculations employed reduced units. Langevin Dynamics protocols
were applied to ensure a constant reduced temperature of 0.67 (80, in Gromacs units). 10 inde-
pendent simulations were performed, each for a minimum of 2 x 10° time steps of size 0.0005.
The first 2 x 108 steps of each run were not analyzed to allow for equilibration of the system. For
complete details, see Levi et al.**

Committor probability calculations : For each coordinate (Rpjat, Ppody and AQ"), candidate TSE
configurations were identified based on the position of the maximum in the potential of mean force

(PMF, or free energy). For each of the 297 transitions paths (identified by AQ’), if the sampled

frame that was closest to the TSE value was also within a narrow range of values centered about
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the peak (0.0705 <AQ'< 0.0715, 67.6A <Rpja< 67.61A, or 4.19° < Prody< 4.195°), then it was
defined as a putative TSE configuration. Following this protocol, there were 130, 125 and 110
putative TSE configurations identified for Rpa¢, Ppody and AQ’. 300 independent runs were initial-
ized from each of these configurations. Each simulation was initialized with velocities based on
a Maxwell-Boltzmann distribution, and it was terminated once the system spontaneously reached
one of the endpoints. AQ’ was used to determine which endpoint was reached. In total, 109,500

simulations were performed.

Contact-based collective coordinates

To describe 30S body rotation, we specifically focused on contacts between the 30S body domain
and the 50S subunit that are unique to the unrotated or rotated configurations: {Cynrot }, {Crot }- The
number of contacts in {Cyprot } is 25 and the number of contacts in {Crot} is 68. The coordinate AQ
is defined as the difference between the relative numbers of unique rotated contacts formed and

unique unrotated contacts formed:

AQ = Qrot - Qunrot (1)

where

0} (r)) W, @

and
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rj. o 1s defined as the distance of contact j in conformation s (rotated, or unrotated), Sr=1A and

o = 2A. The endpoint configurations were defined as the average structures of the unrotated and
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rotated ensembles, for which @poqy is 0.8 and 7.8° (Fig. [IC; described in™). According to Equation
B, an individual contact Qj- has a value of 1 if the corresponding residue pair is within 1A of the
distance found in configuration s. If the pair is extended by more than 1A, then its contribution
decays according to a Gaussian function. Equation [ has the property that (for W; = 1), if all pairs
are within 1A of their distances found in conformation s, then Qg will reach a maximum value of 1.
As all contacts specific to conformation s (rotated, or unrotated) become extended, Qg approaches
0.

In addition to considering AQ (see SI), we also calculated AQ’(main text). The difference be-
tween these coordinates is that W; is homogeneous for AQ and heterogeneous values were used for
AQ'. To set the weights for AQ’, we employed a Monte-Carlo based protocol. The general strategy
was to randomly select and adjust weights, and then accept the change if the maximum value of

TP

the probability of being on a transition path (P,,;,) 1s increased. For this, the following protocol

was used:
1. Initialize all weights to a uniform value: W; = 1.

2. Calculate AQ for each simulated frame, as well as for the endpoint configurations: AQxot,

AQunrot-

3. Count the number of apparent transitions between endpoints (Nrans), evaluate P(TP|AQ) and

- TP
record the maximum value (P, ).

4. Perturb the values of W; (randomization details below).

5. Recalculate AQ, Nyans» P(TP|AQ) and PIP

max-*

6. The new weights are accepted if either of the following conditions are true: 1) the value of

TP

Nirans 1s reduced, or 2) the value of P,

increases and Nyns does not increase.

TP
Pmax

7. Repeat steps 4-6 until reaches a limiting value. In the current study, this cycle was

repeated 30,000 times for each initialization and randomization protocol considered.
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Multiple randomization schemes were considered for contact selection and weight assignments. In
all optimization runs, 5000 iterations were performed where the weights of 32 randomly-selected
contacts were modulated, followed by 5000 iterations in which 16, 8, 4, 2 and 1 contact weights
were changed. Four different re-weighting schemes were employed: (1) toggled weights between
0 and 1, (2) randomly assign weights according to a uniform distribution between O and 1, (3)
modulate weights by £0.1, or (4) divided/multiple weights by 2. We found that all approaches
yielded comparable values of PIP . The results of protocol (1) are described in the main text.
AQ' was arbitrarily scaled by a factor of 2 after optimization. For all optimization calculations, in
order to avoid overfitting during weight selection, only 1 of the 10 simulated trajectories was used
in each optimization cycle. The identified coordinate was then used to analyze of the full set of

simulations, which is described in the main text. This protocol was applied to each of the 10 runs,

initialized at least 10 times using different random seeds.

Functional ¢ value calculations

When calculating changes in free energies, which are used to determine the functional ¢ val-
ues (see main text), we applied free-energy perturbation techniques. For this, the original simu-
lated data set is used to calculate the change in free energy of ensemble n according to AF;, =
—kgT In ({(exp(—AU /kpT ))n0), Where () indicates the average is taken over all configurations
in ensemble n for the unperturbed (i.e. “wild-type”) model and AU is the change in potential energy
associated with the perturbation (i.e. “mutation”). Here, we define the perturbation as the removal
of a specific intersubunit contact. We then use these perturbed free-energy values to calculate ¢,
or ¢_ for each interaction. A large ¢ value indicates that the specific contact is formed in the
TSE, whereas a low value is obtained if the contact is only formed after traversing the free-energy

barrier.
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Results

To identify kinetically-relevant measures of subunit rotation, we analyzed molecular simulations
in which the ribosome spontaneously interconverts between rotated and unrotated configurations.
Before discussing specific results, it is important to first consider the basis of the employed model,
as well as some qualitative characteristics of the simulated events. In this coarse-grained model, in-
trasubunit interactions are maintained through an elastic network, where the molecular flexibility is
consistent with crystallographic B-factors and predictions from explicit-solvent simulations. Inter-
subunit interactions are Lennard-Jones-like, allowing contacts to spontaneously form and break
during rotation. By calibrating the flexibility, such that it is consistent with experimental measures,
the primary utility of this model is to identify the degree to which different reaction coordinates
are correlated with rotary-like rearrangements. As described elsewhere,® these simple physical
considerations can lead to dramatically different apparent dynamics, which previously helped ra-
tionalize apparently contradictory single-molecule measurements.

One previously-introduced measure of 30S body rotation is @hedy, - which describes the col-
lective rearrangement of ~~400 residues in the 30S body, relative to ~ 1400 residues in the 50S.
In the current simulations, ¢poqy ranges from ~ — 1° to ~ 10°, and there are abrupt transitions be-
tween ~ 1° and ~ 8° (Fig. D). Consistent with the dynamics along ¢yoy, the values of the RMSD
from the rotated and unrotated configurations are anticorrelated (Fig. IE), and sharp transitions
coincide with large changes in @poqy. In terms of molecular structure, there is a clear distinction in
domain orientation of the rotated and unrotated ensembles (Fig. IIC). Since rotation events occur
spontaneously, and the model appropriately describes flexibility, we now use this data set to iden-
tify which structural measures can most closely report on the free-energy barrier associated with

rotation.
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Structurally-motivated coordinates underestimate free-energy barriers

Experimentally-obtained structures can suggest intuitive metrics for describing rotation, though the
apparent free-energy barrier will be influenced by the choice of reaction coordinate. To demonstrate
this, we evaluated the free energy as a function of @pody. Prody implicates a free-energy barrier of
~ 3.4kgT (Fig. BA). We next analyzed Rpjy, the interatomic distance between GLU41 of protein
S6 and ASN11 of protein L9 (Fig. M). These residues were considered since they have been labeled
in bulk and single-molecule FRET experiments.~"*** Even though Rpj, undergoes relatively
large changes (> 10A) during rotation, the apparent free-energy barrier is less than 2kg T (Fig. 2B),
which is substantially smaller than the barrier obtained with ¢y,qy. While the dependence of the
free-energy barrier height on the choice of coordinate is well documented for other systems,*">
this apparent ambiguity for the ribosome highlights the need for systematic approaches to identify
kinetically/thermodynamically-relevant coordinates for the ribosome.

The most basic criterion to be satisfied by a good reaction coordinate is that the number of
detected transitions is minimized. Reaction coordinates that understimate free-energy barriers are
often associated with a large number of false positives, as seen for tRNA accommodation®® and

5960 To evaluate the number of apparent transitions (Nirans) for a given coor-

hybrid-state formation.
dinate p, we first defined the endpoint values as the positions of the dominant free-energy minima
(See Fig. A,B). Transition paths were then defined as segments of the trajectory in which p adopts
one endpoint value and then reaches the alternate endpoint without recrossing the initial value. We
find the value of Nyans depends strongly on the coordinate (Table S1). For example, @poqy identify
289 transitions, while Ry, appears to detect 989 events. One explanation for this high number is
that Ry, may be susceptible to rapid fluctuations that manifest as false positives. To address this
possibility, we calculated the survival probability S(7) of the rotated and unrotated ensembles, as
defined by each coordinate. If the coordinate accurately captures a two-state transition with a sin-
gle rate, then S(7) ~ exp(—7/7)), where 1) = 1/k is the mean barrier-crossing time. We find that

S(7) decays according to a single exponential for ¢yqy. However, Ry, yield a distribution that

is more appropriately described by the sum of two exponentials (Fig. S1). Fortunately, since the
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decay times differ by a factor of 600-900 (Tables S2 and S3), earlier single-molecule experiments
are unlikely to have detected these false event. That is, due to finite time resolution (10-100 ms),
previous experiments would typically average over these rapid fluctuations.

To assess the ability of each coordinate to capture the transition state ensemble (TSE), we next
analyzed the statistics of barrier-crossing events. In the diffusive regime, upon reaching any TSE,
a biomolecular system will be equally likely to proceed to the “reactant” or “product” states (here,
the rotated and unrotated ensembles), regardless of the most recently visited state. In other words,
for any configuration x in the TSE, the probability of being on a transition path P(TP|x) will adopt
a value of 0.5.5%57 Similarly, if a reaction coordinate p is able to precisely identify the TSE, then
P(TP|p) will also reach a peak value of 0.5. With these considerations, we use the maximum value
of P(TP|p), denoted PIP , to measure the quality of each reaction coordinate. When using Pbody>

we find that PP

max

is less than 0.2 (Fig. @C). This indicates that, even though @04y can distinguish
between rotated and unrotated configurations, it is a relatively poor indicator of when the system
is at the TSE. Specifically, for a given value of @poqy, the probability that the system is undergoing
a transition does not exceed 20%. Similar to @poqy, We also find that Ry, is a very weak indicator
of when the system is interconverting between the unrotated and rotated ensembles (PL’ < 0.1;

Fig. @D). The poor and unreliable performance of these structurally-motivated coordinates further

illustrates the need for a systematic approach to define effective measures of rotation.

Subunit bridges reveal a larger free-energy barrier

Since commonly-used structurally-inspired coordinates failed to capture the transition state en-
semble, we next asked whether contact-based reaction coordinates could provide a more precise
description of barrier-crossing events. For this, we employed a Monte-Carlo based protocol to
define collective coordinates as linear combinations of residue-residue contacts. Consistent with
previous efforts, the relative weight of each intersubunit contact was iteratively adjusted. During

PTP

max 1ncreased, then the

each iteration, if the maximum probability of being on a transition path

new weights were accepted.
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It should be noted that, while contact-based measures are appropriate for describing protein
folding, >5%%4 it is not clear whether this type of metric is valuable when describing ribosome dy-
namics. However, previous experimental and computational results suggest that intersubunit con-
tact (i.e. bridge interaction) dynamics will be closely related to rotation events. Structural studies
have found that many intersubunit contacts transiently form and break throughout the elongation

H5-HX

cycle, implying that bridge rearrangements contribute to the energetics of rotation. Explicit-

solvent simulations also predict that bridge energetics help determine rotation kinetics.* In addi-

tion, normal mode analysis*®*/

indicates that flexibility of the bridges predispose the ribosome to
rotation. Accordingly, it is reasonable to expect that rearrangements in specific bridges may have
a particularly large influence on barrier-crossing (i.e. rotation) kinetics.

To monitor the dynamics of the bridge regions, we considered differences in the number of ro-
tated and unrotated contacts that are formed. Specifically, we calculated AQ= Qrot — Qunrot, Where
Qs describes the fraction of contacts unique to conformation s that are formed, as a function of time
(Fig. BC. See Methods for definition). To improve the precision with which one can identify the
TSE, we focused our analysis on a coordinate that is defined as a linear combination of contacts,
where heterogeneous weights are assigned: AQ’. To define AQ" we applied an iterative optimiza-
tion protocol in which individual weights were modified and the dynamics along each generated
coordinate was analyzed. This involved randomizing the relative weight of each contact, then re-
calculating the number of apparent transitions and the probability of being on a transition path,
as a function of the new coordinate. At each iteration, the new weights were accepted if, 1) the
number of apparent transitions decreased (i.e. fewer false positives), or 2) the number of apparent
transitions was unchanged, and PLP was found to increase. Using this approach, we idenetified a
definition of AQ’ that yields a larger free-energy barrier and value of PIF . When using AQ’, we

identify 297 barrier-crossing events, which is comparable to the number identified by Ppoay. AQ’
also yields a value of PIP that is approximately 0.35 (Fig. BF), which is much higher than values
obtained with earlier coordinates. Finally, we find that the free-energy barrier along AQ’ is ~ 6kgT

(Fig. BE), which is nearly twice as large as the barriers obtained with @poqy and Rpja. Overall, these
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observations show that monitoring intersubunit contacts can more closely describe the underlying
free-energy barrier and TSE than other structure-inspired coordinates.

To further evaluate the characteristics of the TSE, we considered the committor probability of
each putative TSE configuration. If the ribosome is initiated from a true transition-state configu-
ration, then it would be equally likely to proceed to either the rotated, or unrotated free-energy
minimum. In other words, the committor probability of rotating p;o; would equal 0.5. For an ideal
coordinate, p;o; Will be identically 0.5 for every putative TSE configuration. While that would rep-
resent a best case scenario, it is common for committor probability distributions to be narrowly
centered around 0.5 for good coordinates and more broadly distributed for poor coordinates.®
Here, we calculated the committor probability by initializing 300 independent simulations from
each putative TSE configuration (109,500 simulations, in total). py is then defined as the fraction
of replicas that reached the rotated ensemble prior to the unrotated ensemble.

Committor probability calculations confirm that contact-based coordinates can isolate TSE-
like configurations. That is, putative TSE configurations identified by AQ’ are most likely to have
Prot =~ 0.5 (Fig. @B). The distribution of p,y values is peaked between 0.4 and 0.6, consistent with
these configurations representing a TSE. This is also in agreement with the relatively high value

of PQ;X

that is obtained with AQ’. In contrast, we find that Pbody and Ry are unlikely to identify
configurations for which pro = 0.5 (Fig. BA). Instead, the distributions of py. for these coordinates
reach minimal values between 0.4-0.6, and the distributions are peaked at O and 1. These are very
undesirable properties for any reaction coordinate, as they indicate that ¢poqy and Rpjac can not
reliably distinguish between the TSE and endpoint configurations.

Overall, the combined analysis of transition paths and committor probabilities demonstrate the
superior performance of contact-based coordinates, over other structurally-motivated coordinates.
The disparate performance of these two types of rotation metrics has immediate consequences on
the interpretation of previous experiments, and it suggests strategies by which experiments may

precisely quantify the energy landscape of subunit rotation (see Discussion).
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Functional ¢ values implicate asynchronous bridge rearrangements during

rotation

Since AQ’ can identify configurations that are representative of the TSE, it may be used to probe
the relative contribution of individual interactions to the free-energy barrier. To this end, we calcu-
lated “functional ¢ values,” as introduced in the study of conformational transitions of proteins. "
Functional ¢ values are an extension of traditional ¢-value analysis for protein folding, ™™ which
describes the thermodynamic effect of point mutations on the TSE. ¢ values have been one of the
most widely used experimental measures of the energy landscapes of folding. By systematically
determining changes in stabilities and kinetics, these measures have provided countless insights
into the structural and energetic characteristics of folding transition states. Inspired by these suc-
cesses, it is our expectation that this type of analysis strategy can prove to be equally valuable for
understanding ribosome dynamics.

To apply this framework to the ribosome, we will describe subunit displacements in terms of a

two-state transition between the unrotated (U) and rotated (R) ensembles:
U=—R, €

where k; and k_; are the rates of forward and back rotation. For interactions that stabilize forward

rotation (at rate k), the functional ¢ value may be defined as:

o) = AAFrsE—u _ AFrsg — AFy
' TAMR | ARR — ARy

(&)

AFtsg, AFy and AFR represent the change in free energy of the TSE, the unrotated ensemble and
rotated ensemble (See Fig. BA/B) when a mutation/perturbation is introduced. According to this
definition, if an interaction/residue contributes equally to the free energy of the TSE and the rotated
ensemble, then ¢; = 1. If an interaction is only formed after the system overcomes the free-energy

barrier, then ¢; = 0. Interactions that stabilize back-rotation can be described analogously (See
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Fig. S3A/B):

01— AAFrse-r _ AFrse — AIR
1T AR, R ARy —ARg

(6)

According to this construction, it is possible to distinguish between interactions that directly in-
fluence the free-energy barrier (¢ ~ 1), and those which primarily stabilize the endpoints (¢ ~ 0).
As mentioned above, one motivating factor for adopting the ¢-value framework is that it may be
applied to simulations and experiments (see Discussion). Thus, this represents an avenue by which
to establish a cohesive experimental/theoretical description of the ribosome’s energy landscape.
Based on our simulated trajectories, the calculated functional ¢ values (see Methods for de-
tails) reveal asynchronous rearrangements of the bridge regions during subunit rotation. For bridge
interactions that form during the forward rotation process, there are clusters of contacts for which
¢1 > 0.8 (Fig. B). Residues associated with high ¢; values are primarily positioned within bridges
B6 and BS8. In particular, large values are found for contacts between protein L14 and helix 13
of the small subinit (See Table S4 for complete list of residue pairs). In contrast, contacts near/in
bridge B2 have mid-range values (= 0.5 —(.7) and contacts near/in bridge B7a/b tend to be associ-
ated with very low values (= 0 — 0.2). In terms of domain orientations, the putative transition state
configurations identified by AQ’ represent a partially-rotated ensemble of configurations, where
Ppody = 4 £ 1° (ave. &£ s.d.). Together, this suggests that contacts within bridges B6 and B8 tend
to form early during the rotation process, whereas B7a/b contacts tend to form as the ribosome
reaches the fully-rotated ensemble. With regards to biological function, BS interactions are known
to contribute to the fidelity of tRNA selection.”” Our analysis suggests an extended role of BS,
where it may influence fidelity while also being central to coordinating subunit rotation kinetics.
In contrast to forward rotation, we find more uniform behavior within the set of contacts that
stabilize the unrotated ensemble, where almost all ¢_; values are less than 0.5 (Fig. S3 and Table
S5). Thus, as the ribosome back-rotates, the unrotated contacts tend to form after the free-energy
barrier has been crossed. While the exact value of ¢; and ¢_; are likely to depend on the details of

the employed model (in simulations) and environmental/solvent conditions (in experiments), the
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presented calculations demonstrate how molecular flexibility can facilitate the sequential progres-

sion of bridge rearrangements during subunit rotation.

Discussion

With continued advances in experimental and computational techniques, the field is now positioned
to elucidate the detailed energetic characteristics that govern large-scale biomolecular dynamics.
With decades of structural and biochemical analysis available, the ribosome is an ideal system
for developing rigorous techniques for the study of molecular assemblies. To this end, we have
shown how an energy landscape approach may be used to precisely describe collective dynamics.
In addition to implicating general features of subunit rotation, this analysis reveals limitations in
current measurements and provides design strategies for next-generation experiments, which are

discussed below.

Resolving the energy landscape with cryo-EM

Pioneering cryo-EM efforts have aimed to project large numbers of images onto low-dimensional
descriptions of the configuration space, a process known as manifold embedding.”™"? The cen-
tral idea is that one may utilize pixel-based eigenvectors to describe variations in the EM im-
ages. The eigenvectors then serve as reaction coordinates for the biological system. While this is
a statistically-meaningful coordinate system, pixel covariances are likely to be more heavily influ-
enced by larger-scale motions. Accordingly, domain orientations are likely to be clearly separated,
though subunit bridge dynamics may provide only a small contribution to the final projected land-
scape. However, our analysis of transition events suggests that bridge rearrangements are more
closely related to the free-energy barrier of rotation. As a consequence, our results indicate that

orientation-dominated methods, which are sensitive to rotation angles,f'f J3)7a

may underestimate
the associated free-energy barriers. As these methods continue to be refined, one may envision

ways in which to focus on variations in the bridge regions, which could provide a more precise
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measure of the underlying free-energy barrier.

Quantifying the TSE through single-molecule measurements

As mentioned in the Results section, one motivation for calculating functional ¢ values is that they
may be measured using currently-available single-molecule technologies. To illustrate how this
may be accomplished, we will consider a residue pair in the ribosome that stabilizes the rotated
conformation. For a two-state transition, the forward rate may be related to the free-energy barrier
as ki o< exp(—AFT /kgT) = exp(—(Frsg — Funrot) /kgT). Accordingly, the forward rates for wild
type (k}"") and mutant (K]™") ribosomes may be used to infer the relative change in free-energies

according to:

kmut
AFTsg — AFynror = —kgT In ( klwt ) ) (7
1

Thus, one may estimate the numerator in the definition of ¢; (Eq. B) by measuring the forward
rates via bulk®™** or single-molecule FRET™ experiments. To estimate the denominator, one
may also use single-molecule techniques to determine the shift in probability between the rotated
and unrotated ensembles.” Assuming the measured probability of occupying state n follows a

Boltzmann distribution (P, «< exp(—F,/kgT)), the denominator of Eq. 8 may be expressed as

Pmtut Pwtt
AFrot — AFRynrot = —kpT In (Plr;;ut /Pvf,(t) ) . 8
unrot unrot

Since modern experiments can measure the relative population/occupation of each rotation state,
as well as the kinetics of interconversion, functional ¢ values represent a means by which experi-
mental techniques may be used to infer the energetic character of the rotation TSE. In the current
study, we provide theoretical estimates of these values from a computational approach. While the
exact values are likely to be model-dependent, direct comparison with experiments can allow for
a cohesive and comprehensive theoretical/experimental understanding of energetics to be estab-

lished.
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Deconvolving apparent dynamics and biomolecular motions

A general theme that is emerging from coordinate analysis is the need to quantitatively account for
molecular flexibility when describing collective processes. This represents a significant departure
from traditional rigid-body descriptions, where coordinates are implicitly assumed to be highly
(albeit non-linearly) correlated. As a result of flexibility, the apparent dynamics along arbitrary co-
ordinates can include false positives, free-energy barriers can be underestimated, and the dynamics
may exhibit non-diffusive behavior. In the current study, we have found that all of these features
can manifest, even for coordinates that are chosen based on knowledge of crystallographic and
cryo-EM structures. In contrast, when collective coordinates are systematically analyzed, one may
identify measures that are more strongly correlated with barrier crossing events.

While ideal collective coordinates are not always experimentally accessible, the presented anal-
ysis provides an avenue for inferring the scale of barriers when using non-ideal coordinates. To see
how this could be accomplished, it is useful to consider two hypothetical coordinates p; and p»,
where p; is an ideal coordinate that can accurately report on the barrier, and p; is experimen-
tally accessible (e.g. via single-molecule measurements). Using simulated trajectories, one may
directly calculate the probability distribution along p, for a given value of p;, P(pz|p1). This
conditional probability distribution would represent a quantitative relationship between coordi-
nates that accounts for the effects of molecular flexibility. An experimentally-measured distribu-
tion along p, could then be related to the underlying distribution P(p;) according to Pexp(p2) =
[ P(p2|p1)P(p1)dp;. Finally, to obtain an estimate of the underlying free-energy profile, F(p;) =

—kgT In(P(p1)), one could determine P(p;) using deconvolution techniques. ™

Closing remarks

Calculations can provide a necessary framework that enables a wide range of experimental in-
vestigations into the energy landscape of the ribosome. Through the close integration of physical
models, computation and experimental measurements, there are many opportunities available to

elucidate the precise physical-chemical factors that govern large-scale dynamics in biomolecular
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assemblies. Inspired by studies of protein folding, we have taken the first steps towards achiev-
ing such insights for subunit rotation in the ribosome. By continuing to adopt and modify folding
concepts and approaches, there is potential for future studies to elucidate the rich character of the

energy landscape that controls ribosome dynamics.
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Figure 1: Subunit rotation in the ribosome. A) The 70S ribosome shown in tube representation.
The 30S rRNA and proteins are shown in cyan and blue, and the 50S rRNA and proteins are colored
in white and purple. During mRNA-tRNA translocation, the 30S ribosomal subunit undergoes a
counterclockwise rotation, relative to the 50S subunit. This rotation may be described in terms of
the Euler angle @yoay, *** which ranges from 0 to ~ 10°. B) The 30S subunit is generally described
in terms of the body, platform and head regions. To monitor rotation, previous studied have placed
FRET dyes on the proteins S6 (GLU41) and L9 (ASN11).5% Here, we will refer to the distance
between these residues as Rpjy. C) Average unrotated (blue; @poqy ~ 0.7°) and rotated (yellow;
Ppody ~ 7.8°) conformations of the small subunit rRNA, obtained from simulations. 50S subunit
shown in white. All structural depictions were generated using VMD. ™ D-F) Models that employ
a coarse-grained representation (one bead per residue) of the ribosome can be used to simulate
spontaneous interconversion events,* as measured by Ppody (panel D), RMSD values (panel E)
and Rpjy (panel F).
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Figure 2: Structurally-motivated coordinates do not capture the transition state. The free
energy of the ribosome as a function of A) @yoay and B) Rpja. As expected, the height of the
free-energy barrier is coordinate-dependent, where a larger barrier is obtained when using @pody-
Consistent with the larger barrier when using @yoqy, the probability of being on a transition path
P(TP|p) reaches a larger value for Ppoqy (Pio, ~ 0.18, panel C) than for Ry, (panel D), indicating
superior performance of @yoqy. However, PIP s far below the diffusion-limited value of 0.5, indi-

cating that these coordinates do not precisely describe the transition state ensemble and free-energy
barrier.
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Figure 3: Subunit bridges implicate a larger free-energy barrier. With the relatively poor perfor-
mance of structurally-motivated coordinates (Fig. ), we considered collective reaction coordinates
that monitor the subunit bridge contacts. A) AQ is defined as a linear combination of contacts that
are unique to the rotated and unrotated configurations. Residues in the 50S that form unique ro-
tated or unrotated contacts are shown as red and blue spheres. B) 30S residues that form unique
rotated or unrotated contacts. To view the interface, the 30S subunit is rotated ~ 180° about the
vertical axis, relative to the 50S. C) Time trace of the fraction of unique unrotated contacts (Qunrot,
blue) or rotated contacts (Qrq, red) for one of 10 independent simulations. D) AQ’, defined by a
subset of bridge contacts that were selected based on a Monte-Carlo search (See Methods). E)
The free-energy barrier obtained with AQ’ is significantly larger than other structurally-motivated
coordinates (Fig. D). F) The probability of being on a transition path reaches a higher value for
AQ' than Rplat and @pody, Which indicates bridge dynamics are more precise indicators of subunit
dynamics.
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Figure 4: Committor probabilities of putative TSE configurations. A) Distribution of committor
probability values, calculated for putative TSE configurations identified with Rpjy and @poqy. Very
few of the identified frames have a committor probability of 0.5, indicating that the majority of the
putative TSE configurations do not exhibit the characteristics of a transition state. B) Distribution
of committor probabilities calculated for putative TSE configurations identified by AQ’. In contrast
to panel A, the distribution is peaked around p;o=0.5. This indicates that AQ’ identifies TSE-like
configurations, which enables the precise characterization of the underlying free-energy barrier.
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Figure 5: Dissecting energy landscapes through functional ¢ values. Introducing perturbations
(e.g. mutations) to the ribosome can be used to infer characteristics of the underlying energy
landscape. A) Schematic representation of a system where a point mutation destabilizes the ro-
tated ensemble (AAFR_y > 0) without impacting the transition state ensemble (AAFrsg_y = 0).
This would shift the population towards the unrotated ensemble without affecting k1. In this case,
o = % = 0. B) If a mutation were to destabilize the TSE and rotated ensembles to the same
extent, then AAFrsg_y and AAFR_y would be equal, and ¢; would equal 1. This would reduce the
forward rate and shift the population towards the unrotated ensemble. Structural representation of
the 50S (panel C) and 30S (panel D), where spheres are colored by their respective value of ¢,
(white=0, red=1). For this model, we find clusters of high ¢; values around residues in bridges
B8 and B6, a combination of low and high values in B7b and B3, and low values for B2 residues.
This illustrates how subunit bridges may progressively rearrange during the rotation process, where
bridges B6 and B8 adopt their rotated orientations prior to full rotation of the subunit.
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