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Abstract

Ribonucleic acid (RNA) molecules can adopt a variety of secondary and tertiary structures in
solution, with stem-loops being one of the more common motifs. Here we present a systematic analysis of
fifteen RNA stem-loop sequences simulated with molecular dynamics simulations in an implicit solvent
environment. Analysis of RNA cluster ensembles showed that the stem-loop structures can generally adopt
A-form RNA in the stem region. Loop structures are more sensitive and experimental structures could only
be reproduced with modification of CH---O interactions in the force field, combined with an implicit
solvent nonpolar correction to better model base stacking interactions. Accurately modeling RNA with
current atomistic physics-based models remains challenging but the RNA systems studied herein may

provide a useful benchmark set for testing other RNA modeling methods in the future.
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Introduction

Ribonucleic acid (RNA) molecules, expressed as single-stranded biopolymers, can adopt a wide
variety of secondary structures, including canonical base-paired regions, nonstandard base pairs, bulges,
internal loops, pseudoknots and multi-helix junctions." * These unique RNA secondary structures can give
rise to even more complex but interesting tertiary structures including cross-strand loop-loop interactions,
loop-helix interactions, and co-axial helical stacking.> A number of computational methods are currently
under development to predict tertiary RNA structure, employing a variety of approaches including physics-
based models, homology models, those that incorporate experimental information, and machine learning.*
¥ The focus of these RNA structure prediction calculations are on overall folds with medium and larger
sized RNA molecules, which are often assembled from smaller fragments.

One of the more basic but prolific secondary structural motifs is the stem-loop.” ' Stem-loops or
hairpins are involved in many cellular functions including cancer regulation,'' ribosomal tertiary structure'?
and protein-RNA recognition.” However, the tertiary structures of loops are complex, often containing
noncanonical base pairing, base-base stacking interactions, and cross-loop interactions.'* Accurate
modelling of smaller stem-loops and more generally understanding the contributions of chemical structure
to RNA biochemical function are needed.

Despite a number of both small and large MD simulations of RNA molecules with atomistic
detail,'> '* modeling RNA remains challenging. For instance, some larger loop structures, which were
derived from crystal structures, have been successfully modeled in which strong electrostatic interactions
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across a loop'” '® and base stacking interactions agree with biochemical data.'®*° However, cross-loop base-

base stacking®' and hydrogen bonding between 2'- hydroxyls and bases across the loop are difficult to

1‘22

model.”” A number of atomistic force fields for RNA are available in popular biomolecular simulation

packages such as Amber”>2°, GROMOS *"** and CHARMM?**>?, The RNA structures that are preferred by
a particular physics model are a balance of hydrogen bonding, base stacking, ion binding and solvation. In
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development of the Amber protein force fields,™ they were validated against a number of biologically

relevant systems and NMR spectroscopic parameters to ensure the physics model is balanced.
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In addition to an accurate force field, reliable sampling of RNA free energy landscapes continues
to be difficult. The issues are coupled, and precise simulation data for multiple systems are required to
improve the physics models in a more systematic manner. Replica-exchange molecular dynamics (REMD)
on one or two systems is difficult’®*” and RNA structures are still not sampling the correct structure without
areservoir.”® State-of-the art RNA folding studies with REMD have been performed, but the slow timescale
of folding in simulations is difficult to test on a variety of systems with these methods. Another issues is
that when biologically relevant systems are employed, the systems may be stable but then later new force
field parameters do not work more broadly.” Simulating RNA in an implicit solvent environment is
computationally more efficient than in explicit solvent while still allowing adequate sampling, but accurate
implicit solvent models for RNA have lagged those available for proteins.

As a starting point for gaining insight into better modeling of RNA tertiary structure, implicit
solvent simulations across a large set of diverse RNA stem-loop structures (Figure 1) are presented herein.
Simulations of stem-loop RNA molecules began in the folded, experimentally-determined state, and then
were unfolded and refolded. Systems were heated to a high enough temperature to avoid kinetically trapped
structures, providing adequate thermal energy to sample other basins. At the same time, the temperature is
low enough for the MD simulation to sample low-energy favorable structures.

A variety of stem-loop RNA structures, with overall RNA lengths spanning 10 to 27 nucleotides,
were chosen to avoid anecdotal conclusions. Loop length varied from 3 to 8 nucleotides and included typical
RNA structural motifs such as GNRA,” * UNCG,* and AUCG.* As well, RNA structures exhibiting base
stacking interactions, novel syn base orientations and C2’-endo sugar puckers were also included. This
comprehensive set of implicit solvent simulations on RNA stem-loop structures allows for a systematic
identification of current issues of the simulation methods and viable improvements. Enacting such
improvements could not only improve the implicit solvent RNA model, possibly RNA atomistic force fields

overall, and eventually may lead to more accurate MD simulations on a faster timescale.
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Figure 1. Secondary structures of stem-loops simulated. PDBID codes of the corresponding

experimental structure are also given. See Methods: RNA Systems for references.

Methods

RNA Systems. A total of 15 stem-loop RNA structures (Figure 1) were simulated. Stem-loop
sequences ranged from 10 to 27 total nucleotides and loop length also varied from 3 to 8 nucleotides. When
selecting sequences, base pairs known to require an explicit water molecule such as the GeU wobble base
pair were excluded from consideration. Simulations were begun from the lowest energy experimental
structures. These included the following PDBID entries: 1R4H,* 1IDV,* 1146,* 1ESH,* 1F85,% 2Y95,*
1FHK,* 2KOC,* 10Q0,* 1JTW, 1ESY,”' 2PRK,* 1SZY,> 1PJY,* and 2LDL,> except in the case of

1ESH which was begun from the average structure as it was the only structure deposited.
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Force Field and Implicit Solvent Parameters. The 15 RNA molecules described above were
modeled initially with the ff99bsc0yOL3%2¢ force field parameters known as chiOL3. In these simulations,
GB-Neck2nuc’® implicit solvent model and the mbondi2*’ intrinsic radii were employed with a 0.1 M salt
concentration. Simulations of select systems (1F85, 2Y95, 1FHK, 1JTW, 2KOC and 2LDL) were also
performed the with the recently developed hydrogen repulsion (HR) modification® to the chiOL3 force
field which will be referred to as chiOL3-HR henceforth. This RNA force field modification improves
CHe++O interactions and minimizes hydrogenic repulsion to select oxygen atoms. GB models represent
only the polar contribution to the solvation free energy (AGsoivpol), Which tends to be much larger in
magnitude than nonpolar solvation (AGsov,np) for polar solutes. For proteins, GB is often supplemented with
a SASA-based estimate of AGsovnp (GB/SA), and a similar approach may be required to capture base
stacking in an implicit solvation model for nucleic acids. Most SASA algorithms lead to significant
slowdown of the MD performance (often 10x or more), leading many to neglect this term in favor of more
reliable sampling. A fast, GPU-based SASA estimate was recently developed for proteins (pwSASA*"),
which incurs minimal computational overhead in the calculation of forces. However, the pwSASA model
is highly specific for protein atom types and currently is not transferable to nucleic acids. For expediency
and proof-of-concept, we developed here a specific base-stacking correction that was incorporated into the
implicit solvent model (described in depth in Supplementary Information), since the hydrophobic effect is
more applicable to the RNA bases than the sugar-phosphate backbone. This nonpolar modification of GB-
Neck2nuc will be referred to as GByp. Simulations of the six select stem-loops were carried out with both

chiOL3-HR and GB.,, keeping all other parameters and conditions the same as the larger RNA set.

MD Simulation Conditions. Simulations were carried out with the Amber suite of simulation
software,*" including system setup with tleap, pdb4amber, and parmed as well as sander and pmemd.cuda
for simulations and minimization, and cpptraj for most post-trajectory analysis. General simulation
protocols were similar for all systems, as outlined in previous implicit solvent RNA simulations.*® The

SHAKE algorithm® was applied to all bonds with H and hydrogen mass repartitioning® was performed to
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enable use of a 4.0 fs time step. Simulations were run for a total of 2.0 us each in triplicate. Simulations
employed a Langevin thermostat with a collision frequency of 0.1 s”'. For most properties, the replicate

trajectories were concatenated into one data set and then statistics were collected over the whole set.

Simulation Temperature. To optimize sampling of phase space, simulations were carried out as
close the in silico melting temperature (50-50 folded and unfolded state) as possible. Initial temperatures
were estimated with OligoCalc,® which calculates in vitro melting temperatures, and 25 K was added to
encourage in silico unfolding. The distribution of folded and unfolded states in the simulation, as assessed
by the root mean square deviation (RMSD) in position from experimental structures (Figure 2 and Figure
S4 for chiOL3-HR simulations), was then improved by adjusting the simulation temperatures to make sure
that the RMSDs sampled larger and smaller values. Final temperatures of simulations are listed in both

Figure 2 and S4.

Assessing RNA Stem Folding. To determine if the stem-region of the RNA was able to reform, the
trajectories were clustered employing the k-means algorithm® on non-hydrogenic atoms in the stem
residues as implemented in cpptraj. The most populated or highest ranked cluster is designated cluster 1
and the second most populated cluster is designated cluster 2. The backbone atoms and residues in the stem-
region of the NMR structure were overlayed with the representative structure of the most populated cluster
(Figure 3). RMSD (A) values between the most populated loop cluster structures and the corresponding

NMR structure were also calculated.

RNA Structure Assessment. Hydrogen bonding was assessed with ¢pptraj with heavy atom-heavy

atom (X-Y) distances < 4.0 A and an X-H-Y angle cutoff of 135°.

Structural factors indicative of A-form RNA helical structure®” were determined for each stem
cluster trajectory such as stem base pair formation, x-displacement from the helical axis and C3’-endo sugar
pucker presence (Figure 4). Canonical A-form RNA exhibits a C3’-endo sugar pucker, which is determined

by the pseudorotation phase angle (P) of 0 to 36°.%® X-displacement from the helical axis and other helical
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parameters were determined in cpptraj, which has implemented the general 3DNA method of nucleic acid

helical parameter analysis.®

A base pair was determined to be present if all expected hydrogen bonds occurred simultaneously
for a given frame. Specifically, canonical G:C pairing required all three hydrogen bonds (G O6 to C N4-
H1, G N1-H to C N3, and G N2-H1 to C O2) to be present in a given frame. Likewise, the canonical A:U
required both hydrogen bonds (A N6-H1 — U O4 and A N1 — U N3-H3) to be present in a given frame to
be considered base paired. Lastly, G:U wobble pairing was defined hydrogen bonding of G O6 to U N3-H3
and G N1-H1 to U O2. Other non-canonical base pairs were analyzed relative to the experimentally
observed hydrogen bonding pattern. In 1ESY, the A5-A15 base pair was present if A5 N1-H1 was hydrogen

bonded to A15 N6.

Assessing RNA Loop Structure. RNA trajectories were also clustered employing the k-means
algorithm® on non-hydrogenic atoms of the loop and the closing base pair residues. The most populated or
highest ranked cluster is designated cluster 1 and the second most populated cluster is designated cluster 2.
Overlays of representative structures from the most populated loop cluster with the lowest energy NMR
structure and included all heavy atoms for ease of visualization in context (Figure 5). RMSD (A) values
between the most populated loop cluster structures and the corresponding NMR structure were also

calculated.
Results and Discussion

Each simulation trajectory was performed for 2.0 us in triplicate at the temperature indicated
(Figure 2). The temperature was chosen to be as close to the in silico melting temperature as possible, as
assessed by the RMSD from the NMR structure. This approach is common in early peptide folding studies.”
In some of the simulations, such as 1R4H, 1ESH and 1F85, there is a clear oscillation between a larger
RMSD values (>5 A) and lower values (<3 A). In some of the larger RNA molecules, 1SZY and 1PJY,

sampling of any RMSD value that was larger followed by sampling of a smaller value, in the shape of a
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peak-like line, was considered reasonable. As the RNA molecules get larger, it is difficult to find a
temperature at which they will completely unfold but then still be able to refold on the timescale of the
simulation. The melting temperature of RNA in vitro is dependent upon a number of variables including
base-pair content, stability of the loop and overhang base-base stacking interactions.”'”*

Under ideal sampling conditions, the RNA stem-loop would unfold and then refold at the same
temperature. While it was not always possible to have an even balance between the two states, or to even
capture a two-state model, most simulations at least sampled larger and smaller RMSD values. The scale
of the RMSD y-axis was broadened be on the same scale (0-15 A) for comparison purposes between
simulations but enlarged even further for the larger RNA molecules, 1PJY and 2LDL, both of which are

greater than 20 nucleotides. While some simulations such as 2RPK did not exhibit large RMSD deviations

from the NMR structure, there were some in the 5-6 A range that subsequently lowered to less than 2 A.
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Figure 2. Plots of RMSD (A) from the NMR structure for each stem-loop. Sequences of each RNA
structure, designated by PDBIDs correspond to those in Figure 1. All RMSDs are shown for non-hydrogenic
atoms in the stem region. Each trajectory was performed in triplicate (black, blue or green indicates an

independent trajectory), with the ChiOL3 force field in implicit solvent at the indicated temperature.
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Figure 3. Representative cluster structures with stem residues, chiOL3 and GB compared to
experiment. Overlays of representative structures from the most populated cluster cluster 1 (red) with the
lowest energy NMR structure (blue). Clustering was performed with the k-means method on the non-
hydrogenic atoms in the stem region. Overlays included all heavy atoms in the stem. The RNA stem-loop
structure is labeled with the corresponding PDBID. RMSD (A) values + standard deviations between the
most populated cluster structures and the experimental structure are shown. Because these are clusters on
the stem region of the stem-loop trajectory, the loop structure depicted here is not representative of the

trajectory.
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We show that in an implicit solvent environment RNA stem-loops can unfold and refold; meaning
after melting, the base pairs in the stem-region can reform. This is achieved by a combination of GB-
Neck2nuc*and the chiOL3 force field**. When the simulations are clustered on the non-hydrogenic atoms
of the stem residues (Figure 3), the RMSD between the most populated cluster structures and the NMR
structure is usually less than 2.2 A with small variations (< +1 A). Of the 15 systems shown here, 13 fit this
criterion.

For systems consisting of a small number of exclusively G:C base pairs such as 1R4H, 11DV,
1FHK, the low RMSD on the stem-region heavy atoms is not surprising. Refolding of stem-loops with as
many as five base-pairs such as 2Y95 and 2KOC may be unanticipated but are observed in these implicit
solvent simulations. Impressively 1F85 contains two noncanonical G:U base pairs and the RMSD of the
most populated cluster on the stem residues is one of the lowest values (1.5 A). Even 2RPK and 1SZY, both
containing 7 base pairs, refold the stem-region in simulations. Most remarkable, however, the large 9
canonical base paired stem of 1PJY refolds back to a structure that closely resembles the stem-region of the
original hairpin NMR structure.

Structural parameters for the ensemble of structures in cluster 1 were assessed and average values
were calculated (Figure 4, Table S3). Most base pairs are present the majority of the cluster simulation time,
with % base pairing occurring in greater than 70-80% of the structures. In 2Y95, G:C base pairs were
formed in 72-97% of the cluster structures and every single base pair reformed. In systems such as 2KOC
or 2RPK with one or two A:U base pairs, A:U base pairs were formed in greater than 85% of the structures.
Even in 1PJY, a relatively large RNA with 9 base pairs, it was only the terminal base pair (72%) and the
closing base pair of the loop (60%) that exhibited a reduction in the frequency of base pairing, with all
others present in 85-94% of structures. Notably IDV exhibited reduced base pairing with G:C base pairs
formed in only ~50% of the cluster structures. This is because the G:C base pairs get misaligned when
refolding, with G1 base pairing with C9 in 38% of the structures. Interestingly, 1R4H has the identical

sequence as 11DV, containing three G:C base pairs in the stem but with a different loop, and yet it base

11
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pairs, reading up from the first to the third base pairs of the stem in 83%, 93% and 87% of the cluster stem
structures, respectively. Since these two tetraloops only differ between positions 5 and 6 of the loop, the
loop structure and helix formation may be correlated. This phenomenon has been observed in other
tetraloop structures with the same helix sequence.”>”"”

Two of the larger systems only partially reform the stem structure, perhaps due to the presence of
nonstandard base pairing. For instance, the HIV-1 stem loop 2 (1ESY) contains a bulge, with an extrahelical
A15. In the NMR structure, A15 is part of an A5-U14-A15 base triple in which the U14 folds back to base
pair through the O2 position to the A5:A 15 base pair.”' In order to form this structure, a kink in the backbone
is required. In the most populated cluster of structures on the RNA stem residues (cluster 1), the first four
canonical base pairs from the end (1-19 through 4-16) are able to form (Figure 3 and 4). The A5-A15 base
pair is still present (83%), as it was in the NMR structure with one hydrogen bond between A5 N1 and A15
N6. However, in the cluster I structures, U14 rotates into solution and the U14 O2 does not form a hydrogen
bond with A15 N6 to complete the base triple. This resulted in an RMSD value of 4.8 A between the highest
ranked cluster on the stem region and the NMR structure.

A similar but relatively moderate difference from the experimental structure (RMSD 2.7 A) was
observed with the 28-residue HIV-1 exon splicing silencer 3 (2LDL), which is a larger stem-loop structure
with 10 total base pairs capped by a heptaloop sequence. This structure is folded relatively well, but it
contains a nonstandard base pair A7-C21 in the middle of the stem region. In A-form RNA, a standard base
pair exhibits a buckle of -0.1° and a propeller twist of -11°,% however the A7-C21 base pair in the NMR
structure has a more pronounced buckle (10°) and the bases are twisted relative to each other (propeller -
30°). In simulations with chiOL3, these values are moved away from those in the experiments towards the
standard A-form helical parameters, resulting in values of buckle -0.6° and propeller -11°. As a result, A7-
C21 acts like a hinge, such that when either the bottom six base pairs or the three base pairs closest to the
loop align with the NMR structure (RMSD 1.6 A or 1.4 A), but all together the RMSD appears higher (2.7

A).
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Helical formation is dependent on base pairs forming through hydrogen bonding. Structures in the
stem cluster 1 were examined for presence of base pairing (Figure 4, Table S3). A base pair was considered
present if all the hydrogen bonds required for the base pair were present simultaneously in a given structure.
Due to previously mentioned structural issues in 1ESY and 11DV, the correct base pairs did not always
form. Overall, however, most base pairs were formed in the most populated cluster on the stem residues
and base pairing was present in the majority of the cluster structures with generally 70-99% presence, as
indicated by the dark blue color in Figure 4.

The ensemble of structures clustered on the stem simulated with chiOL3 were assessed for RNA
classic structural parameters. Sugar pucker orientation was determined based upon the pseudorotation phase
angle, with C3’-endo defined as 18 + 18° and C2’-endo as 162 + 18°.°® When clustering on the stem
residues, C3’-endo sugar puckers (Figure 4, Table S4, green pentagons) were observed in most stem
residues (70-90%). Residues on the ends of the helix, either the base of the stem or near the loop, exhibited
a C3’-endo sugar pucker in only 50-60% of the cluster I structures. This seems typical for terminal residues,
which are known to have more structural freedom and become frayed in experiments. Even though in the
stem region, some residues might exhibit C3’-endo sugar puckers in the majority of the cluster I structures,
it also seems reasonable that due to the dynamic nature of the sugar pucker that sampling of neighboring
conformations such as C4’-exo or C2’-exo may occur and this is indeed the case. In a few exceptional cases,
the major sugar pucker present in the cluster 1 helical structures was C2’-endo in 1ESY and also in 1JTW
terminal A16. In the case of 1ESY, this is probably due to the disruption of the helix already noted and in
1JTW, because the terminal base pair G1:A16 is not paired in the NMR structure.

C3’-endo sugar puckers and a significant x-displacement from the helical axis (—4.4 A) are hallmark
features of A-form helical RNA structure.””- ™ The average x-displacement from the helical axis is shown
for each cluster 1 helix (Figure 4, gray line and value). Values generally range from —3.5 to —4.8 A. Analysis
of the original NMR structures indicates that the x-displacement in the helical region can vary from —1.8 A
to —5.4 A. In the case of 1JTW, the value is —5.9 A. While this value is larger than the NMR structure (—4.1

A), it is not ~0 A as is found in B-DNA” and this is qualitatively in line with A-form RNA.
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Figure 4. Structural parameters of base-paired regions of highest-ranked stem cluster trajectory with
chiOL3 and GB. Pentagons represent sugars and indicate the percentage of the cluster trajectory exhibiting
a C3’-endo sugar pucker. Rectangles between stem residues indicate the percentage of the cluster trajectory
that a base pair was present. X-displacement from the helical axis is shown as a gray line through the stem

region and the average displacement value in the x-direction is also shown in A. Residue numbers shown

match Figure 3 orientations.
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The ability of our simulations in implicit solvent to form A-form RNA is consistent with results
found in explicit solvent simulations. In explicit solvent simulations with TIP3P, Sponer and coworkers
assessed duplex RNA structural parameters* and found that both ff99bsc0?*-** and chiOL3 generally retain
A-form RNA structure, with x-displacement values —4.85 £ 1.60 A and —4.95 A, respectively. In these
simulations, the sugar puckers are generally C3’-endo (P is 19.3 parmbsc0 and 17.4 chiOL3). The ability
of implicit solvent simulations to correctly model RNA across such a range of RNA stems is promising for
RNA simulations in the long term.

While the RNA stem-loops can fold and unfold with the chiOL3 force field in an implicit solvent
environment, modeling the loop structures accurately remains especially challenging. When the simulations
are clustered employing non-hydrogenic atoms of the loop and closing base pair residues (Figure 5), the
RMSD values from the NMR structure were relatively large, with most in the 4-7 A range. This is not a
surprising result, as in explicit solvent with a buffer of ions, it is quite difficult to accurately model RNA
loop structures.®* ™ Notably, two loop structures (1146 and 1JTW) generally exhibited smaller RMSD
values of 2.5 and 2.4 A, respectively, indicating that the loop and first base pair residues are qualitatively
close to the experimental structure. In both structures, the bases are on the correct side of the loop and there
are no appreciable distortions in the backbones.

We next explored several adjustments to the energy function. In explicit solvent, we had previously
found a force field modification that minimizes repulsion in the CHe+*O interactions to be necessary for
proper loop structure formation.”® Additionally, it is well established that burial of nonpolar groups is a
major driving force for protein stability and as such it was expected some of the base stacking interactions
may not be strong enough in a GB environment since it models only the polar aspect of solvation. To better
model the base stacking interaction in with GB-Neck2nuc,’® umbrella sampling of a model system was
performed (see Supplementary Information) in which an adenine is stacked over a G:C base pair (Figure
S2). Analysis of the energy profile indicated that that the stacking energy measured in GB-Neck2nuc was

~ 2.0 kcal/mol, significantly weaker than the same system modeled in explicit solvent in which the stacking
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energy was measured to be ~ 6.5 kcal/mol (Figure S2). We found that the agreement with explicit solvent

could be greatly improved in GB simulations by a 60% increase in the Lennard-Jones well depth between

=R-A- BB

1R4H 11DV 1146 1ESH 1F85 2Y95
46+04 3.8+0.8 25+0.3 54+0.2 41+£0.2 29+0.5

10Q0 1JTW 1ESY
6.4+04 2.4 +0.3 7.0+0.3

2PRK 1SZY 1PJY 2LDL
59+0.5 51+04 53+0.3 59+0.5

Figure 5. Comparison of structures from clusters on the loop and closing first base pair residues with
ChiOL3 and GB simulations relative to the experimental structure. Overlays of representative
structures from the most populated cluster (cluster 1, red) with the lowest energy NMR structure or x-ray
crystal structure (blue). Clustering was performed with the k-means method on the non-hydrogenic atoms

in the loop and the closing first base pair. Overlays included all heavy atoms. The RNA stem-loop structure
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is labeled with the corresponding PDBID. RMSD (A) values + standard deviations between the cluster 1
ensemble of structures and the experimental structure are shown.

pairs of heavy atoms in bases (Figure S2, Table S1). To capture this interaction in GB-Neck2nuc
simulations, while still also being a bit conservative, a 30% increase in pairwise Lennard-Jones interaction
energy for RNA base-base heavy atoms was implemented for the RNA stem-loops (see Supplementary
Information). This nonpolar modification to GB-Neck2nuc implicit solvent model will be referred to
hereafter as GByp.

Six of the 15 RNA structures were unfolded and refolded with chiOL3-HR force field and GB.,
implicit solvent model. These RNA molecules were chosen based upon their distinct structural features and
included four tetraloops (1F85, 2Y95, 1JTW, 2KOC) as well as two larger stem-loops (2LDL and 1FHK).
Simulations were carried out the same temperatures as their original chiOL3 simulations and otherwise
comparable MD simulation conditions. Plots of the RMSD values from the NMR structure over the 2.0 ps
in triplicate indicated stable simulations with variable unfolding and folding events (Supplementary
Information). Structures were clustered on the loop and first base pair and compared to the NMR loop
structures.

Of the six RNA stem-loop structures simulated with chiOL3-HR and GBuy, the model remarkably
improved both 1JTW and 1FHK structures (Figure 6). With chiOL3, the RMSD between the 1JTW loop
structure in the most populated cluster (cluster 1) and the NMR structure was 2.4 + 0.3 A. However, with
the chiOL3-HR, it improved to 1.4 + 0.2 A (Figure 6A). The 1FHK structure showed an even greater
improvement in loop structure the force field and GB modifications. With the standard RNA force field
chiOL3, the RMSD between the NMR structure and the cluster 1 loop structure is 5.7 + 0.4 A and by all
accounts is not accurate (Figure 5). However, with chiOL3-HR, the 1FHK cluster 1 loop (29%) has an
RMSD is 2.8 £0.2 A from the NMR structure (Figure 6B) and the cluster 2, populated 26%, has an even

greater improvement with an RMSD of 1.9 + 0.5 A.
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Figure 6. Loop Structures with chiOL3-HR and GB,,. Overlays of representative structures from the
most populated cluster on the loop, cluster 1(red) and cluster 2(orange) with the lowest energy NMR
structure (blue) for two different systems. Structures are shown for only the loop and closing base pair
residues. Clustering was performed with the k-means method on the non-hydrogenic atoms in the loop and
the closing first base pair. Overlays included all heavy atoms. The RNA stem-loop structure is labeled with
the corresponding PDBID. RMSD (A) values + standard deviations between the cluster I or cluster 2
trajectories and the experimental structure are shown. A) 1JTW cluster 1 and cluster 2 overlays with the

NMR structure. B) 1FHK cluster 1 and cluster 2 overlays with the NMR structure.

Characteristic structural features of 1JTW are preserved when compared to the NMR structure
(Figure 6A and Table S5). In 1JTW, the second most populated structure, present for 45% of the simulation
(cluster 2), also very closely resembled the NMR structure with an RMSD of 1.2 = 0.2 A and so both were
analyzed further. Since both clusters represent over 90% of the total simulation time, it is possible that the
loop was not appreciably disrupted at the chiOL3 simulated temperature, but it does indicate that in implicit
solvent, the RNA hairpin loop is stable. The 1JTW structure is capped by a GAGA tetraloop closed by a
C:G base pair, in which a the loop turns between G7 and A8 followed by a 3’-stack of A8/G9/A10 (100%
of all NMR structures). Base stacking in the loop is observed in a similar proportion in both cluster 1 and

cluster 2 between the A8 6-membered ring and the G9 5-membered ring (42%, 48%, respectively) and more
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so between G9 6-membered ring and A10 five-membered ring (70%, 80%, respectively). This 3’-stack is
facilitated by a turn of the backbone quantified by a A8 a-torsion (03’-P-O5°-C5’) that is primarily trans
() (84.6%). Cluster 1 and cluster 2 retain this distribution (64% ¢, 85% ¢, respectively). The tight turn in
the GAGA loop backbone is pinned by a G7-A10 sheared pair in the NMR structure in which the 2-amino
group of G7 hydrogen bonds both to A10 N7 (62%) and the A10 O2P (46%). Interestingly, both clusters
favor these hydrogen bonds a bit more than the experimental structure, with occupancies increased by as
much as 20-30 percentage points.

Simulations with chiOL3-HR of a second stem-loop, 1FHK, also closely replicated the
experimental structure. This stem-loop contains a distinct octaloop exhibiting a U-turn motif and a stair-
like structure with consecutive bases stacking one on another (Figure 6B). In the NMR structure, there is a
U-turn motif between U6 and G7. This is held together by hydrogen bonds between U6 N3-H3 and the A9
backbone O2P (93% of NMR structures) and a U6 2°OH to A8 N7 (also 93% of NMR structures). In the
most populated cluster on the loop residues, cluster 1, these hydrogen bonds are present in the majority of
the structures (Table S5). They are still present in cluster 2 but to a lesser extent. Base stacking interactions
are also preserved between the NMR structure and the cluster structures with cluster 2 structures showing
better base stacking.

In the remaining four stem-loop structures, the RMSD between the loop and first base pair region
in the most populated cluster and the NMR structure (Figure 7) are improved with chiOL3-HR from those
simulated with chiOL3. Some improvements are incremental such as with 2Y95, where the RMSD values
from the NMR structure are essentially the same with both conditions. However, in the other three systems,
RMSD values decreased by 0.4 to 3.0 A. The variation the cluster 1 structures or standard deviation in the

RMSD values was also smaller, indicating more uniformity in the ensemble of structures sampled.
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Figure 7. Comparison of loop structures and NMR structures simulated with the chiOL3-HR that still
require some improvement. Structures show highest populated cluster (cluster 1) of the loop and closing

base pair (red) and the NMR structure (blue) for the corresponding region.

Still, key structural attributes were not conserved in simulations of these systems (Figure 7, Table
S6). In all four stem-loop structures, one of the base flips in the loop (1F85-A7, 2KOC-C8, 2Y95-C8,
2LDL-U14). In 2Y95, G9 also flips but it was dynamic in the NMR structure. In another example, in the
NMR structures of 1F85, 2KOC and 2Y95, there are one or more C2’-endo sugar puckers in the loop region
(U8, U7 and C8, and U7, respectively). In the 2LDL experimental structure, A15 has a C1’-exo sugar pucker
and 1F85, A7 is a C3’-exo sugar pucker which are both directly adjacent to C2’-endo. However, in the
simulations, even with the chiOL3-HR and GByy, the most populated cluster on the loop region, tends
towards C3’-endo. A common feature also observed is that the a-torsion (O3°-P-O5°-C5’) of the same
residue containing a C2’-endo-like sugar pucker also is noncanonical. In A-form RNA, o tends to be
gauche (g-) with an average value of 292°.°7* In the NMR structures when the sugar pucker is C2’-endo,

it does sample the g~ conformation, but more often it is instead displaying ¢, g*, a~ or ¢ conformations. In
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the four systems with unusual sugar puckers in the loop, simulations do not match the experimental o-
torsion values. This may be due to the inherent flexibility in the backbone. All of these structures are NMR
structures and some backbone positions are difficult to resolve by NMR.* * Interestingly, in 1JTW and
1FHK, when the loop turns, the sugar pucker at the turn (A8 and G7, respectively) remains C3’-endo and
the a-torsion generally matches between experiment and simulation preferring a ¢ conformation. This
indicates that the chiOL3-HR force field with the GB,, can successfully model loop structures with C3’-
endo sugar puckers but not C2’-endo. It cannot be determined whether this is due to sugar pucker
conformation misalignment in the force field or whether it is instead due to other intermolecular interactions
that are not strong enough in the force field. For instance, perhaps the sugar pucker is flexible and the base
is not held in tightly by hydrogen bonds or perhaps the sugar pucker favors C3’-endo and the bias in the

sugar pucker prevents the base from compensating and flips.

Conclusions

Atomistic simulations of RNA systems have lagged behind the progress for protein simulations, in
part due to the slow timescales of RNA motion that make it difficult to obtain precise simulation ensembles
to compare to experimental measurements. The slow convergence also hinders improvement in RNA force
fields; RNA models have additional challenges when compared to proteins due to the numerous rotatable
bonds in the nucleic acid sugar-phosphate backbone, the high charge density, and the overall complexity of
RNA structure. A key step in RNA model improvement would be large-scale tests of force field performance
on a variety of RNA systems with diverse structural motifs. Here, we present a step in that direction,
carrying out simulations on a number of RNA systems and exploring trends in the features that are well
reproduced in MD, along with aspects that challenge current RNA force field and solvent models. The study
is enabled by the use of a generalized Born implicit solvent model developed for DNA and RNA, which

speeds sampling of alternate conformations.

21

https://doi.org/10.26434/chemrxiv-2024-dldzf ORCID: https://orcid.org/0000-0003-2678-6825 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-dldzf
https://orcid.org/0000-0003-2678-6825
https://creativecommons.org/licenses/by-nc-nd/4.0/

Analysis of the simulation data indicates that the chiOL3 RNA model combined with GB-Neck2nuc
solvation perform remarkably well on the RNA stem regions, reproducing expected structure features. We
had previously reported that subtle force field details such as treatment of CHe*+O interactions in RNA are
important for accurately modeling RNA in explicit solvent, and these changes improve performance in
implicit solvent as well. Reproduction of loop structures was less satisfying, and the results suggested that
base stacking is too weak in the implicit solvent model. We trained a simple, fast correction to the GB model
that lead to improved stacking and notably better reproduction of experimental structures for some of the
RNA systems. It is important to note that base stacking for all residues, not just the purines, were changed
in the GBy, correction.

When considered all together, this is one of the first systematic analyses of RNA loop structures in
implicit solvent over a range of structures, and the results can inform improvements to future GB models,
as we showed here for the base stacking adjustment. In addition, the RNA model systems that we curated
here may provide a useful benchmark set for testing of other RNA force fields. Continued improvements
to computer hardware and simulation methods will permit evaluation of the benchmark test via converged

ensembles in explicit water, providing additional guidance for the improvement of RNA simulation models.

Data and Software Availability

All starting structures were downloaded from the RCSB protein data bank (https://www.rcsb.org/);

PDBIDs listed in Methods. Please see https://ambermd.org for licensing and distribution of Amber and
AmberTools software suites. VMD molecular visualization software was employed to visualize and render
RNA structures. Figures employed ChemDraw, Matplotlib, Affinity Photo 2, Microsoft Excel and cpptraj.
MD trajectories are available upon request to the authors. Topology files, input files and a parmed script

used to generate the results in this work are provided here https://github.com/naganlab/rnaGBinputs.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org and includes:
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*A description of training data for the implicit solvent base stacking calculations is described,
including changes to the Lennard-Jones parameters. RMSD plots for chiOL3 and chiOL3-HR with GBnp

simulations, RNA structural analysis for base pairing and sugar puckers shown in Figures 4, 5 and 6.
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