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Single RNA strands are often hydrogen bonded to form duplexes, but while the
combination of three strands into a triplex is also widespread in nature, it is less
well understood. Chen et al. use tight coupling of solution X-ray scattering and
atomically detailed simulations to provide new insights into the solution structures
of these partially flexible RNA motifs.
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Insights into the structural stability of major
groove RNA triplexes by WAXS-guided MD simulations

Yen-Lin Chen,"* Weiwei He,?3* Serdal Kirmizialtin,>* and Lois Pollack>*

SUMMARY

RNA triple helices are commonly observed tertiary motifs that are
associated with critical biological functions, including signal trans-
duction. Because the recognition of their biological importance is
relatively recent, their full range of structural properties has not
yet been elucidated. The integration of solution wide-angle X-ray
scattering (WAXS) with molecular dynamics (MD) simulations,
described here, provides a new way to capture the structures of ma-
jor-groove RNA triplexes that evade crystallographic characteriza-
tion. This method yields excellent agreement between measured
and computed WAXS profiles and allows for an atomically detailed
visualization of these motifs. Using correlation maps, the relation-
ship between well-defined features in the scattering profiles and
real space characteristics of RNA molecules is defined, including
the subtle conformational variations in the double-stranded RNA
upon the incorporation of a third strand by base triples. This readily
applicable approach has the potential to provide insight into inter-
actions that stabilize RNA tertiary structure that enables function.

INTRODUCTION

Recognition of RNA's importance as a powerful tool in supporting life and fighting
disease continues to grow. An improved description of its structures is essential to
further understand RNA's regulation of biological function and to advance its appli-
cation as a therapeutic' and/or vaccine.” Many RNAs contain base paired, duplex
regions, connected by a variety of different motifs that often position unpaired
nucleotide bases for additional stabilizing interactions. These latter interactions
vary in type, and they can involve long-range base pairing or other more intricate ter-
tiary interactions that secure distal parts of the molecule. A survey of these interac-
tions can be found in Butcher et al.’

An intriguing class of RNA tertiary motifs contain base triples. Formed by stacked
Hoogsteen base triples U-A<U and C-G-C*, RNA triplexes are now recognized as
tertiary motifs®~ in naturally occurring functional RNA architectures.® As examples,
in human telomerase,””'” RNA triplexes with two to five base triples are necessary

Spliceosomal RNAs'*"? use

structural elements required for catalytic activity.''
RNA base triples as conserved catalytic sites that coordinate metal ions in the
splicing process. RNA triplexes also exist in long noncoding RNAs (IncRNA)'*'
and viral RNAs,"”'® where they can stabilize functional domains by forming long,
consecutive U-A-U triples with adjacent nucleotides. Such stabilization, notably
the sequestration of degradation signals (such as the polyA tail), results in accumu-
lation of RNAs and, in turn, upregulation of gene expressions in both cancer'” and
viral infection?”?" contexts. In this context, RNA triplexes are valuable therapeutic

targets.”” Finally, some gene-regulatory RNA riboswitches?*™*® leverage triplexes
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as binding pockets of ligands regardless of nucleobase moiety. Despite their biolog-
ical or technological importance,?® the structures of only a few longer triplex
structures have been solved (e.g., PDB: 6SVS?/). Although these structures possess
well-defined contacts, the degree of flexibility displayed by the third, triplex-forming
oligomer, is unknown, yet is likely important in understanding how these molecules
interact with partners. The goal of this work is to explore the conformation(s) of some
RNA triplexes that incorporate both stable and flexible regions, and to study the
counterion distribution around such highly charged structures.

There has been much recent interest in developing accurate, atomically detailed
models of RNAs. In contrast to well-ordered proteins, all-atom MD simulations pre-
sent challenges for RNA,?® including concerns about force field accuracy or sampling
30,31 4
is not yet clear if current approaches provide a general framework to provide atom-
ically detailed descriptions consistent with experiments. As an alternative approach,

issues resulting from RNA’s rough energy landscape.”” Despite recent efforts,

all-atom models of RNAs are being successfully refined and tuned to come to agree-

ment with experimental data acquired by NMR,*?7*¢ cryo-EM,?’ or solution small-**

39,40

or wide-angle scattering (SWAXS).

A recent study that motivated this one combines the Sample and Select (SaS)
approach with wide-angle X-ray scattering (WAXS) data on RNA duplexes.”” Results
provide insight both into variations from A form structure and counterion distribu-
tions around double-stranded RNA. With the goal of modeling structures that are
more complex than the duplexes that were the subject of our previous work, we at-
tempted a similar comparison between SWAXS measurements of constructs con-
taining multiple, stacked RNA base triples, and computed profiles of an “ideal”
triplex, subject to extended sampling. This SaS approach failed to capture the de-
tails reported in the experiment; the “correct” structures do not appear to be pre-
sent in the pool. This disagreement motivated the application of the data-driven,
all-atom MD simulations to enhance our previous SaS approach described herein.
This method relies on tight coupling of simulation with solution X-ray scattering
data. Notably, the incorporation of experimental data generated by wide-angle
X-ray scattering offers the opportunity to measure (and model) finer details of the
backbone placement and flexibility, which reflects base pair geometries as well as
ion distributions. The detailed features at wide angle are critical in interpreting the
features that are recapitulated in the MD simulations. Such approaches have been
previously applied to proteins®" but not to nucleic acids. Because of the rising appre-
ciation of the biological importance of RNAs, it is now critical to gain a more com-
plete understanding of all possible RNA contacts, geometries, and interactions.
The ability to navigate simulations with minimal biases in the starting conformation
will allow us to rapidly explore novel contacts, structures, and interactions. As
mentioned above, similar data-guided approaches are being exploited in conjunc-
tion with other experimental measurements to target RNA structures.**®

We apply this integrated approach to reveal the solution structures of hairpin RNAs
alone and complexed with triplex-forming oligomers (TFOs). Of great interest are
the changes to the duplex structure that accommodate and stabilize base triple in-
teractions. The atomically detailed structural ensembles afforded by MD simulations
reveal changes to the cation atmosphere upon triplex formation, and resolve subtle
differences in the measured WAXS signals that depend on the presence of particular
(physiological) salt ions. Strikingly, our findings elucidate the unique role of U+ A-U
units in triple helical structures, offering biophysical insight into the interactions that
stabilize RNA triplexes.
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Figure 1. RNA systems under study and their WAXS profiles

(A) Schematics showing the RNA duplex and triplex motifs designed for this work. The Short-Tetraloop Duplex (ST-DPX) has a UUCG tetraloop and a
17-Watson-Crick base-paired stem with one TFO12 binding domain. A custom designed 12 nucleotide long TFO is added to yield multiple base triples,
stabilized by Hoogsteen base pairing (dots) resulting in an RNA triplex: ST-TPX. We doubled the TFO12 binding domain to create a triplex-forming
partner for the Long-Tetraloop Duplex (LT-DPX). When bound, the duplex-TFO24 pair comprises the longer RNA triplex: LT-TPX. See main text for a

more detailed description.
(B and C) Solution X-ray scattering profiles of the different motifs and salts studied: ST-TPX/LT-TPX in 5 mM MgCl, (blue), ST-TPX/LT-TPX in 200 mM
NaCl (green), and ST-DPX/LT-DPX in 200 mM NaCl (purple).

RESULTS

WAXS reveals structural features of RNA triplex

Solution X-ray scattering provides both global and local information about the struc-
ture(s) of RNA. While small-angle X-ray scattering reveals the overall size and shape
of the molecule, WAXS is now a proven tool for discerning variations in the solution

37:42.43 importantly reporting higher-resolution infor-

structure(s) of RNA molecules,
mation about the distribution of distances present in the molecule in vitro. We apply
WAXS to understand the structure(s) of motifs with tertiary structures: triple-

stranded RNAs.

To obtain triplex structures for measurement, we designed two duplexes as well as a
complementary single-stranded TFO that binds to each duplex (see RNA triple helix
motif design and sample preparation). We subsequently refer to the duplex motifs as
ST-DPX and LT-DPX for short and long constructs, respectively. Their respective
triplex counterparts are referred to as ST-TPX and LT-TPX.

The secondary structures of the molecules studied here are shown in Figure TA.
Figures 1B and 1C shows their WAXS profiles, plotted as the log of the
intensity of the scattered X-rays, as a function of scattering angle, expressed as
g = (4 /2)sind, where % is the incident X-ray wavelength in A and 6 is half of the
scattering angle. Profiles of the shorter duplex and triplex (ST-DPX and ST-TPX)
are shown in the left panel, in solutions containing different salt ions. Profiles of
the longer constructs are shown in the right panel. The difference between duplex
and triplex scattering is evident from the curves. The peak in the triplex scattering
profile (near g = 0.4 A~ ") flattens for the duplex and the peak in the duplex scattering
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profile (near g = 0.75 A~ ") flattens for the triplex. The WAXS profile of the triplex
sample is sensitive to the surrounding ions; features in divalent Mg are better
defined than those in monovalent Na (note: a similar effect was observed for du-
plexes, as reported in He et al.*”). Finally, comparison of Figures 1B and 1C shows
that the WAXS features are better defined in the longer constructs. This is not sur-
prising given the increased reinforcement of correlations with length in a regular

structure.

Computational method of sampling RNA conformations driven by WAXS

The sensitivity of WAXS to the variations with length, sequence, and salt is prom-
ising; however, the information hidden in WAXS curves demands computational
modeling to provide precise insights. To reveal the structural differences implied
by WAXS, we employed a computational strategy that is summarized in Figure 2A.
Simulations begin with an RNA model, built from only secondary structure informa-
tion (Figure 1). We use this model structure to generate an ensemble of conforma-
tions using MD simulations that account for the RNA flexibility, explicit water, and
cations (Figure 2B). Details of our MD methodology can be found in methods and
supplemental Appendix (see WAXS-driven MD simulations). We compute the
WAXS profiles from the atomic coordinates. Later, we assess the agreement of the
profile derived from the computational pool by comparing it with the measured scat-
tering profiles from experiment, using a customized x? metric (see The customized
statistical metric). If agreement is not achieved, a high-temperature (HT) MD simula-
tion is used to expand the structural pool. The HT trajectory is clustered to identify
important conformational sub-states. Each cluster is then evaluated against experi-
mental data. If the x? of the best cluster is satisfactory we select the conformation
and further sample conformations around it using unbiased MD simulations. As
shown in our past work,”” this Sa$ strategy can be effective if the issue is sampling,
meaning that the correct structures are present in the pool, but may be difficult to
access given the starting point of the simulation (A-form duplex). For more complex
structures, where the correct models may not be present within the computational
pool, a new approach is required to refine the model. The WAXS-driven MD simula-
tions, described here, allow us to steer the best conformation of the SaS simulation in
new directions to achieve the requisite agreement.

To test the validity of our approach in resolving triplex RNA structures, we start from
a known structure. The triplex part of the PDB: 6SVS was isolated and its WAXS curve
is synthetically generated using the WAXSiS program** by adding explicit ions and
water mimicking experimental conditions. Details of our approach can be found in
the supplemental information (see WAXS computing from MD trajectory). Later,
we generated an ideal triplex model using 3D-NuS*® and sampled conformations
committed to fit the WAXS profile. We tested the performance of the WAXS-driven
MD in two conditions: (1) when the RNA is protonated at the C+G-C triplet region
and (2) when it is left unprotonated. In Figure 3 we summarize our main results
and in Figure S4 we show the convergence of the structural sampling during
WAXS-driven MD simulations.

As is seen in Figure 3, the WAXS profile of the initial model (black) deviates signifi-
cantly from the crystal structure (green), evidenced by the large x> >300. After
WAXS-driven MD, both the protonated and unprotonated RNA setups started
from the same initial model structure give rise to a perfect fit with the WAXS profile
derived from the crystal structure (Figure 3A) with x> = 6.99 and 8.24. The best fit
models overlaid to the crystal structure show high similarity with the crystal structure.
Interestingly, WAXS-driven MD gave rise to a similar performance whether the RNA
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Figure 2. The flowchart of WAXS data-driven MD approach and the method of computing WAXS
profiles from simulations

(A) Two feedback loops are considered, and the path through the search is determined by the
agreement (or lack of agreement) with WAXS profiles. If agreement is not achieved in the RT pool,
the Sample and Select (SaS) approach®” is incorporated to enhance the sampling. The second
feedback loop is triggered when the customized metric in Equation 1 of all the sampled
conformations exceeds the threshold. After multiple iterations, the data-driven strategy generates
a conformation pool satisfying the experimental WAXS data, assessed by the value of our
customized metric.

(B) Illustration of the RNA + water + ion system and water + ion system used in the WAXS data-
driven MD simulations. The molecular envelope constructed from a 3D probability density
isosurface 12 A from the helix surface to encompass the solvent/ion shell is depicted by mesh.
The scattering intensity of water + ion system was computed by applying the same envelope
construct.

is protonated or not, suggesting that the provided experimental data not only
improve force field-related issues but also eliminate other uncertainties that may
arise due to the solution conditions. This exercise allowed us to critically assess
the ability of WAXS-driven MD to refine triplex structures and made it possible to
study RNA triplexes where no crystal structure is available.
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Figure 3. lllustration of the WAXS data-driven approach against a known triplex (PDB: 6SVS)

The crystal structure serves to compute the WAXS profile that is used to drive an ideal triplex model.
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(A) WAXS profiles of the crystal structure (green), initial model (black) and best fit models after WAXS-driven MD simulations with (blue) and without

(purple) protonation of CGC triplet.

(B-D) The comparison of structures overlaid to the 6SVS structure. The RMSD (A) and the x% metric for each condition are shown.

Computational method generates WAXS-consistent RNA ensembles for
structurally unknown triplex

The success of WAXS-driven MD in refining the structure of the known triplex RNA
motivates our study of structures that have not yet been characterized. To accom-
plish this, we begin with the short triplex (ST-TPX). After the starting conformation
is selected, our WAXS-driven approach guides the MD toward regions of conforma-
tional space where the computed profiles find better agreement with the experi-
mental data. Figure 4A (black) shows results for the ST-TPX RNA in NaCl. The
process, as applied to the other RNAs studied, yields similar improvements in fit
and is reported in Figure S5. The structural search reaches our set criteria (x? < 2)
within 40 ns (Figure 4B). Once the search converges to a structure consistent with
experimental signal the error stays around the same value, suggesting no major
change in WAXS profiles. To provide ensembles for analysis, we construct a pool
from the conformations that fall below the threshold. These pools in each condition
are used to derive equilibrium properties and distributions. Throughout the course
of the conformational search stage of the simulation, the error and the structural
changes are simultaneously monitored (Figures 4B and 4C). Interestingly, significant
deviations from the starting structure are localized to specific regions; for example,
near residues 19-22 and 41-52 in ST-TPX. Changes are “tracked” by monitoring
structural deviations in these regions that correspond to the tetraloop and TFO po-
sition of the ST-TPX, respectively. As a control, we employ unbiased MD starting
from the initial RNA structure and from the best structure selected by WAXS-driven
MD (Figure 4A, red versus cyan green). The agreement of unbiased MD is poor in
both cases, highlighting the necessity of our approach. Specifically, the sponta-
neous drift of the structural pool from the best structure suggests discrepancies in
the force field in their representation of triple-helix RNAs. In contrast, computed
WAXS profiles of duplex structures evolve toward better agreement with experi-
ments when sampling starts from the conformations close to the experimentally
measured ones (Figures S5A and S5C). Thus, our current force field appears to
adequately capture duplex topology, but needs adjustments when modeling higher
order structures.

6 Cell Reports Physical Science 3, 100971, July 20, 2022
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Figure 4. lllustration of WAXS data-driven approach of ST-TPX in buffered solution of 200 mM
NacCl

(A) The experimental data that are the target of the WAXS-driven MD simulations are shown as
green circles. The red curve is the ensemble average of the unbiased simulation results when the
initial model is taken as the starting structure. The cyan curve is the ensemble average of the
unbiased simulation when the initial structure is the best fit model. Neither of them represents a
single structure, rather both represent ensemble averages. The progression of scattering profiles
during the data-driven simulation is shown in gray, denoted as transition in the figure and the result
of the data-driven simulation is shown in black. The WAXS evolution of the remaining constructs is
shown in Figure S5.

(B) The time variation of x?, as well as the overall RMSD change are shown, using the initial frame as
reference. The distance from the initial state is given in Angstroms. The asymptotic amplitude and
turning point of the two variables respectively used as a qualitative measure of the convergence of
the fits to a 3D model. Note that this convergence is not a rigorous statistical measure.

(C) The time evolution of the RMSD at the level of individual residues is shown, using the initial
structure as the reference. The color bar provides the distance from initial conformation. Note the
relatively higher structural deviations displayed near residues 19-22 and 41-52 residues, which
correspond to the tetraloop and TFO of ST-TPX, respectively.

Pairwise distances correlate with WAXS profiles

Key to the success of this method is understanding how WAXS features correlate
with RNA structural features. Structures sampled by MD simulation serve as a
training set to find relationships between features in the computed WAXS profile
and 3D structural details. We first examined the correlation between residue pair dis-
tances djj and WAXS amplitude at each discrete point g, I(qx) (see detailed descrip-
tion in Pairwise distance correlation analysis). Correlation maps are used to display
these relationships. Figure 5 summarizes our analysis for ST-TPX. A comparable
analysis for LT-TPX is detailed in Figure S9.

The normalized pairwise distances of Figure 5 show both positive and negative
correlations with SAXS features. A positive correlation implies an increase in I(q)
with an increase in normalized deviation of distance pair at a particular g value,
with the opposite true for negative correlations. Here, we show only the highest
correlations in magnitude for three g ranges (0.3-0.4, 0.6-0.75, and 0.8-0.95
A”) (Figure 5).

These analyses demonstrate that the TFO conformations play a significant role in
shaping the scattering profiles (Figure 5). As an example, the experimental profile

Cell Reports Physical Science 3, 100971, July 20, 2022 7
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Figure 5. Correlation analysis of measured WAXS profiles with structures sampled by MD simulations of ST-TPX in 200 mM NaCl

(A-C) These partial correlation maps, extracted from the full correlation map (Figure S7), display the distance between pairs of phosphate atoms
associated with the indicated residues, computed from MD structures (Equation 4), against the normalized deviation of the computed WAXS profile
from the experimental measurement (Equation 3). These maps identify structural regions that potentially contribute to deviations in specific g regions.
Regions with the highest deviations in a given g range, e.g., the residue pairs with high correlations (|p| >0.5 and five largest values), are highlighted
within black rectangles. We focus here on structural regions that create significant deviations in profiles near g=0.35A"" (A), g=0.65A"" (B), and q=
0.85A7" (C).

(D-F) The regions identified in (A-C) are mapped onto the secondary structure and real space models of the RNAs. Residue pairs that contribute to
changing the scattering profile near q:O.?:SA’1 (D), qz0.65/&’1 (E), and q:O.BSA’1 (F), respectively, are highlighted in color.

(G) connects distinct structural variation with changes in the scattering profiles. A comparable analysis applied to LT-TPX is provided in Figure S9.

deviates significantly from the unbiased MD prediction near g = 0.35 A~"'. The
correlation map shown in Figure 5A provides insight into the structural changes
that can bring the experimental and predicted curve into closer agreement at
this g value. Specifically, a decrease in distance between pairs highlighted with
blue blocks, as well as a flipping out of the end of the TFO, which increases the
pairwise distances shown by the red blocks, suffice to increase the computed scat-
tering intensity at this g value, smearing the obvious minimum that is present in the
standard MD curve. This change corresponds to a compression of the TFO along
its length (decreased distance between the blue-colored residues in Figure 5D), as
well as an increase in the distance between its 5’ end and the duplex. Together,
these effects enhance the signal intensity at g = 0.35 A" to bring the computed
and experimental curves into agreement (Figures 5A, 5D, and 5G). Similarly,
the discrepancy between unbiased MD and measurement seen at around g =
0.65 A" can be compensated by breaking the symmetry in the duplex-TFO pair-
wise distance (Figures 5B and 5E). This analysis suggests that variations in the
structure may not always be reflected at a unique g range, rather, the auto-corre-
lations among WAXS features (see Figure S6A for ST-TPX) suggests that structural
variations may induce changes at multiple g regions. Despite the complexity that
this multiple dependency can induce, these cross-correlations do ensure consis-
tency. For example, the WAXS features at around q = 0.35 A™" positively corre-
late with that of g = 0.65 A~": however, the same feature negatively correlates
with intensity at g = 0.85 A~" (Figure S6A). Therefore, a closer duplex-TFO con-
tact amplifies the WAXS amplitude at g = 0.65 A~ (Figures 5B, 5E, and 5G,
blue blocks) and, at the same time, reduces the I(q) at g = 0.85 AT
(Figures 5C, 5F, and 5G, red blocks). Meanwhile, stem expansion near the loop
increases the amplitude at g = 0.85 AT (Figures 5C, 5F, and 5G). Thus, the agree-
ment of our computed profile with experiment over the entire g range provides
support for all of the selected changes.

The above discussion highlights our experimental sensitivity to the conformational
state of the TFO. Additional information about changes in the duplex topology
that result from TFO binding are also available: features in the WAXS profile corre-
late with the major-groove width. The positive correlation at g = (0.8-0.95 ATy,
especially residue pairs of r14-r26 and r14-r27 (Figures 5C and 5F), suggests a major
groove widening, which is detailed in the next section. Despite the above-described
success in articulating the structures of the duplex and the TFO, the correlation maps
do not provide robust guidance (high values of correlation) for the changes in the
tetraloop region (Figure S7). This is not surprising because of the highly dynamic na-
ture of the loops revealed by MD simulations,*® as well as the short length scales that
characterize interactions within the loops. Data acquired at higher g values, beyond
the scope of the present study, will be required to inform about the structure(s) of
this region. The most representative structures from the WAXS-driven simulation
are shown in Figures 6B, 6C, and é6D.
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Figure 6. Structural analysis of ST-DPX/TPX under different conditions

(A) The experimental scattering profiles (circles), computed WAXS profiles from standard MD simulations of model structure (red) and WAXS-driven
simulations (black) are pictured for three constructs.

(B-D) From the conformational ensembles generated by WAXS-driven MD, we show the most representative structure of (B) ST-DPX in NaCl, (C) ST-TPX
in NaCl, and (D) ST-TPX in MgCl,, and alongside each snapshot, we report the corresponding secondary structures using Leontis-Westhof notation,*’
and dashed line annotation denotes weak hydrogen bonding interactions for other non-canonical base pair formations. For equilibrium properties we
consider the whole ensemble. The ensemble was generated from conformations that fall below the threshold x? < 2 value.

(E-G) Average groove width (GW) of the duplex part of structures reveals a dependence on salt: (E) ST-DPX in NaCl, (F) ST-TPX in NaCl, and (G) ST-TPX
in MgCly, respectively.

(H and 1) The contact analysis measuring the relative positions of the TFO and duplex of ST-TPX reveals detailed structural information about TFO
binding in (H) NaCl and () MgCl,.

(J-L) The contact analysis between tetraloop and duplex of (J) ST-DPX in NaCl and ST-TPX in (K) NaCl, and (L) MgCl, reveals an unexpected salt
dependence of the loop within triplex structures.

Duplex and triplex structures and how the TFO binding modulates RNA
structural ensemble

We now turn to a detailed discussion of the structures of the ST-DPX and ST-TPX
constructs, which is uniquely enabled by the agreement of computed scattering pro-
files with experimental measurements. First, we note that unbiased MD simulations
require only small modifications to accurately recapitulate the structure of the ST-
DPX construct (Figure 6A), that is, the WAXS-derived forces did not lead to appre-
ciable change in structure during the WAXS-driven simulation runs. In contrast,
structural pools from unbiased MD simulations show much more deviation when
modeling the triple-stranded constructs (Figures 6B—6D). In these latter constructs,
the final MD-driven result, shown as simulation snapshots and corresponding sec-
ondary structures in Figures 6C and 6D, reveal significant variations in the tetraloop
and TFO, which may be difficult for unbiased MD to capture. Once the simulations
have been driven to agree with the experiment, the real space projection of the
WAXS profiles afforded by all-atom MD simulations provide a platform to investi-
gate the TFO-induced structural changes with atomic detail.

To accurately describe and interpret the structural changes, we separately consider
the three distinct components of the RNA structure: (1) base-paired duplex stem
(without TFO and loop), (2) TFO, and (3) tetraloop regions.

As a first step in providing a description of the duplex structure, as well as the ability to
easily describe changes resulting from TFO binding, we focus on the dimensions of the
groove widths. Figures 6E-6G displays the widths of both the minor and major grooves
for three short constructs. Figure 6E reports the average groove widths computed from
the pool for the ST-DPX construct, revealing a consistently sized minor groove and
some variations in the major groove width, especially near the ends of the base paired
regions. Figures 6F and 6G show the significant TFO-induced changes to the major
groove dimensions and therefore to the duplex structure. Most significantly, the major
groove widens once the TFO is bound. This change is dramatic near the middle of the
duplex and near the tetraloop (beyond base pair 14).

We now focus on the positioning and conformations of the TFO in the pool for the
triplex construct in different salt conditions. To quantify our findings, we measured
and report the pair distances between TFO and duplex nucleotides (details in
Residue-residue contact analysis). These distance distributions allow for a comparison
of the sequence specificity of TFO binding across salt conditions and reflect the struc-
tural heterogeneity of Hoogsteen base triples. Most interestingly, the U+ A+ U base tri-
ples (UUU end, at the “top” in the figure) form close contacts to the duplex (Figures 6H
and 6l). This tight binding shows no variation with the salts used, suggesting a
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Figure 7. Structural analysis of LT-DPX/TPX
(A) The experimental scattering profiles (circle), computed WAXS profiles from standard MD simulations of model structure (red) and WAXS-driven
simulations (black) are pictured for these longer constructs.
(B-D) As in Figure 6, we show the most representative structure of (B) LT-DPX in NaCl and LT-TPX in (C) NaCl and (D) MgCl,, and, alongside each

snapshot, we report the corresponding secondary structures using the same nomenclature as Figure 6. For equilibrium properties we consider the
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Figure 7. Continued

(E-G) Average groove width (GW) of the duplex part of structures in different salt conditions reveals a more distinct pattern than observed in the shorter
complex for: (E) LT-DPX in NaCl, (F) LT-TPX in NaCl, and (G) LT-TPX in MgCl,, respectively.

(H and I) The contact analysis between TFO and duplex of LT-TPX in (H) NaCl and (I) MgCl,, and (J-L) between tetra-loop and duplex of (J) LT-DPX in
NaCl and LT-TPX in (K) NaCl and (L) MgCl, show smaller variations relative to the shorter construct in NaCl.

short-range non-electrostatic force governing contact formation in these tandem uracil
units. This observation confirms earlier work and crystallographic studies.*®>° While
this “upper end” of the TFO appears to be fixed by the tandem uracil units, the con-
tacts at the TFO lower end appear more dynamic. This effect is more pronounced
for RNA in Na* in comparison to Mg?* salt, and likely reflects the weakened electro-
static screening afforded by monovalent relative to divalent ions.

Finally, we consider the structure(s) of the loop region in our best-fit ensembles. As
seen in the TFO contacts, a significant salt variation of this region is observed
(Figures 6J-L). Here, the dynamics are depicted both as structures and as computed
distances. Both representations illustrate the dynamic features of this flexible region.
It is interesting to compare the loop structure in the ST-DPX and the ST-TPX com-
plexes. Relative to the former, the loop structure in the latter tends to twist upon
the introduction of the TFO (Figures 6J and 6éK). In addition, the ST-TPX loop
appears more dynamic in Na* than in Mg?* (Figures 6K and 6L). The added strand
increases the charge density around the loop, which likely leads to stronger repul-
sion that partially melts this region. With higher valence Mg®*, the canonical form
of the tetraloop is restored (Figure 6L).

All together, we reveal that triplex formation requires global modifications of the
duplex geometry in both salt conditions studied. Salt-dependent effects are mani-
fested in the structural variations of the terminating loop as well as in the variations
of structure of the TFO, especially near its lower end.

Short and long triplex sequences show similar structural variations

To extend our findings, we measured and simulated systems consisting of longer,
loop-terminated duplexes, with and without TFOs. We examined a longer stem-
loop construct (LT-DPX) without and with the addition of a longer TFO (LT-TPX).
The triplex-forming constructs were examined in solutions containing either Na or
Mg ions. Results for the LT-TPX show that the key deviations of MD predictions
from WAXS measurements occur in regions that reflect structural coupling between
the duplex and the TFO, consistent with findings from the ST-TPX system (Figure S9).
As in our above-described studies with the shorter motifs, we applied correlation
analysis to bring the predictions for all of the longer constructs into agreement
with experiment. Following the application of WAXS-driven MD, the representative
best-fit structures of each case are shown in Figures 7B-7D. Conclusions from simu-
lations of the structures of LT-DPX (Figure 7E) are comparable with those derived
from the ST-DPX system (Figure 6E). In particular, increases in the major groove
width are observed near the two ends of the helical regions, relative to near the cen-
ter of the duplex. The minor groove widths remain relatively constant and un-
changed from the shorter construct. For these longer constructs, the addition of
the TFO induces a major groove widening, as seen in the shorter strands; however,
it is more emphasized in LT-TPX where a nearly monotonic increase from bottom of
the stem to the tetraloop is observed (Figures 7F and 7G).

The binding mode of the longer TFO shows sequence specificity and salt depen-
dence. Consistent with observations on the shorter triplex, the uracil bases of this

Cell Reports Physical Science 3, 100971, July 20, 2022 13



Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

Table 1. Structural parameters of RNA constructs from experiments and simulations

6SVS crystal®” ST/LT-DPX [Na“] ST/LT-TPX [Na*] ST/LT-TPX [Mg?*]
Shift (A) - 0.27 0.03£0.11 0.05+0.15 0.10+0.14
Slide (A) — 232 — 1.524+0.13 — 1.824+0.17 — 1.87+0.16
Rise (A) 3.17 3.33+£0.05 3.41£0.09 3.43£0.10
Tilt (°) — 2.57 0.30+£0.80 0.46+1.18 — 0.11£+1.00
Roll (°) 3.40 4.87+1.33 2.32+1.33 0.83+1.47
Twist (°) 29.76 30.99+0.66 29.30+0.94 31.06+1.07
x-displacement (A) - 5.14 — 3.62+0.32 — 3.82+0.90 — 3.60+0.39
y-displacement A) 0.28 0.01+£0.29 0.18+0.66 — 0.04+0.44
Helical rise (A) 2.79 2.96+0.11 3.09£0.15 3.26%+0.17
Inclination (°) 7.18 8.80+2.48 4.23+3.02 1.124+3.00
Helical twist (°) 30.49 32.27+0.59 30.79+1.11 32.24+1.10
Propeller (°) — 6.06 — 12.55+2.47 — 5.43+3.48 — 4.754+2.96
P...PA) 6.32 6.14+0.05 6.194+0.08 6.254+0.05
Major groove (A 13.27 9.94+0.89 13.69+£0.75 13.99+£0.95
Glycosidic torsional angle anti anti anti anti
Sugar pucker C3'-endo C3'-endo C3'-endo C3'-endo

TFO bind tightly to the duplex. The two tandem units of uracil share this trend
(Figures 7H and 71) and the deeply buried major groove binding of these tandem
units is salt independent. Due to its longer length, the end of this TFO (perspective
view along the y axis) is more susceptible to excursions and shows higher dynamical
fluctuations, especially in Na salt. However, in these longer constructs the tetraloop
exhibits less heterogeneity in NaCl (Figure 7K) when compared with ST-TPX. Finally,
in parallel with the ST-TPX, the structural heterogeneity of the TFO terminus is
restricted in Mg2* (Figure 7L).

We also looked into the differences in the global structural parameters of RNA du-
plexes alone and in triplexes. Table 1 summarizes the comparison of average duplex
features from simulations and experiments. The base pair step parameters are
comparable among the structures regardless of buffer condition and sequence, indi-
cating the minimal effect of the TFO and ions on the adjacent base pairs. Remark-
ably, in contrast to the aforementioned findings, local base pair parameters, such
as propeller, capture the conformational change of the duplex region upon the for-
mation of triplex. What is striking in this analysis is the widening of the major groove,
which is observed in both the crystal structure and our TPX models. This implies that
expanding the major groove of the RNA duplex, i.e., the modification on the duplex
geometry, is necessary to accommodate the TFO during the triplex-forming pro-
cess. Moreover, the phosphorus-base distance (P ... P) of ~ 6.0 A and the dominance
of C3’-endo sugar pucker indicate the retained A-form conformation of duplex
regions.

Average helical parameters of RNA ensembles generated from WAXS-driven MD
were compared with those of a realistic U+A-U rich triplex.”” Only the regions de-
signed to be triplex were taken into account.

Spatial cation distributions of duplex and triplex structure are different

A great benefit of these atomically detailed MD simulations is the additional infor-
mation gleaned about how the spatial distributions of cations respond to accommo-
date TFO binding. These studies directly address the question of how a negatively
charged third strand displaces tightly bound cations from a deep and negatively
charged groove. Figure 8 shows the MD-derived average cation occupancy around
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A ST-DPXNaCl B ST-TPXNaCl ¢ ST-TPX MgCl,

D LT-DPX NaCl

Figure 8. Counterion density profiles from simulations

(A-F) (A) ST-DPX in NaCl, ST-TPX in (B) NaCl and (C) MgCl,, (D) LT-DPX in NaCl, LT-TPXin (E) NaCl
and (F) MgCl,, respectively. Increasing ion density is indicated with color: white (low) to red to
green (high).

the RNA structures in all of the systems studied. Marked differences are observed
between cation distributions around duplex and triplex RNAs. This information is
most relevant when the same salt is used, in this case NaCl. Consistent with our
earlier works,”’*? duplex geometries show major groove binding of cations
(Figures 8A and 8D), with localization of Na* cations to the phosphate backbone.
Most surprisingly, the binding of TFO to the major groove does not exclude Na* cat-
ions from the major groove, rather, it leads to stronger localization of cations into up-
per and lower layers juxtaposed to the third phosphate backbones (Figures 8B and
8E). The tetraloop region also showed an increase in cation occupancy in the case of
the triplex structure in the stem region. This increased localization may result from
the higher charge density created by the third strand. Similarly, hexa-hydrated
Mg?* cations also bind to the major groove of TPX structures despite the presence
of TFO. Localization of divalent ions is more discrete (Figures 8C and 8F), in sharp
contrast to the case of Na™ where binding is territorial and diffusive.
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DISCUSSION

Combining atomically detailed simulations with experimental data can be a chal-
lenging task. Many factors impact the accuracy of the interpretation of the re-

sults,”>°°

such as the resolution of the experimental data, the accurate reflection
in the measurement of well-defined structural correlations in the molecules, the
type and magnitude of the errors, and finally the accuracy of the back calculation.®”
Computational challenges are also important, especially selection of a good starting
model, assessment of overlap between the experimental and computational ensem-
ble(s), and the role of force field and coupling methods on the ensemble generated
need to be investigated more in depth to develop a robust computational strategy.
Here, we proposed and demonstrated a strategy for solving the solution structure of
RNA molecules possessing stacks of base triples in a triplex motif. This framework
integrates SaS MD with WAXS-driven forces to direct the simulation into agreement
with the experimental data. We applied this framework to solve the structures of bio-
logically important, but structurally uncharacterized RNA triplex motifs. Structural
variations, dynamic arrangements, as well as ion effects were accessible to our anal-
ysis, and were examined in depth. From these straightforward comparisons, we
derived an improved understanding of RNA triplexes at the atomic level.
For example, we observed that a like-charged third strand of RNA is readily
accommodated by an already formed duplex by widening the major groove,
sequence-dependent contact formation, and redistribution and localization of
charge-compensating cations. The new charge distribution pattern identified
here, in addition to the structural importance of tight U-A-U base triples from tan-
dem uracil residues, likely contributes to function. Our coupled studies also under-
score the importance of divalent ions in stabilizing flexible motifs, tightening loops,
and lashing down free ends. These interactions may impact long-range molecular
recognition and signal transduction in currently unrecognized ways. The application
of additional experimental methods, such as UV melting or kinetic analyses of single
or combined mutations in the base triplex, can potentially reveal the energetics of
these interesting interactions. Studies performed under different ionic conditions
could provide additional insight into the vital role of charge-compensating counter-
ions in stabilizing these higher-order structures. These new degrees of freedom
inform our understanding of RNA tertiary structure and inspire ongoing studies to
more fully characterize the detailed electrostatic environment of these highly
charged molecules, which uniquely enables their interactions with select cellular
partners.

Our method fills an important void by integrating state-of-the-art wide-angle solu-
tion X-ray scattering experiments with MD simulations to investigate ensembles of
RNA structures. Although demonstrated for stable RNA triplexes, this approach
has the potential to solve structures containing other tertiary motifs. Immediate
future applications will extend to dynamic systems that contain flexible regions
and smaller numbers of stabilizing base triples.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Lois Pollack (Ip26@cornell.edu).

Materials availability
This study did not generate new unique materials or reagents.
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Data and code availability

The data generated during this study are available from the corresponding authors
upon reasonable request. All data associated with the reported analyses are
included in the paper and/or the supplemental information, and in the Small Angle
Scattering Biological Data Bank (SASBDB) (https://www.sasbdb.org/) with the
following access codes: SASDKP5 SASDKS5 SASDKV5 SASDKY5 SASDKRS
SASDKUS5 SASDKX5 SASDK26.

RNA triple helix motif design

We designed short and long RNA hairpin constructs, called ST-DPX and LT-DPX, by
terminating 17-bp and 29-bp duplex stems, respectively, with a UUCG tetraloop.
The stems consist of sequence-specific 12-bp and 24-bp binding sites for two
TFOs, of 12 and 24 nucleotides in length, called TFO12 and TFO24, forming ma-
jor-groove RNA triple helical structures, denoted ST-TPX and LT-TPX. The schematic
secondary structures of the aforementioned RNA molecules are shown in Figure TA.
See section RNA triple helix motif design in the supplemental Appendix for a
detailed description.

RNA triple helix sample preparation

Both ST-DPX and LT-DPX RNA molecules were synthesized using four batches of ten
T7 reactions at 37°C from dsDNA templates purchased from IDT (Coralville, IA). We
used ethanol precipitation at —80°C to stop the T7 reactions and condense the RNA
samples with impurities. The RNA samples were first purified using a Mono Q 5/50
GL anion exchange column (GE Healthcare, Chicago, IL) at pH 7.0 and then annealed
in buffers containing 40 mM NaCl, 20 mM sodium 3-(N-morpholino)propanesulfonic
acid, 50 uM EDTA (pH 7.0). Half of each ST-DPX and LT-DPX sample was then an-
nealed with the protonated TFO12 and TFO24 strands in 200 mM NaCl, 1.0 mM
MgCl,, 20 mM sodium 2-(N-morpholino)ethanesulfonic acid, 50 pM EDTA (pH 5.5)
to form ST-TPX and LT-TPX, respectively. ST-TPX and LT-TPX were anion-exchange
purified and buffer exchanged to either 200 mM NaCl or 5 mM MgCl; for solution
X-ray scattering experiments. A detailed description of sample preparation and
characterization can be found in section RNA triple helix sample preparation of
the supplemental Appendix.

Solution X-ray scattering

All solution X-ray scattering data were acquired at the 16-ID (LiX) beamline of the
National Synchrotron Light Source Il (NSLS 1) at Brookhaven National Laboratory.>®
Solution samples (60 plL) and their matching buffers were manually loaded and indi-
vidually measured in a continuous flow mode with five 2-s exposures. Solution X-ray
scattering data with a g range of 0.005 to 3.2 A~" were recorded using a Pilatus 1M
(small angle) and two Pilatus 300K (wide angle) detectors (Dectris, Switzerland) in
vacuum. On-site frame-to-frame data screening was done using the py4xs pack-
age’? to ensure matching of pre- and post-sample buffers and to ensure the absence
of radiation damage. For all measurements, the signal-to-noise ratio (SNR) was
above 30.0 at g = 1.0A™". The SASBDB access codes for experimental profiles
used in this study are reported in Table S3.

Calculation of solution X-ray scattering profiles

SWAXS profiles were calculated following the scattering theory from excess electron
densities.**7** We used a probability isosurface to enclose the ion and solvent
shells near the RNA molecule with a distance of d = 12 A from the RNA surface.
This distance was determined empirically. From 20 ns long solvent alone system
(details in supplemental Appendix, section WAXS computing from MD trajectory)
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we select equally spaced frames for every 50 ps and used to estimate the electron
density of the bulk solvent in each case. The orientational integral of the scattering
amplitudes over 4 solid angle was computed numerically, using 1,750 uniformly
distributed g vectors on a sphere,®’ spanning a g range from 0.0 to 1.0A " with
201 points.

The customized statistical metric
The agreement between experimentally and computationally acquired solution
X-ray scattering profiles was quantified using the customized Xlzog metric:

(Equation 1)
() d

where n is the number of g points and l.om(qi) and lexp(qi) are the computed and

i=1

X(Zog - - 1 1 i{logm[lem(q;ﬂ - |°910[’com(q,)]}27

experimental intensities at gj, respectively. In Equation 1, ¢’(g;) denotes the propa-
gated error at g;: 0'(qi) = 0(qi)/[lexp(qi)log10] with o(g;) being the experimental er-
ror. x,zog reduces the weight on the small-angle data and is statistically similar to
linear x2 given the large SNR (>10.0).?

Molecular modeling and simulation methods

Initial models of the ST-TPX, LT-TPX, ST-DPX, and LT-DPX were built using 3D-
NuS,*> Nucleic Acid Builder,®® and 3dRNA®* programs. The constructed models
were energy minimized using the GROMACS 5.0.5 package®® with the Amber
% OL3 force field.®*” Subsequently, the constructs were solvated with water and
ions to enable explicit water simulations. To mimic experiments, we prepared the
RNAs in solutions containing ions at 200 mM free Na™ and 5 mM free Mg?* concen-
trations. We used xOL3 parameters for nucleic acids, Smith and Dang parameters
for ions,*® and modeled water using TIP3P.*” Details of the general simulation
method are summarized in section General MD simulation set up of the supple-
mental Appendix.

Sample and select approach

A 300-ns-long room temperature (300K) production runs were employed to
compute the initial WAXS profiles. Starting from the last frame of the MD simula-
tion we performed a 100-ns-long HT (T = 340K) simulation for each system. The
sampled conformations are clustered based on their RMSD using the gromos
algorithm with a cutoff of 2.0 A9 (see details in supplemental information).
WAXS profiles were computed using the method described above for selected
cluster centers. We evaluate the fit of each cluster using the metric defined in
(Equation 1). The cluster that gives rise to the smallest x? is selected for the
WAXS data-driven simulations.

WAXS-driven MD simulations

The incorporation of experimental WAXS data [lexp(g)] to MD simulations was
achieved by a Hamiltonian including a hybrid energy Epyprig = ErF + Ewaxs term,
where Eff is the energy from the MD force field, while Ewaxs represents the ener-
getic penalty if the real-time computed amplitude [lcomp(q, t)] deviates from the
target scattering curve [lexp(q)] of the experiment. The real-time WAXS curves are
calculated on-the-fly from the simulation using the method described in Calculation
of solution X-ray scattering profiles and in Chen et al.*’ The energy penalty to the
deviation between the simulated and experimental WAXS profiles started with a log-
arithmic non-weighted coupling term,
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Epaxs(t) = a(t)k@ S {10 kon(d,8)] — log[lep(q)] . (Equation 2)
9 i=1

Here, nq is the number of intensity points spanning the specific range of scattering
vectors q. The coefficient k. adjusts the weight of the WAXS potential Ewaxs
compared with the force field potential Efr. The parameter a(t) is a time-
dependent function that allows the gradual introduction of external coupling at
the start of the simulation. Later, a non-weighted coupling was employed to
reduce the curve deviation at higher g regions, followed by uncertainty-weighted
coupling for globally fitting the WAXS signatures. Further details of the WAXS-
driven MD approach can be found in the section Coupling experimental data
with MD simulations and WAXS-driven simulation set up of the supplemental
Appendix.

Pairwise distance correlation analysis

To evaluate the correlation between structural features and WAXS signals,
we construct correlation maps (Equation 11 of He et al.*’). We computed the
normalized deviation between logarithmic intensities of simulated and experi-
mental curves. To monitor structural changes, we used normalized deviation of
pairwise distances. These distances were measured by picking the phosphate
(P) atom of each residue, to which the solution X-ray scattering is most sensitive.
The logarithmic form of the intensities allowed us to focus on structural character-
istics beyond dmin = 27r/qmaxz5,&. The normalized deviation at angle g was
computed by

o(q) = 109 [lems(@1)] |Og[/exp(q¢)]7 (Equation 3)

7'(q)
where, leomk(q)) and lexp(qi) are intensities from computation and experiment,
respectively. Accordingly, the structural fluctuation of the k-th conformation was as-
sessed using:

di(pij) — dol pij
o (dy) = (pi (P) (P >,

where, di(pj) is the pairwise distance between residue i and residue j of the k-th

(Equation 4)

conformation, and dy(pj) is the averaged pair distance between residue i and
residue j in the best-fit ensemble.

Data analysis

The conformations that display Xlzog <10 (Equation 1) were collected and used for all
subsequent analysis. To investigate Loop < — > Duplex and TFO< — > Duplex
positioning, we carried out contact analysis (see Residue-residue contact analysis
in the supplemental Appendix). To study duplex topology, we estimated the groove
width using the 3-DNA program.”’ Later, we align the trajectory to a reference
conformation and analyze the cation distribution. The structure of the cation cloud
around the helices was analyzed using:

o(r) = <\1/Z(3(r - rr‘)>7 (Equation 5)

where r=(x, y, z), describes an arbitrary cation position in Cartesian coordinates,
¢(x,y,z) is the average cation number density, V is the volume of simulation box,
and 6(x) is the Kronecker delta. The sum is performed over the cation index i, and
(...) represents the ensemble average.
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