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ABSTRACT: The ribosome is a complex biomolecular machine that
utilizes large-scale conformational rearrangements to synthesize proteins.
For example, during the elongation cycle, the “head” domain of the
ribosomal small subunit (SSU) is known to undergo transient rotation
events that allow for movement of tRNA molecules (i.e., translocation).
While the head may exhibit rigid-body-like properties, the precise
relationship between experimentally accessible probes and multidimen-
sional rotations has yet to be established. To address this gap, we
perform molecular dynamics simulations of the translocation step of the

elongation cycle in the ribosome, where the SSU head spontaneously

undergoes rotation and tilt-like motions. With this data set (1250 simulated events), we used statistical and information-theory-
based measures to identify possible single-molecule probes that can isolate SSU head rotation and head tilting. This analysis provides
a molecular interpretation for previous single-molecule measurements, while establishing a framework for the design of next-
generation experiments that may precisely probe the mechanistic and kinetic aspects of the ribosome.

B INTRODUCTION

Cells harbor many intricate molecular machines that perform a
myriad of functions. Some notable examples include the
spliceosome, proteasome, fatty acid synthetase, and nuclear
pore complex. Probably the most well studied assembly is the
ribosome (Figure 1a), for which more than 1500 structures
have been resolved through X-ray crystallography' ~* and
cryoelectron microsc09py°_7 (see ref 8 for comPIete list). In
addition, biochemical’™'* and single—moleculel‘_21 methods
have been applied extensively to characterize the dynamics of
the ribosome. With the availability of this vast body of
experimental data, one may consider the ribosome an ideal
system for developing a physicochemical understanding of the
principles that control large-scale conformational transitions in
biomolecular assemblies.

The ribosome is a massive (>2MDa, =~ 25 nm in
dimensions) ribonucleoprotein machine that is used by all
living cells to synthesize proteins. All ribosomes consist of a
large subunit (LSU) and a small subunit (SSU; Figure 1a). In
bacteria, the LSU is composed of two rRNA (rRNA) chains
(23S and $S) and more than 30 proteins. The SSU, which is
roughly IMDa in scale, contains the 16S rRNA and
approximately 20 proteins (Figure 1b). The structure of the
SSU may be further described in terms of a head domain and a
body domain. During translation, messenger RNA (mRNA)
sequences are decoded by tRNA molecules on the SSU, while
the incoming amino acids are added to the growing chain
within the peptidyltransferase center of the LSU. The LSU and
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SSU each contain three tRNA binding sites, called the
aminoacyl (A), peptidyl (P), and exit (E) sites. In order to
accurately express a given protein, tRNA molecules sequen-
tially bind and rapidly transit the three binding sites. These
processes are controlled by a range of physical processes,
including bimolecular association/dissociation events, as well
as large-scale conformational changes (~10 — 100 A) in the
tRINA molecules and ribosomal subunits.

The current study is focused on rotary-like dynamics of the
SSU head domain. Structural studies have shown how rotation
of the head, a motion known as “head swivel”* (Figure 1c,e),
can enable the displacement of tRNA molecules between
binding sites (i.e, tRNA translocation). However, in addition
to this widely recognized form of rotation, simulations have
implicated transient rotation about a second axis”’ during
translocation, which we will refer to as head tilting. Similarly,
normal-mode analysis has shown that tilt-like deformations are
energetically accessible.”* Structural studies have also revealed
tilted configurations (Figure 1d,f) that are associated with
trans-translation®*® (i.e, a process by which a stalled
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Figure 1. Rotary dynamics in the ribosome. (a) 70S T. thermophilus
ribosome structure (RCSB ID: 4V6F"') showing SSU rRNA (cyan),
LSU rRNA (white), ribosomal proteins (blue), and tRNA molecules
bound to the A (yellow), P (red), and E (orange) sites of the
ribosome. (b) View of the SSU, rotated relative to panel a, with the 20
SSU proteins colored by chain. The current study considers
interprotein distances for pairs between the head and body domain
of the SSU. (c) Head rotation (i.e., swivel) is described by the angle
¢, which is defined in terms of motion around an axis that is internal
to the rRNA of the head. For reference, the unrotated (white; RCSB
ID: 4V4D%*) and rotated (pink; RCSB ID: 4V4Q®) orientations are
shown, after alignment based on the SSU body (cyan). (d) Head
tilting is described by the angle 6, where motion is about a secondary
rotation axis. The rotated/untilted structure (pink; RCSB ID:
4V4Q®) and rotated/tilted (yellow; RCSB ID: 7ACR™®) are
shown, after alignment of the SSU body. (e) Same as panel c,
rotated perspective. (f) Same as panel d, rotated perspective. All
structural representations were generated with VMD.”*

ribosome may resume translation), though it is not known if
similar motions occurs under typical elongation conditions.
The challenges associated with experimentally isolating
specific conformational changes in the ribosome are high-
lighted by recent molecular dynamics simulations and single-
molecule measurements of tRNA translocation. Using an all-
atom structure-based model,>” it was shown that steric
interactions formed with tRNA molecules can induce head
swivel and tilt-like motions.”> In subsequent smFRET
experiments,”® unexpectedly large variations in FRET
efficiency were observed, which were interpreted in terms of
“exaggerated” head rotation (i.e., swivel). However, despite this
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interpretation, the authors noted that head tilting “cannot be
ruled out”. The reason for this ambiguity is that it is not always
possible to use a one-dimensional measure (i.e, smFRET
efficiency) to accurately describe a multidimensional process
(e.g., rotation and tilting).

It is well-known that the choice of coordinate can
profoundly influence the inferred dynamical properties of
biomolecules. This has been extensively explored in the
context of protein folding, where there is a global order—
disorder transition that occurs in a high-dimensional space.
While this is a very complex process, a combination of
theoretical and experimental efforts have shown that one can
often accurately describe the dynamics in terms of diffusion
along a low-dimensional free-energy surface.”””** For example,
the number of native contacts can serve as a one-dimensional
coordinate that preserves the kinetics of single-domain folding
events.”>*® The end-to-end distance of a protein has also been
shown to be an effective coordinate for probing mechanical
properties of proteins.”’ —>” In addition to applying intuitively
defined coordinates, general methods have been developed for
refining coordinate definitions, such as transition path
analysis,”"*" cut free-energy methods,”" diffusion map
techniques,”” and variational approaches.*”** These many
successes in the study of folding have inspired similar efforts
for describing conformational motions in the ribosome. For
example, transition path analysis has been used to identify
suitable coordinates for tRNA rearrangements*’ and SSU body
rotation in the ribosome.*® Collective variables have also been
proposed for quantifying rotation-related motions during
translocation.”’” A direct comparison of projected dynamics
along various ribosomal coordinates has also shown how
different smFRET labeling strategies can naturally give rise to
contradictory inferences.” Similar to studies of folding, these
physicochemical analyses are suggesting strategies for precisely
describing the energetics of the ribosome.

Here, we aim to resolve the ambiguities associated with
interpreting single-molecule measurements of the SSU head
domain of the ribosome. Through statistical analysis of
interprotein distances, which were obtained from simulations
of tRNA translocation on the ribosome, we ask whether one
can identify robust measures that are sensitive and specific to
head tilting or rotation. This has immediate implications for
the interpretation of current single-molecule studies. Further, it
demonstrates how multicolor smFRET experiments may be
used to simultaneously measure both types of head motion
throughout the elongation cycle. Together, this study provides
a physically grounded foundation for the design of single-
molecule measurements of this prototypical molecular
machine.

B METHODS AND SIMULATION DETAILS

We employed an all-atom structure-based mode to
perform molecular dynamics simulations of mRNA—tRNA
translocation in the ribosome. Each simulation (1250, in total)
was initiated from the A/P—P/E conformation and terminated
when the ribosome reached the classical POST state (P/P—E/
E). This data set was used to identify interprotein distances
that are sensitive to SSU head rotation and tilting.
Structure-Based Models. For this study, we applied a
multibasin all-atom structure-based model of the ribosome that
was described by Nguyen and Whitford.”® First, a crystallo-
graphic model of the T. thermophilus ribosome was used to
define the pretranslocation state (A/A—P/P) and the post-
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translocation state (P/P-E/E). For this, the structure of Jenner
et al.>' (RCSB ID: 4V6F) was used, since it contains tRNA
molecules bound to the A, P, and E sites (Figure 1a). The A/
A—-P/P model was then defined by removing the E-site tRNA.
Similarly, the P/P—E/E conformation was defined by
removing the A-site tRNA molecule. Each of these models
(A/A—P/P and P/P—E/E) was then used to prepare a single-
basin structure-based model using the SMOG 2 software
package.”” All intraribosome interactions were defined based
on the classical structure, whereas each tRNA was assigned
stabilizing interactions with two binding sites (A and P, or P
and E). That is, interactions for each tRNA were defined to
stabilize both the pretranslocation and post-translocation
conformations. It is important to note that, even though only
two structures were used to define the model, energetic
competition between the binding sites may lead to the
presence of additional local potential energy minima. For a
complete description of the energetic model, see Supporting
Information.

Simulation Protocols. Simulations were performed using
Gromacs v5.1.4.°*7%° Reduced units were used for all
calculations. Slmulatlons were performed using Langevin
dynamics protocols®® with a temperature of T = 0.5 (60
Gromacs units). At this temperature, atomic fluctuations are
consistent with those inferred from crystallographic B-
factors.”” The time step was set to 0.002 reduced units. Each
simulation was initiated in an A/P—P/E (hybrid) conforma-
tion and terminated when the P/P—E/E (POST) state was
reached. The POST state was identified by monitoring
distances from both tRNA anticodon stemloops to the P and
E sites of the SSU head and body (Figure S1). Each simulation
includes a single transition between the hybrid and POST
states. The average simulation time per run was roughly 4 X
10° time steps. To interpret the simulated time, we use the
estimate that one reduced time unit corresponds roughly to 1
ns, as inferred through a comparison of ribosome simulations
performed with structure-based models and explicit-solvent
models.”® With this time factor, we estimate that each
simulation corresponds to &8 us.

Analysis. We used the angle ¢ to describe a principal
rotation about an axis that is internal to the SSU head (i.e.,
head swivel; Figure lc,e). The head tilt angle 6 is used to
describe any additional rotation that is orthogonal to the
principal rotation (Figure 1d,f). We also evaluated the
direction of tilting, though it has been shown that the
direction is narrowly distributed during tRNA translocation
with this model.”” That is, head tilting predominantly occurs
about an axis that is parallel to the bound mRNA. For a
complete description of the rotation angles, see SI and Hassan
et al.®

In order to probe the sensitivity and specificity of
interprotein distances to head motions measured by ¢ and 6,
we calculated the mutual information between each distance
and each head angle. Mutual information was used since it can
identify nonlinear dependencies, while also accounting for
dispersion in the distance or angle distributions.>”*® Here, we
use the standard definition of mutual information:

I(a; d) = H(a) — H(ald)
where a is either ¢ or @ and d is a certain SSU interprotein
distance. The distribution entropy (H) is given by
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H(X) = =) P(X = x)ln P(X = x)

If the mutual information between a distance and an angle is
low, one will not be able to reliably infer the angle a from the
distance d. However, higher values of I(a; d) would indicate
that a given distance may be used to infer the angle. Here we
considered the distances between centers of mass of all protein
pairs defined by one protein on the SSU head (8, in total) and
one on the SSU body (12, in total), for a total of 96 distances.
For each interprotein distance, we compared the mutual
information with the rotation angle, I(¢; d), and the mutual
information with the tilt angle, I(6; d). An interprotein
distance is then identified as rotation-specific if I(¢; d) is much
larger than 1(6; d). Similarly, for tilt-specific distances, I(6; d)
is larger than I(¢; d).

In order to quantify how pairs of distances may be used to
infer the values of ¢ or 6, the metric M(ald, ,) is used, which
was defined as

M(ald, d)) = H(a) — H(ald, d))

This metric quantifies the decrease in uncertainty of the
value of an angle 4, given the values of two distances d; and d;.
The larger the value of M is, the more precisely the two
distances may be used to infer the value of a.

B RESULTS

To identify probe sites that may be used in single-molecule
experiments to measure SSU head rotation and head tilt, we
analyzed the statistical properties of simulated tRNA trans-
location events. Motivated by recently developed techniques
for labeling arbitrary ribosomal proteins,®’ the current study
considers protein—protein distances. We also assess the extent
to which available crystallographic and cryo-EM data may be
used to identify suitable pairs. Through this, we provide a
strategy for the development of next-generation smFRET
experiments that may distinguish between head rotation and
tilting motions.

Structural Data Suggests Distances That Are Sensi-
tive to Head Motion. To begin our analysis, we will explore
the utility of experimental structures for identifying suitable
single-molecule probe locations on the ribosome. For this, we
adopt the strategy that is typical when designing single-
molecule experiments, where probe locations are selected
based on maximal differences in representative structures. To
this end, we analyzed all published structures of E. coli
ribosomes (365 complete ribosomes, see Appendix). Of these,
we selected five structures”®*>”® that span the range of tilt
and rotation angles for the head (Figure 2). One structure
(RCSB ID: 7ACR) exhibits the largest value for the head tilt
angle (0 = 12.6°). The other four ribosomes [RCSB IDs
(rRNA chains): 4V9D (DA, BA), 4V4Q (DB, CA), 7SS9 (1
3), 7D80 (A, B)] are associated with unrotated (¢ = 0°,
—1.9°) or highly rotated (¢ = 19.5°, 14.9°) head domains, and
small tilt angles (<4.0°). If the distance between the geometric
centers of protein i and j, denoted d; 18 considerably larger
(~5 A) in the head-tilted ribosome than in the untilted
structures, then it is possible that the protein pair may
represent a suitable candidate for use in single-molecule
experiments. Further, if the distance d;; has a small range of
values (6d;; < 5 A) within the four untilted ribosomes, then it
may represent a tilt-specific measure.
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Figure 2. SSU head rotation and tilt angle from experimental
structures. To initiate our investigation of suitable measures to
describe head motions, we evaluated the rotation and tilt angles for all
published structures of E. coli 70S ribosomes (365 structures). There
is a dense population of nonrotated structures (¢ < 5°) that include
pre- and post-translocation states. A few structures also exhibit large-
scale tilting displacements of the head. From this set, we used five
representative structures (red circles; labeled by RCSB ID) for
comparative analysis.
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Among all interprotein distances considered, six appear to be
specific to head tilting (Table S1). As an example, dgq;, is
nearly identical (93—94 A) in all four nontilted structures.
However, it is significantly larger (101 A) in the head-tilted
structure. This would suggest that proteins S10 and S12 may
be used in experiments to specifically detect head tilting. To
further assess this pair, we calculated the range of distances
(6ds10,512) from all 345 structures for which tilting is minimal
(6 < 4°). Unfortunately, this reveals that the range of distances
within the untilted ensemble of structures (11.7 A) is larger
than the difference between the representative tilted and
untilted structures (~8A). Accordingly, these comparisons
suggest that it could be difficult to discern whether changes in
experimental measurements are due to tilting, or rotation. We
find similar limitations for the other five candidate distances
identified from this comparative approach. Together, analyzing
hundreds of structures highlights how the choice of
representative structures can bias the potential interpretation
of single-molecule measurements.

Single-Molecule Measurements Corroborate Pre-
dicted Tilting Motion. We next analyzed the statistical
properties of simulated tRNA translocation trajectories. To
assess the utility of the simulated data set, we first compare the
predicted dynamics with independently reported single-
molecule measurements. In these simulations, we employ the
same model and protocols described by Nguyen and
Whitford.”® Since the experimental study”® was published
after the previous set of simulations, the presented comparison
serves as an unbiased assessment of the predictive capabilities
of the model. As detailed below, we find broad agreement
between the simulations and experimental measures, which
suggests our simplified model is sufficiently complete that it
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can provide a suitable approximation to the balance between
SSU head motions during translocation.

In the current study, we consider molecular dynamics
simulations of tRNA translocation, which were generated using
an all-atom multibasin structure-based (SMOG) model.”” In
each simulation, the ribosome transitions from a so-called
“hybrid” state, where the tRNA molecules bridge multiple
binding sites on the ribosome, to the “POST” (P/P—E/E)
state. This data set includes 1250 simulated translocation
events (250 reported previously,” along with 1000 additional
simulations). During each simulation, there is transient and
spontaneous (i.e., without use of steering or targeting
protocols) rotation (~15—20°) and tilting (~10—15°) of the
SSU head. In this model, the pre- and post-translocation (i.e.,
unrotated and untilted) conformations are explicitly defined to
be potential energy minima.”’> While this is an intentionally
simplified description, the SMOG model accounts for
molecular sterics, and the modeled flexibility of the ribosome
is consistent with crystallographic B-factors.”” Accordingly, the
observation of spontaneous rotation/tilting shows how the
atomic excluded volume can induce large-scale rearrangements
of the SSU head during tRNA translocation. Since the
predicted timing and scale of SSU motions are dictated by
the structure of the ribosome, this description may be
considered a physically grounded lowest-order approximation
of the dynamics. As described in detail previously,”” this model
shows that the biomolecular structure predisposes the SSU and
tRNA molecules to undergo a clear sequence of conforma-
tional rearrangements (Figures 3 and 4 of ref 23). In each
simulation, the SSU head is initially rotated by roughly 5°.
During tRNA translocation, the SSU head spontaneously
rotates to larger values (¢ ~ 15—20°; Figure 3c and Figure
S2a). Head rotation is then followed by a secondary
orthogonal rotation (i.e., head tilting) that is generally about
an axis parallel to the mRNA (Figure 1d,f). Tilting motion is
described by the angle 8, which reaches values of 8—15° during
the simulated events (Figure 3e and Figure S2a). In order to
complete the translocation process, the SSU head then returns
to the unrotated/untilted conformation.

We find that independently reported single-molecule
measurements are consistent with the presence of SSU head
tilting during the late stages of tRNA translocation. Specifically,
the dynamics predicted by the SMOG model and single-
molecule measurements of Wasserman et al.”® exhibit
fluctuations that are similar in scale. In the single-molecule
study, two labeling strategies were deployed to specifically
follow the motion of the SSU head. The first labeling pair is
protein S13 (on the SSU) and protein LS (on the LSU; Figure
3a). The second pair is protein S13 and the elbow of the P-site
tRNA (which transitions to the E site during translocation).
For both of these FRET pairs, the authors observed anomalous
fluctuations that immediately preceded the adoption of a post-
translocation state (POST). Since these fluctuations exceeded
the values assigned to the fully rotated head configuration, they
were described as signifying “exaggerated” head rotation
motions that likely represented large-scale rotation/swivel.
However, since the FRET signals were one-dimensional
measures, the authors noted that it is possible that other
forms of rotation (e.g, tilting) could also explain these
fluctuations.

In the first set of experiments, Wasserman et al. monitored
the proteins S13 and LS. In their experiments (Figure 6 of ref
28), the FRET efficiency (E) was initially at an intermediate
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Figure 3. Predicted motions are similar to smFRET observations. (a)
To probe SSU head motions in single-molecule FRET experiments,
Wasserman et al.”® introduced FRET pairs on proteins S13 and LS, as
well as S13 and the P-site tRNA molecule. (b) Postsynchronized time
traces for the distance between probe sites on S13 and LS (ds),
calculated from simulations. For reference, the values corresponding
to INT2 (RCSB IDs: 4V9L, 4VOM®), a pretranslocation hybrid
conformation (RCSB ID: 4V9H”"), and a unrotated structure
(POST; RCSB ID: 4V6F"') are shown. Consistent with smFRET
observations, the distance is found to transiently exceed the value
found in the INT2 structures. (c) Postsynchronized time traces for
the head rotation angle ¢. The simulations suggest a correlation
between the S13—LS distance and the rotation angle ¢. (d)
Postsynchronized time traces for the distance between S13 and the
P-site tRNA (dny)- Consistent with observations of Wasserman et
al, we find a transient increase in distance immediately before
completing the translocation process. (e) Postsynchronized time
traces for the head tilt angle 6. The S13—tRNA distance is visibly
correlated with 6.

value (E 0.55), which was biochemically assigned to
correspond to a rotated body domain with tRNA molecules
in hybrid configurations. Upon the addition of elongation
factor-G(GTP) (EF-G: a GTPase that facilitates tRNA
translocation on the ribosome), the S13—LS signal showed a
decrease (E = 0.4) before a large increase to reach the value
corresponding to the POST structure (E 0.75). For

reference, E is roughly 0.5 when the head-rotated configuration
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is trapped in a pretranslocation intermediate (referred to as
INT2 by Wasserman et al.”®) through the introduction of
fusidic acid. Thus, values lower than 0.5 would signify larger-
scale rotation, or alternate forms of SSU head motion. To
compare with these observations, we calculated dis: the
distance between the residues (distance between C, atoms)
labeled in S13 and LS. We then postsynchronized our
simulated events in a manner consistent with the experimental
study (Figure 3b—e). Specifically, we aligned all trajectories in
time, such that the POST state is reached at t = Syncpogr. In
our simulations, ds initially samples values that are
approximately 41 A, which is consistent with the value found
in a cryo-EM reconstruction of a pretranslocation (hybrid)
intermediate (Figure 3b). Next, d;¢ increases to ~50 A and
then decreases to ~32 A, which is very close to the value found
in the classical POST structure (31 A). Consistent with the
single-molecule observations, dy 5 is found to transiently exceed
the values found in the putative fully rotated conformation
(i.e,, INT2, corresponding to RCSB IDs: 4V9L, 4V9M66). This
change in dj 4 is also visibly correlated with a large increase in
¢, which reaches values of £10°—20° before returning to ~0°
in the POST state (Figure 3c). While this suggests that S13—
LS probes are sensitive to rotation, the simulations indicate
that the anomalous experimental fluctuations may arise
without a need for the SSU head to adopt more highly rotated
(e.g, in excess of ~20°) configurations.

In the second set of experiments, FRET probes were placed
on protein S13 and the elbow of the P-site tRNA molecule.
The corresponding signal (SI Figure 7 of ref 28) was found to
start from a high FRET state (E = 0.8). Upon addition of EF-
G(GTP), the FRET signal decreased to approximately 0.55
before increasing to ~0.65. As noted above, this transient “dip”
to 0.55 suggested the presence of a rearrangement in the head
that immediately precedes completion of translocation. In the
simulations, we analyzed the distance between the correspond-
ing labeled residues (dgna) and postsynchronized the traces
based on the time at which the POST state was adopted.
Consistent with the experimental observations, the model
predicts that dizy, initially increases from ~58 A to 70 A and
then decreases to the POST value (~ 62 A; Figure 3d). In
contrast to the interpretation of Wasserman, we find that
changes in dzy, coincide with transient large-scale tilting of
the head (0 =~ 12° Figure 3e). Overall, these comparisons
show that the range of motions predicted by the SMOG model
are consistent with those observed in single-molecule experi-
ments, though the simulations implicate tilting motions, which
differs from the interpretation suggested in the experimental
report.

Identifying Rotation-Specific and Tilt-Specific Meas-
ures. Since our simulated data set includes rotation and tilt-
like motions that are consistent with experimental observa-
tions, we next used our trajectories to identify interprotein
distances that are sensitive and specific to each motion. We
first examined two-dimensional probability distributions,
calculated with respect to a distance (d,-,j) and angle (¢, or
). Based on visual inspection, several classes of relationships
were apparent, including highly nonlinear associations (see
Figure S3). Since it is possible that nonlinear relationships may
be exploited in the design of single-molecule experiments, we
calculated the mutual information (MI) between each
interdomain distance and each SSU head angle (¢ and ).
In contrast to Pearson correlation coefficients, MI may be used
to identify linear, or nonlinear, relationships between arbitrary
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variables. Here, we use the symbol I(¢); d) to denote the
mutual information between an interprotein distance d and the
head rotation angle ¢p. We defined the MI with tilting angle 6
analogously. For both calculations, MI was evaluated from all
simulated frames that are associated with an active transition
between the hybrid and POST state. That is, sampling of the
hybrid state at the beginning of each simulation, and extended
sampling of POST at the end, were excluded. If the angle a
(ie., ¢ or 0) is independent of d, then I(a; d) = 0. On the
other hand, if there is any functional dependence (linear or
nonlinear) between a and d (indicating sensitivity of this
distance to a particular head motion), then I(a; d) will be
nonzero, where larger values of I(a; d) indicate stronger
dependencies. This allows MI to identify distances that are
sensitive to head rotation or head tilting, irrespective of the
functional relationship. Furthermore, since all functional
relationships are described, MI allows us to apply a stringent
criterion for quantifying specificity.

To identify distances that are specific to SSU head rotation,
we compared the values of I(¢; d) and I(6; d). We then

I(¢p; d) ¢
64)" If S§ > 1, the

distance d is more specific to head rotation, where larger values
indicate a higher level of specificity. Distances that exhibit large

defined a specificity factor as st =

values of S;/’ are expected to be suitable for specifically
monitoring head rotation. We defined an analogous specificity
1 _ 1(6;d)
sf T 1)
mutual information for all interdomain protein distances d with
both ¢ and 6 angles are shown in Figure 4. Of the 96 distances
considered, we found that 42 distances are associated with
small mutual information with both ¢ and 6. Even though
these are interdomain distances, they would not be suitable for
experimentally following head dynamics, since they are not
sufficiently sensitive to either type of head motion. Of the
remaining protein pairs, 26 are specifically sensitive to head

rotation (S‘fl/' > 3; Table S2). We also found 7 pairs that are

more specific and sensitive to head tilting (S§ > 3; Table S3).

Structural considerations can help explain why specific
protein pairs are identified as suitable candidates to monitor
head motion. For this discussion, we will focus on example
distances that are less than 10 nm, since longer ranges are not
typically accessible in most smFRET applications. As a first
example, ds, s, (Figure Sa) is informative about head rotation
(I(¢; d) = 0.70, see Figure Sb) and negligibly informative
about head tilting (I(6; d) = 0.09, see Figure Sd). It is the most
specific shorter-range distance (<10nm) for head rotation,

The calculated values of

measure for tilting: Sg =

where S‘;/' = 7.37. In the simulations, the mean value of dg, s, is
75 A, and we find the distance varies approximately linearly
with ¢, where the slope of a linear fit is —0.4 A per degree
(Figure Sb). This strong relationship between distance and
rotation angle suggests that appreciable changes in FRET
would require changes in rotation of ~10°. As noted above,
these distances are calculated based on the centers of mass of
the proteins. Accordingly, there are numerous pairs of residues
between these proteins that are associated with shorter
distances, which may be a desirable property when designing
new experimental applications. In terms of structural proper-
ties, the vector between S2 and S7 is roughly perpendicular to
the axis of rotation (Figure Sa), which rationalizes the observed
sensitivity to rotation. This vector is also roughly parallel to the
axis of tilting, which rationalizes the insensitivity to tilting. As
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Figure 4. Identifying distances sensitive and specific to particular
forms of head motion. To identify quantitative relationships between
interprotein distances and rotations, we calculated the mutual
information between a given distance d and each angle (I(¢; d),
I(6; d)). Distances with large I(¢); d) and small I(6; d) (bottom right)

are sensitive and specific to head rotation. The horizontally oriented

line indicates §¢ = 19 — 3. Distances with large I(6; d) and small

1(0;d)
I(¢p; d) (top left) are sensitive and specific to head tilting. A line is
shown for Sde = ;EZ’?} = 3. Many distances are insensitive or

nonspecific to one form of head motion. For comparison, the
distances probed by Wasserman et al. are labeled “S13—LS” and
“SI3—tRNA”.

another example, dg, 5,0 (Figure Sa) is sensitive to head tilting
(I(6; d) = 0.59, see Figure Se) and not sensitive to head
rotation (I(¢h; d) = 0.07, see Figure Sc). This is the most

tilting-specific distance, where S:?z—sm = 8.24. In the simu-
lations, d; ;o has a mean of 77 A with a change of —0.4 A per
degree of tilting (Figure Se). Accordingly, S2 and S10
represents a promising pair for precisely monitoring head
tilting. In terms of ribosome structure, the interprotein vector
formed by these proteins is roughly parallel to the head
rotation axis (Figure Sa), suggesting it may be suitable for
monitoring orthogonal degrees of freedom, such as tilting. In

general, for pair distances that have a large S; value, the
corresponding interprotein vectors are generally found to be
parallel to the rotation axis. For a complete list of protein pairs
and specificity factors, see Tables S2 and S3. To relate these
quantities to current experimental practices, it is interesting to
note that these pairs were significantly more specific to rotation
and tilting than those used by Wasserman et al. (Figure 3a, see
stars in Figure 4).

Approaches to Simultaneously Measure Rotation
and Tilt. We will conclude our analysis by considering
possible applications of multicolor FRET experiments to
resolve the precise orientation of the ribosome. Specifically, we
will focus on the potential for three-color smFRET experi-
ments (ie., two distances) to simultaneously probe the
rotation and tilt angles of the SSU head domain. While
current multicolor methods may not have sufficient time
resolution to make such precise inferences, this analysis aims to
provide a guide with which next-generation experiments may
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Figure S. Example probes for monitoring rotation and tilting. (a)
Structure of a T. thermophilus SSU with protein S2, S7, and S10
shown. The distance between proteins S2 and S7 (ds,s;) shows
sensitivity and specificity with ¢, but not with 6. The proteins are
roughly aligned perpendicular to the rotation axis and parallel to the
tilt axis. In contrast, the distance between proteins S2 and S10
(dsys10) is sensitive and specific to 6, but not ¢. This insensitivity to
rotation is consistent with these proteins being roughly aligned along
the rotation axis. (b) 2D histogram showing the relationship between
ds, 57 and ¢@. (c) Distribution of d, ¢10 and ¢. (d) Distribution of ds, s,
and 6. The S2—S7 pair can be used to specifically monitor head
rotation during translocation. (e) 2D histogram showing the
relationship between ds, 5,9 and 6. The S2—S10 pair can be used to
specifically monitor head tilting during translocation.

dissect the complex interplay of rotation and tilting. It is
important to mention that the ability to measure the
orientation of the SSU head based on only two metrics is
not guaranteed. That is, even if one were to assume the SSU
head moves as a rigid body, the orientation will still be
associated with three degrees of freedom. Despite this, we find
that some combinations of two interprotein distances are
sufficient to unambiguously assign simultaneous values to ¢
and 6. Technically, one could also use measurements from
multiple two-color FRET experiments. However, as described
elsewhere,””*® such efforts would only be reliable if the FRET

8466

states in different experiments could be definitively assigned to
the same physical state of the ribosome.

In order to examine how simultaneously measuring two
distances could enable one to infer the values of ¢ and 6, we
defined the quantity M(ald, d;) = H(a) — H(ald, d;). This
quantity measures the decrease of uncertainty in the value of
the angle a (either ¢ or ), given the value of two distances.
This metric carries the benefits of MI, while enabling one to
systematically identify which pairs of distances yield the largest
amount of information about the head orientation. To
compare between different pairs of interdomain distances, we
considered the metric M(ald, d;,) for all possible pairs of
interdomain distances d; and d, (Figure 6a,b). We will limit
the discussion to sets of pairs that contain a common protein.
This condition is imposed in order for the current analysis to
be amenable to three-color FRET experiments. Of all
considered pairs, the most promising candidates are those
that exhibited large values for M(¢ld, d;) and M(6ld, d}-)
(Figure 6a,b). For eight distance pairs, we find that both
metrics are greater than 1.3 (Table S4). Accordingly, this
analysis identifies a small set of protein triplets that may be
used to simultaneously probe the rotation and tilt angles of the
SSU head.

To provide an illustrative example for how two distances
may be used to infer rotation and tilt, we will consider dg;, g9
and dg;5519- ds1a519 does not yield exceptionally large mutual
information values for ¢ or 8(I(¢h; dsy,519) = 0.55, I(6; ds15,519)
= 0.53), suggesting that this distance is not particularly useful
when used alone. However, interestingly, this pair of distances
shows high M values for both ¢ and 0, indicating they may be
used together to obtain insights into the simultaneous values of
both angles. To demonstrate how these distances may be used
to differentiate between predominantly rotated and predom-
inantly tilted orientations, we calculated the conditional
probability P(alR), where a is either ¢ or 6, and R denotes a
region of configuration space defined by the two coordinates.
First, we considered the region R to be defined as 9.3 nm
<dg;,619< 9.6 and 9.0 nm <dg), 5,9< 9.3 nm. For these values
of the distances, ¢ is distributed around 2°, while § =~ 12°
(Figure 6c,d), which corresponds to a predominantly tilted
ensemble. In contrast, when the region R is defined as 10.8 nm
<dg;1,619< 11.1 nm and 9.0 nm <dg;, 5;9< 9.3 nm, then ¢ ~

15° and € = 5°, corresponding to predominantly rotated
configurations (Figure 6e,f). Taking this further, we also find
that these two distances may be used to simultaneously infer
reliable estimates of ¢ and O throughout the translocation
process. For this, we performed a multilinear least-squares
regression analysis for head angles with dg; 519 and dg;5 519. The
best fit provides a quantitative relation between the two
distances and two angles (distances are in nm and angles in

degrees):

¢ = —9.82dg,, 519 + 4.17dg,, 519 + 71.36

0 = 5.82dg;, 510 + 7.95dg), 510 — 124.16

This multilinear least-squares regression is an accepted
model for the dependence of ¢) and 6 on dg;;_g19 and dg;5_g19,
as suggested by examining the covariance matrix of the
regression coefficients (see Table SS). Since the two distances
are defined by a protein triplet, this shows how three dyes
could be used in a multicolor smFRET experiment to
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Figure 6. Complete determination of SSU head orientations. To quantify the precision with which rotation or tilt may be inferred based on
knowledge of two distances (d; and d/-), the metric M(ald, d]-) = H(a) — H(ald, d,-) was applied (a is an angle). High values indicate that two
distances may be used to precisely determine the angle. In contrast to mutual information measures (Figure 4), a large value of M for both ¢ and
would indicate the pair may be used to distinguish between the two types of rotation. (a) M(¢ld, dj) for all combinations of distances. (b) M(6ld,
d;) for all combinations of distances. Some pairs of distances show large M values for both angles, indicating they may be used to define accurate
least-squares regression models (see Results section). (¢, d) Conditional probability distributions (unnormalized) when d; = dg;; 519 and d; =
ds5 519 are known. For the first ranges of d,; 519 and dgy; 519 (panels c and d), one could infer that the head is tilted and unrotated. Conversely, for a
second range of values (panels e and f), one could precisely infer that the head is rotated and marginally tilted. For a 2D heatmap showing these
populations of head orientations conditioned on distance values, see Figure S6.

simultaneously monitor SSU head rotation and tilting during
translocation.

B DISCUSSION AND CONCLUSIONS

Quantifying Energetics of Large-Scale Assemblies.
The current study makes an effort to establish quantitative
relationships between possible experimental measurements and
specific motions of interest in the ribosome. While decades of
biochemical and structural analysis have revealed a broad range
of subunit orientations in the ribosome, the precise relation-
ship between rearrangements in the ribosome and functional
dynamics of tRNA molecules is still an active area of
investigation. In the case of SSU head rotation, cryo-EM and
X-ray crystallography studies have shown that changes in head
rotation are associated with the adoption of so-called hybrid
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tRNA configurations. While such correlations implicate an
energetic relationship between tRNA molecules and the
ribosome, the nature of this association has yet to be
quantified.

In terms of the physicochemical properties of elongation,
one may envision a number of ways in which the free-energy
landscape of a tRNA molecule may depend on the orientation
of the ribosomal subunits. First, there may be weak energetic
coupling between the tRNA molecules and the subunits, where
the landscape of the tRNA is only marginally influenced (~kzT
scales) by subunit rotation. An alternate scenario would be that
a large free-energy barrier (>10k;T) is associated with
movement of the tRNA, where the barrier abruptly reduces
in scale once the ribosome has reached a critical rotation state.
Yet another possibility is that each tRNA molecule has a free-
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energy minimum that is monotonically displaced as the subunit
rotates. Each of these relationships represents a plausible
proposal, though determining which physicochemical mecha-
nism is applied will rest on the ability to reliably monitor and
describe the orientations of the subunits.

Through the analysis of simulated tRNA translocation
trajectories, we provide a statistical foundation that will allow
the field to precisely monitor the orientation of the SSU head
domain. After considering 96 potential protein pairs that may
be labeled in experiments, we find that 33 appear to be
promising. These measures are sensitive and specific to either
head rotation, or head tilting. If one were to probe these sites
experimentally, then the presented analysis would serve as a
physical basis for directly interpreting the structural signifi-
cance of a given signal. Thus, through this form of analysis,
future experiments may soon be able to precisely quantify the
dynamical relationships of the many molecular components of
this assembly.

Opportunities and Challenges. To conclude our
discussion, it is important to briefly discuss some remaining
challenges in the development of next-generation single-
molecule methods. These obstacles may require novel
theoretical developments, as well as strategies to overcome
practical experimental limitations.

In terms of theoretical challenges, there are two notable
steps that should be pursued in the immediate future. First, the
current study focused on the separation of the centers of mass
of proteins. Since smFRET experiments label individual
residues, and not the center of mass, additional analysis
could help further guide the placement of novel probes. In this
direction, it is important to note that the radius of a typical
SSU ribosomal protein is roughly 2 nm, whereas the
interprotein distances considered here are generally signifi-
cantly longer. In addition, ribosomal proteins remain folded
and ribosome-bound during subunit rotation. Accordingly, it is
expected that during head rotation most residue—residue
distances will be strongly correlated with the associated center-
of-mass distances. However, even though the current analysis
does not implicate specific residue pairs, it provides an intuitive
strategy for identifying promising labeling sites. That is, residue
pairs that are aligned parallel to the rotation axis are generally
expected to be more sensitive to tilting, while those that are
parallel to the tilting axes should be more sensitive to rotation.
To systematically consider and assess specific residue pairs, one
could consider expanding the analysis to include all residue—
residue pairs. However, with the large number of protein
residues in the ribosome, direct evaluation of all coordinates
would rapidly become computationally intractable. As an
alternate, analytical approaches that employ rigid-body
approximations may be sufficiently accurate that one could
reliably identify and sort the effects of labeling position within
a protein. Such an effort could provide a smaller set of
promising residue pairs, which could then allow for more
rigorous characterization of dyes and labeling sites (e.g,
simulation-based modeling approaches to quantify dye
mobility®).

Another potential theoretical limitation is the choice of
model that is used to generate representative trajectories of a
given process. Here, we used an all-atom model with simplified
energetics (i.e,, structure-based “SMOG” model). In this
model, the energetics of the tRNA molecules are approximated
as only having attractive interactions with the ribosomal
binding sites. Thus, the relationship between tRNA and the
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SSU head is steric in nature. While this provides an appropriate
first approximation, the most notable omission in this model is
the lack of electrostatic interactions. To address this, a SMOG
model variant was recently presented that includes explicit
electrostatics and diffuse ions.”” In that specific study, the
process of aa-tRNA accommodation was simulated, where the
tRINA molecule spontaneously associates and dissociates with
the ribosomal A site. Those calculations showed that, even
though the free-energy barrier was very sensitive to the ionic
composition, the overall mechanistic/structural properties
were robust. That is, the sequence of conformational steps
was similar when explicit ions were included, or when
electrostatics and ions were excluded. Given the strong steric
relationship between tRNA motion and SSU head rotation, it
is reasonable to anticipate a similar level of robustness in the
dynamics of translocation. Thus, while the current model is not
energetically complete, one expects that the study of
coordinates will not depend strongly on the choice of model.

In terms of experimental methods, the most prominent
challenge is that ideal probe locations are not always
biochemically accessible. That is, one must select sites that
will not perturb the assembly and functional dynamics of the
biomolecular complex. Fortunately, recent biochemical techni-
ques presented by Desai and Gonzalez’' largely mitigate this
issue for the ribosome. In their protocol, one can encode
noncanonical amino acids in almost any ribosomal protein, and
a dye is then ligated to the mutated residue. In their proof-of-
principle application, they labeled eight different proteins on
the SSU (SS, S6, S7, S11, S12, S13, S18, and S19). In our
analysis, we find that many combinations of these proteins can
be suitable for specifically monitoring head rotation. However,
none of the identified tilt-specific measures are formed by pairs
of proteins from this experimentally probed set. Accordingly,
introducing dyes to a specific set of additional proteins may be
sufficient to decipher the balance between rotation and tilting
in experiments.

Another opportunity for advancing single-molecule studies
of the ribosome involves accessing longer distances. While we
find interprotein pairs that are specific to rotation or tilting,
many of the highly ranked pairs are associated with distances
that exceed 100 A, which would not be viable for most
smFRET experiments. To address this, there are ongoing
efforts to improve the use of zero-mode waveguides (ZMWs)
to provide enhanced signals at distances well beyond this range
for model systems.”" In addition, there is a history of successful
applications of ZMW technology in smFRET experiments of
the ribosome.”””®> While there may be technical challenges
associated with implementing ZMW methods to access longer
distances in the ribosome, our analysis provides a motivation
to pursue such efforts.

B CONCLUSIONS

Studies at the interface of theory and experimentation have
proven to be extremely effective at enabling physically guided
molecular-level experiments. In addition, this synergy has
provided much needed quantitative assessments of molecular
processes, which have allowed for further refinement of
theoretical concepts. For the ribosome, a similar opportunity
is beginning to arise from a combination of innovative single-
molecule methods and advances in theoretical techniques. The
current study serves to highlight the utility of theoretical
models by providing a guide for developing next-generation
single-molecule experiments. We also present an example
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where current single-molecule methods provide a valuable
point of comparison, upon which theoretical models may
continue to be refined. It is our expectation that similar
comparisons will increase in frequency, which will ultimately
allow for an experimentally grounded physicochemical
description of the ribosome to emerge.
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