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ABSTRACT: Proper ionic concentrations are required for the
functional dynamics of RNA and ribonucleoprotein (RNP)
assemblies. While experimental and computational techniques
have provided many insights into the properties of chelated ions,
less is known about the energetic contributions of diffuse ions to
large-scale conformational rearrangements. To address this, we
present a model that is designed to quantify the influence of diffuse
monovalent and divalent ions on the dynamics of biomolecular
assemblies. This model employs all-atom (non-H) resolution and
explicit ions, where effective potentials account for hydration
effects. We first show that the model accurately predicts the number of excess Mg** ions for prototypical RNA systems, at a level
comparable to modern coarse-grained models. We then apply the model to a complete ribosome and show how the balance between
diffuse Mg** and K" ions can control the dynamics of tRNA molecules during translation. The model predicts differential effects of
diffuse ions on the free-energy barrier associated with tRNA entry and the energy of tRNA binding to the ribosome. Together, this
analysis reveals the direct impact of diffuse ions on the dynamics of an RNP assembly.

B INTRODUCTION which can be attributed to screening effects and ion-mediated
interactions.”*” The diffuse ionic environment can also control
tertiary structure formation in RNA,” including ribozymes™® and
the ribosome.”” A complicating factor when studying diffuse
ions is that monovalent and divalent ions competitively associate
with RNA. Due to this, a balance of entropic and enthalpic
factors can lead to nontrivial relationships between ionic
concentrations and biomolecular stability/dynamics.

The essential roles of ions in biology has motivated their study
over a wide range of temporal and spatial scales. There are now
many computational approaches available that include implicit-
solvent and all-atom explicit-solvent representations, as well as
coarse-grained models. Within the class of implicit-solvent
models, there have been applications of nonlinear Poisson—
Boltzmann theory,zg_30 counterions condensation models,>' ~3¢
reference interaction site model,”’ >’ and Debye—Hiickel
(DH) treatments,”*™** among other strategies.43_45 While
these methods can provide accurate representations of the local
electric fields, it is common for these approaches to neglect ion—
ion correlations, which can make it difficult to distinguish
between the effects of monovalent and divalent species.*”*” In
the study of biomolecular assemblies, coarse-grained models
frequently employ a DH treatment for monovalent ions.*® This

Many large-scale biomolecular processes in the cell depend on
the presence of monovalent and multivalent ions. The
contribution of cations to structure and dynamics has been
experimentally documented for a variety of systems, includin%
RNA,'~° DNA,”* and ribonucleoprotein (RNP) assemblies.”"
A particularly well-characterized RNP assembly is the ribosome,
for which specific counterion concentrations are needed for
assembly'"'* and conformational transitions between func-
tional states.>'* In terms of biological function, in vitro studies
have revealed how ions can even regulate the accuracy of protein
synthesis by the ribosome.'>'® While the broad influence of
counterions is acknowledged, identifying the physical—chemical
relationship between ions and the mechanical properties of
large-scale RNP assemblies has remained elusive.

The solvent environment around RNA is generally described
as containing chelated and diffuse ions.”* Chelated (i.e., inner-
shell) ions are partially dehydrated, which allows them to form
strong direct contacts with RNA.>""” As a result, chelated ions
can remain bound to RNA for millisecond—second time
scales,"* ™ which exceeds the duration of many biomolecular
processes. In contrast, diffuse (outer-shell) ions maintain a
coordinated hydration shell (e.g, (MgH,0)s*") and associate
less strongly with RNA. Even though water molecules can
exchange rapidly (microseconds),”' ™ each ion remains fully Received:  April 16, 2022
hydrated. Accordingly, the behavior of a diffuse ion is primarily Published: May 20, 2022
determined by longer-range electrostatic interactions. Despite
the transient and weak influence of individual diffuse ions, their
collective effect can be significant. For example, tRNA structural
stability increases with the concentration of monovalent cations,
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is appropriate for describing interactions between opposing
charges (e.g., protein—DNA association®*?), though it can not
(by construction) capture ion-induced attraction between
polyanionic molecules.”’ To address this shortcoming, coarse-
grained models that include explicit-ion representations have
been developed to analyze ion-mediated attraction in DNA.>>>
Explicit-ion models with coarse-grained RNA representations
have also been successful in predicting blomolecular stabil-
ity,*** as well as the mechanisms***” and energetics®” of large
RNA folding. At a higher level of spatial resolution, ion
parameters are available for use with all-atom explicit-solvent
simulations.”> ™’ In various applications, these have provided
interpretations of ensemble experimental data®® and insights
into the energetics of small RNA systems.”” " While explicit-
solvent techniques may be applied to larger systems, the
associated computational requlrements have limited the
accessible time scales to microseconds.’” As a result, there is
not an all-atom model available for which it is tractable to
directly connect the properties of diffuse ions with slow
(millisecond) conformational processes in large-scale RNP
assemblies.

To probe how diffuse ions influence conformational dynamics
in biomolecular assemblies, we developed an all-atom (non-
hydrogen atom) model that employs simplified energetics for
each biomolecule, along with a transferrable effective potential
for explicit monovalent (K*, CI”) and divalent (Mg*") ions. In
this model, which we call SMOG—ion, an all-atom structure-
based (SMOG) model®*®* is used to define intramolecular
interactions, while ionic interactions are assigned nonspecific
effective potentials and Coulomb electrostatics. The ion
parameters were first refined based on comparison with
explicit-solvent simulations of small model systems (rRNA
helix and protein S6). A subset of the ion—RNA parameters were
then further refined through comparison with an experimental
measure of the excess ionic atmosphere for a prototypical rRNA
fragment. While the parameters were defined based on
experiments performed for a single system and concentration,
we find the model accurately describes the concentration-
dependent properties of the diffuse ionic atmosphere for
multiple small RNA molecules. Building upon these bench-
marks, we applied the model to simulate a bacterial ribosome in
the presence of monovalent and divalent ions. We find that the
free-energy barrier of a large-scale (~30 A) conformational
rearrangement (i.e., tRNA accommodation) is regulated by the
diffuse ionic environment. In addition, the affinity of tRNA for
the ribosome shows a clear ionic concentration dependence.
Together, these calculations implicate a direct relationship
between diffuse ions and the structural dynamics of this large
biomolecular assembly.

B METHODS

Structure-Based “SMOG” Model with Explicit lons. The
SMOG—ion model is an all-atom structure-based “SMOG”
model®*** with explicit electrostatics and an explicit representation of
diffuse ions (K*, CI~, and Mg?*). Ionic interactions are defined in terms
of Coulomb electrostatics and effective potentials. The potential energy
may be described in terms of two components:

V= Vomoc + & (1)
Vsmog refers to the all-atom structure-based potential energy, and Vi
describes the potential energy of all electrostatic interactions.

In the all-atom structure-based SMOG model (Viyoc),”>** all non-
hydrogen atoms are explicitly represented and an experimentally
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identified configuration is defined as the global potential energy
minimum. The functional form of the SMOG model is given by
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where
Fo() = [1 — cos(¢, — ¢)] + %[1 — cos(3(¢h — @)1

The ¢0 are given the values found in a preassigned configuration.

r and@,< are assigned the corresponding values found in the

Amber99sb 1ldn force field, as employed in a previous SMOG-
AMBER model.° Interaction weights are assigned as defined i in ref 64.
Contacts are defined using the Shadow Contact Map algorithm®” with a
6 A cutoff and a 1 A shadowing radius.

In contrast with previous SMOG models, we included a 12—18
potential for atom pairs that are not in contact in the experimentally
defined structure. This was introduced in order to define an excluded
volume potential that mimics that of the AMBER force field, without
including a deep attractive well (Figure S1). With this approach, the
steric representation provided by the model is consistent with the more
highly detailed AMBER model, while introducing a minimal degree of
nonspecific energetic roughness. The coeflicients Cj3 and C,, were
defined for each type of interaction based on fits to the corresponding
6—12 potentials in the Amber99sb-ildn force field®® (Figure S1).

The electrostatic representation (Vj) includes direct Coulomb
interactions (V_yyomp), effective excluded volume potentials for diffuse
ions (Vign_exa) and effective potentials that describe ionic solvation

effects (V,)):

‘/E = choulomb + V;on—excl + V;ol
94; A S o —c®p, _gipR
— —C¥[r=R™]
Z SDIRED I DI
T i k=1 (3)

4ree,r; P
V. ouiomb Tepresents the direct Coulomb interactions between a pair of
charges g, and g; with interatomic distance r;;. £ is the dielectric constant
for water (80) and & is the permittivity of free space. The partlal charge
of each atom was derived from the Amber99sb-ildn force field.* Since
the SMOG—ion model only includes non-hydrogen atoms, the partial
charge of each hydrogen atom in the AMBER force field was added to
the corresponding non-H atom.

The effective excluded volume of each diffuse (hydrated) ion is
account for by Vi ,_.q Consistent with previous efforts to model
explicit ions in a coarse-grained model,** pairwise potentials of the form
% were used to define the excluded volume between ion i with atom j.
"ij
The parameter A is different for each type of interaction in the model
(e.g, C1-Cl, CI-K, K—O, etc.). To simplify notation, subscripts are not
shown. Following the protocol of Savelyev and Papoian,”” the values of
the parameters {A} were obtained through refinement based on
comparison with explicit-solvent simulations (see Supporting In-
formation for details).

The term V| describes solvent-mediated ionic interactions, which
manifest in the form of ionic shells. The functional form is the same as
used previously,”* where a sum of Gaussians describe the shells B® <
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Figure 1. Describing the dynamics of diffuse ions: The SMOG—ion model. To study the influence of diffuse ions on large-scale molecular assemblies,
we developed an all-atom model with simplified energetics (SMOG—ion) in which monovalent and divalent ions are explicitly represented. In this
model, intramolecular interactions are defined by a structure-based model,*>** partial charges are assigned to each atom, and effective potentials are
introduced to account for the effects of ion—ion correlations and hydration. (a) While chelated ions form strong interactions with biomolecules, diffuse
ions (green beads) maintain hydration shells (gray rings) that prevent tight binding. (b) Structure of helix 44 (h44) of the ribosomal small subunit,
which was used as a test system for initial parametrization of the model. (c) An rRNA 58-mer that was used for comparison and calibration against
experimental measurements. (d) Potential for diffuse Mg* interactions with highly charged RNA oxygen atoms before (sO parameters, blue) and after
(s1 parameters, red) refinement against explicit-solvent simulations of h44. After refinement, the corresponding radial distribution function (e) agrees
well with that obtained using the explicit-solvent model, which ensures the ionic shells are consistently described. For a list of modeled interactions, see
Tables S1—SS. For comparison of g(r) for all interaction types, see Figure SS. After comparison with explicit-solvent simulations, minor adjustments to
Mg** and K" interactions were subsequently introduced based on comparison with experiments for the 58-mer.””

0) and intervening barriers (B® > 0). For each type of interaction (Vo)™ such that T, + = Nyt — Prg2+ X Viox- To calculate the
considered, up to five Gaussians were included to describe up to three
(outer) ionic shells. The location (R®) and width (C) of each
Gaussian was set based on an initial fit to the corresponding radial
distribution function. The amplitude of each Gaussian (B®) was
refined based on comparison with explicit-solvent simulations and
experimental measurements (details in the Supporting Information).
Consistent with the assignment of excluded volume parameters, unique
Gaussian parameters were assigned to each type of modeled interaction.
As a note, the parameters in our model are not concentration
dependent. Since calculations and experiments have shown the strong
concentration dependence of ionic chemical potentials for large

bulk density, the RNA fragment was first recentered in the box for each
frame of the trajectory. The box was then partitioned into five equal-
width (~140 A) slabs. The average density of Mg®* was then calculated
by excluding the central (RNA-containing) slab. For each system and
ion concentration, the effective concentration was calculated for 20
independent replicas. The uncertainty in the concentration was defined
as the standard deviation of the 20 replicate values. While simulating
many replicas helped reduce the uncertainty (standard deviation of
[MgCl,] ~ 0.005S mM), due to the large dimensions of the simulated
systems, this leads to a residual uncertainty of ~1 in Prg+ X Viox- This

changes in ionic strengths (0—5.5 m),® the parameters in the uncertainty is then propagated to I',,.
SMOG—ion model will likely need to be rerefined if one seeks to When calculating I, ,, it was necessary to account for chelated ions,
study higher ionic concentrations than those considered here. as well as the diffuse ionic environment. Since the SMOG—ion model
Upon publication, the SMOG—ion model will be freely available was only parametrized to describe diffuse ions, strongly bound chelated
through the SMOG 2 Force Field Repository (https://smog-server. (inner-shell) ions were assigned a priori. In the adenine riboswitch,
org/smog2 — Force Field ID: AA_iOHS_WaDg22~V1)- there are five Mg2+ binding sites (Figure S2b) identified in the crystal
Calculating Preferential Interaction Coefficients. We calcu- structure (PDB: 1Y26).”* However, the binding site of Mg3 is formed
lated the preferential interaction coefficient of Mg" ions (I',,) from by crystallographic interactions’* and no divalent cation binding could
simulations with the SMOG—ion model and used it as a metric to be detected in the vicinity of this position through high-resolution

compare with experimental measurements. I',, describes the “excess”
number of Mg** ions that accumulate around an RNA molecule due to
electrostatic interactions.®”~"* In the current study, I',, was calculated
by taking the difference between the total number of simulated ions
(NMgz+) and the expected bulk value. The expected bulk number is the

NMR spectroscopy and titration methods.”> Accordingly, this chelated
ion was not included in the current simulations. However, since the
other four Mg** ions are found deep within the grooves of the RNA,
they were defined to be harmonically restrained to their chelation
pockets. To compare with experimental approaches, which report the
product of the bulk density (/)Mg2+) and the volume of the simulated box number of diffuse and bound ions, the four chelated ions were included
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Figure 2. Characteristics of monovalent and divalent ion—RNA association. (a) Spatial distribution function (SDF) of diffuse Mg*" ions for the 58-mer
([MgCL,] = 1 mM, [KCI] = 150 mM). The isosurface represents a 1.3 M concentration of Mg** (1300-fold enrichment over bulk). (b) SDF for diffuse
K" ions (isosurface at 1.3M). (c) The difference between the SDFs: Ap = Prgt ~ Pxch where p, is the SDF of ion type i. The green isosurface shows

preferential association of Mg** ions (Ap = 1.3M), while yellow shows a preference for K* ions (Ap = —1.3M). K* tends to populate the RNA grooves,
consistent with its significant influence on the stability of secondary structure.' Mg** ions are dominant along the RNA backbone, consistent with their
contribution to tertiary structure formation.”****” (d) SMOG—ion model predicts population of crystallographically reported ionic densities. SDF
calculated for diffuse Mg** ions (chelated ion not included) after applying a Gaussian filter. Isosurface shown for Mg** concentration of 0.5 M.
Crystallographically assigned nonchelated Mg** ions (pink) and Os** ions (blue) are within the predicted regions of high diffuse Mg>* densities, except
a solitary Mg*" ion near the terminal tail (dashed circle). In experiments, crystallographic contacts with the tail likely facilitate ion localization. In
addition to predicting the crystallographic ions, there are two additional regions of high density (dashed boxes), which may further contribute to
tertiary structure formation.

in our calculation of I';,. Chelated ions in the 58-mer are described in statics and effective potentials (V, eq 3). The “structure-based”

the Results section. terms explicitly favor a predefined biomolecular structure, while

the effective potentials ensure that the local distribution of ionic
B RESULTS
To identify the effects of diffuse ions on the dynamics of
biomolecular assemblies, we developed an all-atom model with
simplified energetics and explicit ions (K*, CI”, Mg*"), which we

species is consistent with in vitro measurements. After describing
performance benchmarks and parametrization, we demonstrate
how this model may be used to isolate the influence of diffuse

call SMOG—ion. An all-atom structure-based (SMOG) ions in a molecular assembly. Specifically, we compare the
model®>®* with explicit charges defines the biomolecular dynamics of the ribosome with multiple variants of the model,
energetics. Ionic interactions are defined by Coulomb electro- which reveals the direct impact of diffuse ions on the kinetics of a
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large-scale conformational transition that is central to protein
synthesis.

Simplified Model Reproduces in Vitro lonic Distribu-
tion. To parametrize the SMOG—ion model, we first refined the
interaction weights based on comparisons with explicit-solvent
simulations of multiple systems (Figure 1 and Figure S3) for a
single ionic composition ([MgCl,] ~ 10 mM, [KCI] ~ 100
mM). The explicit-solvent simulations used the Amber99sb-
ildn® force field with Mg?* parameters described by Aqvist®®
and monovalent jon (K" and CI”) parameters of Joung and
Cheatham.’® We refined the ion—ion, ion—RNA, and ion—
protein interactions in our model using the procedure of
Savelyev and Papoian,52 where linear parameters in the
Hamiltonian are iteratively updated through use of a first-
order expansion of the partition function (eq S2b). With regards
to nomenclature, “sN” denotes the model parameters after
refinement step N. The initial parameters (s0; Figure 1d, blue
curve) were estimated based on inspection of radial distribution
functions (RDFs) calculated from explicit-solvent simulations
(Figure S4a). With the sO parameters, the positions and widths
of the peaks in each RDF were consistent with the explicit-
solvent model (Figure le, blue curve), though there were
significant differences in the heights of each peak. We then
sequentially refined the ion—ion, ion—RNA, and ion—protein
interactions (i.e, sl parameter set; details in Supporting
Information). The s1 model produced RDFs for Mg**, K7,
and CI™ that exhibited excellent agreement with those obtained
with the explicit-solvent model (Figures le and SS). This initial
refinement ensures the description of outer ionic shells is
comparable to predictions by more highly detailed models.

In the second stage of refinement, a subset of the ion
parameters was adjusted based on comparison with exper-
imental measures of diffuse ionic distributions. For this, the
preferential interaction coefficient of Mg’* ions (I',,) was
calculated from simulations of a $8-nucleotide rRNA fragment”®
(Figure lc and Figure S2a). For consistency with the
experimental conditions,”” we simulated the S$8-mer with
[MgCl,] = 1 mM and [KCI] = 150 mM. Even though the s1
model parameters recapitulate the jonic distributions predicted
by the explicit-solvent model (Figure le), I',, was significantly
underestimated for the 58-mer. Specifically, the predicted value
of T',, was 2.2 + 0.6, whereas the experimental value was 10.4.”*

Since the underestimation of I',, indicated an imbalance
between K* and Mg** association strengths with RNA,” we
introduced minor changes to the Mg>* and K" interactions with
highly electronegative RNA atoms. In explicit-solvent simu-
lations of RNA, excess K' ions are frequently partially
dehydrated, which can artificially amplify the effective strength
of K*-RNA interactions.”””® This observation is at odds with
NMR studies that have reported most K* ions tend to remain
fully hydrated.'” Since the sl parameter set was based on
comparison with an explicit-solvent model, we removed the
effective potential that stabilizes short-range (first outer shell)
interactions between diffuse K* ions and electronegative (g <
—0.5) O and N atoms (yielding the s2 parameter set). While this
increased I',, from 2.2 (s1) to 6.4 (s2), the persistent
underestimation of I',, suggested the effective potential for
Mg** was also insufficiently stabilizing. Since I',, is predom-
inantly influenced by the distribution of diffuse Mg®" ions
around highly electronegative atoms,””’” we introduced a small
increase to the stability of these interactions in our model. Using
estimates obtained from an energetic-based reweighting
strategy,''> we tested the effect of increasing the short-range
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(outer shell) Mg*" interaction by 0.16¢ (s3 parameter set).''

With this change, I';, = 9.5 + 0.7, which is comparable to the
experimental value of 10.4. Due to the uncertainty in the
calculated Ty, values (see Methods), we decided to terminate
the refinement process upon reaching this level of agreement.
For all subsequent analysis, we used the s3 parameter set, which
will simply be referred to as the SMOG—ion model.

Spatial Partitioning of Diffuse lonic Species. Our
simplified model predicts condensation and spatial partitioning
of ionic species, which is consistent with monovalent and
divalent ions contributing differentially to the stability of
secondary and tertiary structure in RNA. The predicted spatial
distributions (Figure 2) for the S$8-mer are generally
corroborated by prior crystallographic analysis and explicit-
solvent simulations. In terms of biomolecular structure, K ions
primarily populate the major grooves of the RNA, while Mg**
ions appear to bridge interactions associated with tertiary
structure.

Before comparing the predicted ionic distributions with
crystallographic data, it is necessary to describe the experimental
assignment of ions. The crystal structure of the 58-mer’® (PDB
ID: 1HC8) contains two asymmetric protein—RNA assemblies
in the unit cell, and there are eight Mg>* assignments that are
common (Figure 2d, pink beads)."'” Of these common
assignments, Poisson—Boltzmann calculations indicate one is
likely to be bound (Figure 2d, circled; binding free energy
AGyg = —4.8 kecal/mol, ref 79). On this basis, the system is
typically described as possessing a single chelated Mg** ion.”®
Since our model was parametrized for the study of diffuse ions,
harmonic interactions were introduced to maintain the position
of this single chelated Mg”* ion. There is also a chelated K*
(described in ref 76) that we restrain to its binding site. Finally,
the crystal structure has two nonchelated Os®* ions that were not
included in our simulations.

The SMOG—ion model predicts high local concentrations of
Mg** ions that coincide with the crystallographically resolved
positions of nonchelated multivalent ions. Specifically, the
model predicts regions of high Mg>* density that overlap with six
of the seven nonchelated Mg** positions (Figure 2). The only
outlier is positioned near the terminal guanosine-5'-triphos-
phate residue (Figure 2d, dashed circle). In the simulations,
mobility of the tail impedes ion association. In contrast, in the
experimental structure, crystallographic contacts with the tail
likely reduce the flexibility, which in turn can facilitate a higher
ion density. The model also predicts high Mg** densities that
overlap with the experimentally assigned positions of both Os**
ions (Figure 2d, blue beads). Overall, consistency between the
predicted SDFs and crystallographic analysis suggests that our
model provides an accurate description of the local ionic
environment.

The SMOG—ion model implicates differential contributions
of monovalent and divalent ions to the stability of RNA. In our
model, diffuse K* and Mg** ions both populate the major groove
of double-stranded RNA helices (Figure 2a,b), as predicted by
explicit-solvent simulations.*”®" This shows how both ionic
species can contribute to the stability of secondary structure in
RNA, a property also predicted by coarse—grained models.”
Consistent with explicit-solvent simulations,”” we also find that
Mg** ions accumulate around each backbone phosphate group
(Figure 2c, green). As demonstrated in simulations with coarse-
grained models,”®*”*’ the observed distributions reinforce the
notion that diffuse Mg®* ions are a primary contributor to
tertiary structure formation in RNA. Interestingly, the model
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Figure 3. Simplified model captures concentration-dependent ion association. (a) Tertiary structure of the 58-mer rRNA fragment”® (colored as in
Figure 1c). (b) Preferential interaction coefficient (I',,) for the $8-mer ([KCl] = 150 mM), shown for the SMOG—ion model, previous experimental
values” and predictions from a coarse-grained model of Nguyen et el.*” While our model was parametrized based on comparison with the
experimental value of I',, at [MgCl,] = 1 mM, the predicted concentration dependence (green dots) follows the experimental behavior (red curve) and
agrees well with previous predictions from the coarse-grained model*’ (purple dots). (c) Tertiary structure of the adenine riboswitch,” colored as in
Figure S2b. (d) The value of I',, for the adenine riboswitch ([KCl] = SO mM), obtained with the SMOG—ion model (green dots), experimental
measurements > (dark red curve), and the coarse-grained model of Nguyen et al.*® (purple dots). There is excellent agreement between the values,
even though the riboswitch was not used for model parametrization, and our model parameters were established using benchmark systems at higher
value of [KCI] (100—150 vs SO mM). Accordingly, these comparisons support the transferrability of the model to other RNA systems and ionic
concentrations. Error bars in (b) and (d) represent the standard deviation of I',, calculated from 20 replicate simulations.

predicts two regions of high Mg>" density that do not coincide
with assigned ion positions (Figure 2d, boxed regions). Both of
these regions span RNA segments that are distant in sequence.
These high-density regions further suggest how Mg** ions may
facilitate higher-order structure formation in RNA.

Model Captures Concentration-Dependent lonic
Atmosphere. Before applying the SMOG—ion model to a
large biomolecular assembly, we evaluated its transferability by
comparing the concentration dependence of I',, with
experimental values and those recently obtained with a coarse-
grained model.* For this, we considered two different RNA
molecules: the 58-mer rRNA fragment’> and an adenine
riboswitch.”> Comparing concentration-dependent values of
I',, allows one to ask whether the modeled parameters
appropriately describe the competition of ionic species. It is
important to note that the ion—RNA interaction strengths were
assigned based on comparison with explicit-solvent simulation
and a single experimental value of I',,. Accordingly, calculating
I';, values for multiple systems over a range of ion
concentrations represents a blind test of the transferability of
the model.

We first compared with previously predicted and exper-
imental”” values of I',, for the 58-mer rRNA (Figure 3a,b).
While the SMOG—ion model was calibrated using the 58-mer

with [MgCL,] = 1 mM and [KCI] = 150 mM, we find it
accurately predicts the change in I',, as a function of [MgCl,] .
Over the studied concentrations (~0.1—1 mM), the exper-
imental I',, values change by 8.0, whereas the model predicts a
change of 6.6. There is a systematic underestimation (~1) of the
I',, values at higher ion concentrations, though the statistical
uncertainty in the theoretical values is comparable to this
difference (Figure 3b). In addition, the values of I',, predicted
by the SMOG—ion model agree well with those obtained with a
leading coarse-grained model® (Figure 3b, purple dots). It is
important to note that this analysis was performed for a
hyperstable variant of the rRNA (U1061A), and comparisons
are limited to higher experimental ionic concentrations. Since
this RNA is known to remain folded under these conditions, this
set of comparisons allows us to specifically assess the accuracy of
the ion parameters, in a manner that is independent of the
biomolecular potential. However, it is possible that the
experimental values also reflect concentration-dependent effects
on RNA structure that are not addressed here. With these
experimental and statistical uncertainties in mind, one may
consider the residual differences between I, values to be minor.

Applying the model to the adenine riboswitch (with ligand
bound) (Figure 3c) demonstrates the transferability of the ion
parameters. Since the riboswitch was not utilized for any aspect
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Figure 4. Diffuse ions facilitate aa-tRNA elbow accommodation. (a) Structure of the 70S ribosome with 23S rRNA in gray, 16S rRNA in cyan and
proteins in blue. The ribosome is shown in complex with an A/T-configured aa-tRNA (yellow), P-site tRNA (red), E-site tRNA (orange), and mRNA
(purple). (b) aa-tRNA elbow accommodation involves a ~ 25 A rearrangement between A/T and EA configurations. R,y is the distance between the
03’ atoms of U60 in the aa-tRNA and U8 in the P-site tRNA.** (c) Representative trajectories of simulations using all-atom structure-based models
with different treatment of electrostatics and diffuse ions. In all systems, spontaneous transitions are observed between the A/T and EA ensembles. The
electrostatics-free and ion-free model® (top) is used as a reference, where there is roughly equal probability of adopting either end point. Depending
on the ionic concentration (middle, bottom), the range of accessible tRNA positions is shifted. (d) The potential of mean force (PMF = —kpT In(P))
for each model. In the absence of electrostatics and diffuse ions (dashed line), the free energies of the A/T to EA ensembles are comparable. When
explicit electrostatics is included, and [KCI] = 100 mM with a concentration of 0.1 mM for diffuse Mg>* ions (blue), the landscape is shifted toward the
A/T ensemble. At higher concentrations of diffuse Mg** ions (orange curve and Figure S7) the free-energy of the transition state ensemble (TSE) is
reduced and the landscape is shifted toward the EA ensemble, which corresponds to aa-tRNA binding of the ribosome.

of parameter refinement, it serves as a blind test of the predictive Explicit-solvent simulations have also been used to calculate
capabilities of the model. In addition, the experiments were diffusion coefficients®>*” and to perform nanosecond-scale
performed at lower values of [KCl] for the adenine riboswitch targeted simulations of this process.”” This body of work has
than for the 58-mer (50 mM”* vs 150 mM"?). Accordingly, this shown that Helix 89 (H89) introduces a pronounced sterically
comparison implicitly evaluates the predicted concentration- induced free-energy barrier”>™*° that can be amplified by direct
dependent influence of monovalent ions on Mg**-RNA electrostatic interactions between aa-tRNA and H89.* Electro-
association. We find that the predicted I',, values agree very static and solvent interactions between tRNA and H89 can also
well with the experimental measurements,”” where the level of introduce energetic roughness that leads to coordinate-depend-
agreement is comparable to predictions from the coarse-grained ent diffusive properties of tRNA.*” There have also been
model of Nguyen et al.’’ (Figure 3d). Combined with our experimental insights into the roles of ions. For example,
analysis of the 58-mer, this demonstrates the ability of the anomalous scattering data has been used to identify the
SMOG—ion model to accurately estimate the energetics and composition of bound ions on the ribosome”" and changes in
association of diffuse ions. solvent conditions have been shown to dramatically alter the
Diffuse lons Control tRNA Kinetics on the Ribosome. kinetics of accommodation.'>”* Here, the SMOG—ion model
After benchmarking the SMOG—ion model, we used it to provides complementary insights into tRNA dynamics by
investigate how diffuse ions contribute to a large-scale specifically isolating the influence of diffuse ions on the kinetics

conformational transitions in the ribosome: aminoacyl-tRNA of accommodation.
(aa-tRNA) accommodation. After delivery of aa-tRNA to the To examine the role of diffuse ions during aa-tRNA elbow
ribosome by EF-Tu, the accommodation process allows the accommodation, we performed simulations of the complete 70S
tRNA to fully bind the ribosome, where this step is responsible ribosome using the SMOG-ion model, and compared the
for proofreading the incoming tRNA molecule.*” Here, we dynamics for different ionic strengths. Consistent with earlier
simulated the first step of aa-tRNA accommodation, called analysis,84 we calculated the free-energy barrier as a function of
elbow accommodation (Figure 4A). This large-scale (~20—30 R jpow: the distance between the O3’ atoms of U60 of aa-tRNA
A) conformational rearrangement has been extensively studied and U8 of P-site tRNA. In these simulations, spontaneous
using electrostatics-free models**™*° and implicit-ion models.*” transitions between the A/T (Ryuow ~ S0—60 A) and EA
9516 https://doi.org/10.1021/jacs.2c04082
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Figure 5. Mg®"-mediated interactions explain changes in the energy landscape. (a) The average number of Mg**-mediated interactions between aa-
tRNA and H89, calculated for the EA ensemble (blue) and Transition State Ensemble (TSE: orange). Solid bars correspond to a diffuse Mg**
concentration of 0.27 mM, while empty bars correspond to 0.1 mM. In the TSE (c), transient ion-mediated interactions are formed between the aa-
tRNA and the stem loop of H89 (C2471—C2474; orange residues). There is also a slight increase at higher concentrations of Mg**, which is consistent
with the smaller free-energy barrier (Figure 4). Upon reaching the EA ensemble (b), ion-mediated interactions with the stem loop dissolve, while a
larger number of ion-mediated interactions is then formed with the base of H89 (G2481—G2484; blue residues). There is also a sharp increase in the
number of ion-mediated interactions at higher concentrations, consistent with the larger energetic effect of ions on the free energy of the EA

(ribosome-bound) ensemble.

abow ~ 30 A) are observed (with ions present, or
absent). When the electrostatics-free model is used (labeled
“SMOG model” in Table S5), the free energy of the A/T and EA
ensembles is comparable (Figure 4d, black). When electrostatics
and monovalent ions ([KCl] = 100 mM) are included, along
with bound Mg** ions (no diffuse Mg**), the energy landscape is
shifted toward the A/T ensemble, and there are only transient
excursions in the direction of the EA ensemble (Figure S6). This
shows how, even when monovalent ion screening is accounted
for, there is strong electrostatic repulsions between the aa-tRNA
and the ribosome. When the bulk concentration of diffuse Mg**
ions is only 0.1 mM, aa-tRNA is found to stably populate both
the A/T and EA ensembles, where the free-energy barrier
between A/T to EA is ~3 kT (Figure 4d, blue). Interestingly,
this is slightly larger than the barrier obtained with the
electrostatic-free model (~1.5 kzT), illustrating the residual

ensembles (R,

RNA—RNA repulsion that is present under these conditions.
When the bulk concentration of Mg** ions is increased to 0.27
mM, the free-energy barrier is reduced by ~1.5 kgT (Figure 4d,
orange), consistent with further attenuation of electrostatic
repulsions between H89 and aa-tRNA. The EA ensemble is also
stabilized at this higher concentration of Mg*" (Figure 4d,
orange). When the concentration of diffuse Mg** ions is further
increased, aa-tRNA is observed to strongly favor the EA
ensemble over A/T (Figure S7), where the dynamics is
suggestive of a downhill energy landscape. Together, these
results illustrate the strong dependence of aa-tRNA kinetics and
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thermodynamics on the precise concentration of diffuse Mg>*
ions.

While the current analysis reveals a clear energetic role of
diffuse ions, these observations suggest many interesting
avenues for continued investigation. For example, similar to a
coarse-grained model,” one may extend the SMOG—ion model
to describe binding of chelated ion, which would be necessary to
account for their effects on RNA stability. In this regard, while
the flexibility of the ribosome is well described by the SMOG—
ion model (Figure S8), the overall stability will need further
characterization and parametrization. That is, it will be
important to better understand the scale of stabilization
imparted by the combination of structure-based energetics
and nonspecific electrostatic interactions. Resolving this
limitation can also open the possibility of identifying localized
disorder events, which would have the potential to influence
substeps of elongation. Another feature of the present model is
that it was tuned so that the A/T and EA ensembles are of
comparable free-energy in the absence of electrostatics. This
strategy was applied, in order for the ion-free simulations to
provide a reference distribution, against which the perturbative
effects of ionic concentration changes could be compared. In
future models, one may envision relaxing the explicit stability of
the accommodated (EA) basin. Such a change would shift the
landscape toward the A/T ensemble, where higher ionic
concentrations (i.e., closer to biological values) will likely be
necessary for favorable A-site binding to occur. As a final
example, it will be interesting to characterize the detailed
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influence of Elongation Factor-Tu when diffuse ions are present.
While screened-electrostatic models have shown that EF-Tu can
facilitate the accommodation process through steric effects,”” it
is possible that diffuse ions will further modulate this influence
on the incoming tRNA molecules.

How lon-Mediated Interactions Regulate tRNA-Ribo-
some Dynamics. To provide structural insights into the
mechanisms by which diftuse ions can alter the energy landscape
of the ribosome, we analyzed the statistical properties of ion-
mediated interactions. Specifically, we identified all Mg>*
-mediated interactions that are formed between highly
negatively charged atoms of the aa-tRNA and rRNA of the
large subunit (LSU). Here, an interaction is defined as “ion-
mediated” if an Mg?* ion is simultaneously within 5 A of the aa-
tRNA and LSU. To connect this analysis with the observed
changes in the free-energy landscape (Figure 4d), we evaluated
the average number of ion-mediated interactions formed in the
EA, transition state (TSE) and A/T ensembles. This reveals
several ion association “hot spots” on the ribosome that form
significant numbers of ion-mediated contacts with the aa-tRNA
molecule. We also find specific regions for which there are clear
concentration-dependent interactions with tRNA, which
provides a molecular explanation for the ion-dependent effects
on accommodation kinetics.

The largest number of ion-mediated interactions are formed
between the tRNA molecule and H89. As noted above, the
excluded volume of H89 has been shown to introduce a sterically
induced free-energy barrier during elbow accommodation,®*~%¢
where direct electrostatic interactions can amplify the barrier
height.87 Here, we find distinct sets of ion-mediate interactions
are transiently formed with H89 during the accommodation
process (Figure S). At the early stages of accommodation, the aa-
tRNA approaches the stem loop of H89 (C2471-C2474;
orange in Figure Sc). Upon reaching the TSE, the aa-tRNA
forms up to around three ion-mediated interactions with
individual residues (e.g., C2472), where the number of
interactions increases with the concentration of divalent ions.
This is consistent with the observation that the free-energy
barrier is smaller (reduced by 1.5 kzT) for the higher
concentration of diffuse ions (Figure 4d; blue vs orange curves).
After the tRNA overcomes the free-energy barrier and enters the
EA ensemble, these transient ion-mediated interactions dissolve,
which is expected due to the increased distance between the
stem loop and the tRNA molecule.

As the tRNA molecule enters the EA ensemble, a second set of
ion-mediated interactions is formed. Specifically, there is a large
increase in the number of interactions with the base of H89
(Figure Sb; G2481—G2484 in blue). A small number of contacts
is also formed with H92 (Figure S9). Together, there are more
ion-mediated interactions formed in the EA ensemble than in
the TSE. The number of contacts formed in the EA ensemble
also exhibits a stronger concentration dependence, where an
individual residue (C2483) gains up to eight additional ion-
mediated interactions at higher concentrations. This stark
concentration dependence of ion-mediated contacts rationalizes
the more pronounced increase in stability of the EA ensemble
(~3 kgT), relative to changes found for the TSE (~1.5 kgT).

In addition to the influence of H89, our simulations also
implicate a minor influence of the L11 stalk on accommodation
kinetics. The L11 stalk is a flexible and extended region that is
located at the periphery of the ribosome (Figure S10), and it is
essential for the binding of elongation factors (EF-Tu and EF-
G).”"*° It is also the binding site of thiostrepton, which inhibits
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translocation by preventing phosphate release.”””® Previous
simulations have shown that changes in L11 flexibility can
impact the free-energy barrier associated with the elbow
accommodation,® where L11 is able to confine the aa-tRNA
motion within the A/T ensemble. To complement this effect, we
find that Mg**-mediated interactions between tRNA and L11
are more common in the A/T ensemble and TSE (Figure S11).
In the EA ensemble, ion-mediated interactions with L11 are rare,
due to the long distance between these structural elements. At
higher concentrations, we find a modest increase in the number
of ion-mediated interactions in the TSE (~0.3) and a marginal
decrease in the A/T ensemble (~0.15). Together, these small
changes may further contribute to the apparent reduction of the
free-energy barrier at higher Mg®* concentrations (Figure 4d).

B DISCUSSION

Strategies for Studying Diffuse lons. The accuracy of
ionic models is often evaluated based on studies of the adenine
riboswitch and 58-mer rRNA. The reason for this choice is that
high-quality experimental measures are available that describe
the distribution of monovalent (K* and CI~) and divalent
(Mg?*) ions around these RNA molecules.”””* As described in
the results, even though parametrization was based on
experimental comparisons for a single ionic concentration, we
find that the SMOG—ion model is able to capture the
experimentally measured concentration dependence of I',, for
both systems. In terms of these common benchmarks, the
SMOG—ion model provides a level of agreement that is
comparable to other available models. Lammert et al. found that
explicit-solvent simulations of the 58-mer®' overestimated I',,
by 2—3. However, due to the small system size in that study,
there was a significant uncertainty in the calculated bulk ion
concentration. In terms of coarse-grained approaches, Nguyen
et al.”” used theory based on the reference interaction site model
to develop effective potentials for divalent ions. This
representation was able to predict I',, to within a value of 1
for both systems (Figure 3), which is comparable to the accuracy
of SMOG—ion. While their use of pairwise effective potentials is
similar to our approach, that model employed an implicit
representation of monovalent ions. As a result, it was not
tractable to calculate [',, for the lowest concentrations of Mg**
reported by Nguyen et al, since this would necessitate the use of
a prohibitively large system of monovalent ions. I',, values have
also been accurately predicted using a generalized Manning
condensation model proposed by Hayes et al.”” Overall, we find
that the SMOG—ion model is able to predict I';, with accuracy
that is comparable to leading theoretical models.

While numerous models can accurately predict experimental
I',, values, each is suited to address specific physical questions.
In coarse-grained models developed by Thirumalai and
colleagues,”*”***>>* 3 major focus has been to predict ion-
dependent folding dynamics of large RNA molecules. Since
folding can be described well with coarse-grained representa-
tions, " three-site models have been appropriate for those
purposes. In the study of Nguyen et al,,”” an objective was to
understand the dynamics of chelated ions during folding, which
necessitated the proper treatment of inner-shell interactions
with Mg*. In the study of Lammert et al,”" explicit-solvent
simulations were used to identify how small-scale (short time)
structural fluctuations were correlated with individual ion
association events. With this finely detailed question in mind,
a higher-resolution model was warranted. In contrast, Hayes et
al.”” focused on more general questions pertaining to the utility
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of Manning theory to quantitatively predict ion condensation in
asymmetric molecular systems, where an intermediate-reso-
lution model is suitable.

Here, our aim is to study structural dynamics that involve
transient formation of ion-mediated interactions. As an initial
application, we have described how transient ion-association
events are correlated with large-scale (~30 A) rearrangements of
tRNA in the ribosome. Since numerous studies have shown that
detailed steric interactions strongly influence the dynamics of
tRNA in the ribosome, it was necessary for the SMOG—ion
model to employ an all-atom representation of the biomolecules,
while coarse-graining over the solvent.

Modeling the Factors That Control Biomolecular
Assemblies. A major challenge in the study of ribonucleopro-
tein assemblies has been to precisely describe the influence of
ions during large-scale conformational transitions. While there
are efforts to refine ion parameters for use with explicit-solvent
models, the large size of RNP assemblies (often MDa scales),
combined with the slow time scales (microsecond—milli-
second—second), makes direct simulation of the dynamics
intractable with conventional models. In an effort to bridge our
understanding of large-scale dynamics and ionic effects, we
propose the SMOG—ion model, which is far less computation-
ally expensive than explicit-solvent simulations. Due to the
simple functional form, these simulations scale to thousands of
compute cores for large assemblies (Figure S12), and they can
be performed effectively using modern GPU resources.'”" With
these levels of performance, modest-sized compute clusters are
sufficient to perform simulations that describe millisecond
effective time scales for MDa-scale assemblies. Accordingly, it is
now becoming feasible to explore the impact of ions on large-
scale conformational rearrangements.

For the SMOG—ion model, all-atom resolution was employed
since previous studies have repeatedly shown how sterically
induced free-energy barriers can limit the kinetics of the
ribosome. For example, multibasin structure-based models have
demonstrated how the steric composition of the A-site finger
controls the scale of the free-energy barrier associated with A/P
hybrid formation.'”” During P/E hybrid formation, similar
models have shown that the kinetics depends critically on the
precise steric representation of the N-terminal tail of protein
L33.'” In these examples, direct perturbations to the steric
representation in the model revealed the central influence of
excluded volume. Since the contribution of sterics will be robust,
so long as atomic resolution is included, it is expected that the
positions of these barriers will also be robust to the energetic
details of the model. However, by applying more energetically
complete models, such as the SMOG—ion model, future studies
will be able to further delineate the factors that control the scale
of each barrier, and therefore the biological kinetics.

To complement the insights provided by the SMOG—ion
model, explicit-solvent simulations and quantum mechanical
methods can provide highly detailed descriptions of biomo-
lecular interactions within larger assemblies. For the ribosome,
explicit-solvent models have been widely used to quantify
energetics of bimolecular binding events,'** or small-scale (e.g,
single-residue) structural rearrangements.105 In other studies,
they have been used to quantify the stabilizing interactions
between different components of the ribosome, which have
included studies of the L1 stalk,'°®'?” interactions between the
3'-CCA tail of tRNA and its binding sites,'*® as well as between
tRNA and the ribosome,'®’ synthetases1 9 and elongation
factors.'"'' At an even higher level of resolution, quantum
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mechanical techniques are available to study chemical
reactions.' '

The stark differences between simplified/coarse-grained
models and explicit-solvent techniques often make it difficult
to integrate the results within a common quantitative frame-
work. Here, we present a model that is substantially more
energetically detailed than traditional structure-based models,
while also being far simpler than explicit-solvent models. We
anticipate that these intermediate-resolution models will help
establish a more comprehensive understanding of RNP
dynamics that will bridge the gap between detailed insights
arising from explicit-solvent simulations and larger-scale
processes that can be described by coarse-grained techniques.
For example, one may use high-resolution methods to quantify
precise energetic features (e.g,, binding energetics, pH effects,
etc.) and then encode these features into a SMOG—ion model
variant. Through this, it would be possible to identify the effects
of these localized interactions on larger-scale motions. Thus,
building on the present results, one may methodically construct
a comprehensive physical—chemical model that bridges
disparate length and time scales.

B CONCLUSIONS

Attributing specific roles to diffuse ions in ribonucleoprotein
assemblies has remained elusive. While there has been notable
progress in the study of monomeric systems and RNA folding,””
unambiguously identifying specific physical—chemical effects of
diffuse ions in assemblies continues to be challenging. As a step
in this direction, we developed and employed a model that
provides an explicit treatment of non-hydrogen atoms and ions,
while providing an implicit treatment of solvent. We find that
our model is able to capture experimental measures of the ionic
environment for prototypical RNA systems, which motivated
our application to a more complex system: the ribosome. By
comparing the dynamics with a range of theoretical
representations, we identify how diffuse-ion-mediated inter-
actions can coordinate a large-scale rearrangement in the
ribosome. With this foundation, the study provides a framework
for identifying the ways in which diffuse ions help regulate the
dynamics of complex biomolecular assemblies.
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