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ABSTRACT: We develop a simple, coarse-grained approach
for simulating the folding of the Beet Western Yellow Virus
(BWYV) pseudoknot toward the goal of creating a transferable
model that can be used to study other small RNA molecules.
This approach combines a structure-based model (SBM) of
RNA with an electrostatic scheme that has previously been
shown to correctly reproduce ionic condensation in the native
basin. Mg®" ions are represented explicitly, directly incorporat-
ing ion—ion correlations into the system, and K" is represented
implicitly, through the mean-field generalized Manning counter-
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ion condensation theory. Combining the electrostatic scheme with a SBM enables the electrostatic scheme to be tested beyond
the native basin. We calibrate the SBM to reproduce experimental BWYV unfolding data by eliminating overstabilizing
backbone interactions from the molecular contact map and by strengthening base pairing and stacking contacts relative to other
native contacts, consistent with the experimental observation that relative helical stabilities are central determinants of the RNA
unfolding sequence. We find that this approach quantitatively captures the Mg®" dependence of the folding temperature and
generates intermediate states that better approximate those revealed by experiment. Finally, we examine how our model
captures Mg”* condensation about the BWYV pseudoknot and a U-tail variant, for which the nine 3’ end nucleotides are
replaced with uracils, and find our results to be consistent with experimental condensation measurements. This approach can be
easily transferred to other RNA molecules by eliminating and strengthening the same classes of contacts in the SBM and

including generalized Manning counterion condensation.

1. INTRODUCTION

Ionic conditions have a strong effect on RNA stability and
dynamics.'® This dependence arises because RNA has a
negative charge for every nucleotide, and in order for RNA to
fold into compact structures that perform biological function,
the high density of negative charge must be offset by positive
counterions. Because of the high charge density of RNA,
Manning condensation® renders the Debye—Hiickel approx-
imation and other linear Poisson—Boltzmann approaches’
inadequate. Even in low ion concentrations, counterions will
condense onto the RNA to mitigate the high charge density.”
These condensed counterions can lead to effective attractive
interactions between phosphates.’ Accounting for electrostatic
effects is necessary for a quantitative understanding of RNA
folding.

RNA tertiary structure frequently depends on Mg** in order
to fold." Mg** associates strongly with RNA because of its small
size and divalent charge.”~” While Mg** ions can bind to specific
chelation sites,"”"" most associate nonspecifically.”'>"* The
amount of excess Mg>* that associates with a structural ensemble
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(**) as a function of Mg** concentration (c,,) is directly related
to the Mg**—RNA interaction free energy by

Cot
PAGyg = = [ Tpdline,) 0
0

where f# = (kzT)™". The excess magnesium (") reflects the
difference in the number of magnesium ions associated with the
RNA with respect to the number of magnesium ions occupying a
similar volume in the bulk. The relationship between the free
energy and ['** was previously derived in ref 14 using relations
derived for describing how changing the ligand binding activity
of a biomolecule affected the free energy difference between two
biomolecular conformations.'” Differences in this free energy
between structural ensembles quantitatively describe the degree
to which Mg?* stabilizes particular ensembles or drives folding."*

Molecular dynamics simulations can provide valuable insights
into the atomic details of biological processes. Simulations that
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Figure 1. Cartoon of the unfolding order for the BWYV RNA pseudoknot. The folded BWYV pseudoknot is composed of four tertiary structure
elements: helices H1 and H2 as well as loops L1 and L2. The relative order of unfolding was previously determined experimentally®® (left to right) as
starting with the loss of the L1 and L2 contacts, followed by H2, and finally the breaking of H1.

explicitly represent solvation by water and ions have contributed
much to our understanding of RNA electrostatics.'”'°~" While
these simulations are fairly accurate, they are also quite slow, and
biologically relevant processes such as folding are too slow to
observe in such simulations. In contrast, coarse-grained
simulations can access much longer time scales but can suffer
from lower accuracy.””~** Structure-based models (SBMs) are
an ideal coarse-grained approach to describe RNA folding.
SBMs are based on energy landscape theory and the principle of
minimal frustration, which together require that, on average,
native contacts must be more energetically favorable than
nonnative contacts for biopolymers to fold on biological time
scales.”*™*” SBMs were originally conceived in the context of
protein folding, but have been successfully applied to RNA as
well 73

With a few notable exceptions,”** coarse-grained models
typically omit electrostatics or include the effects of ions through
a Debye—Hiickel potential,””*® which neglects important
condensation effects. Recently, we introduced a coarse-grained
model of RNA electrostatics® that describes the ion
condensation around RNA with quantitative accuracy while
remaining computationally inexpensive compared to explicit
solvent molecular dynamics approaches. This model explicitly
treats Mg2+ ions, capturing their important ion—ion correlations,
while describing monovalent ions implicitly using a mean-field
generalized Manning ion condensation model. This RNA
electrostatics model was previously combined with a SBM of
RNA to explore the native state dynamics of a pseudoknot. Here,
we extend upon our earlier approach to explore the accuracy of
our model beyond the folded basin in the context of RNA
folding.

Energetic parameters of SBMs are well tuned for proteins
but still need calibration for RNA. In order to calibrate our
model, we focus on the Beet Western Yellow Virus (BWYV)
pseudoknot. BWYV pseudoknot folding has been carefully
characterized experimentally,”*** showing the pseudoknot to
disassemble piece by piece with increasing temperature through
the two intermediates shown in Figure 1. Electrostatic and ionic
effects have also been thoroughly measured for the BWYV
pseudoknot. The Mg** and K dependence of the transition
temperatures between each intermediate has been measured
directly.”®”” Mg?* condensation around the pseudoknot and its
U-tail variant has been quantified through titration and
fluorescence measurement techniques'**”*" for a range of
ionic concentrations. In the U-tail variant, the nine 3’
nucleotides of the pseudoknot were mutated to wuracil to
mimic the partially unfolded ensemble.” The difference in Mg>*
condensation between the pseudoknot and U-tail can be used
with eq 1 to obtain the Mg®" dependence of the difference in
stability between the folded and partially unfolded states. These

36,37
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experiments provide a thorough characterization of folding and
electrostatics for this RNA with which to constrain potential
models.

In this paper, we begin by removing native contacts that
overstabilize the backbone of the RNA. We then calibrate the
energetics of the SBM to reflect the importance of relative helical
stabilities in the folding of RNA. Finally, we combine our SBM
with our electrostatic model to explore the ionic dependence of
folding, both in the case of BWYV and in its 3’ end variant, U-tail
BWYV, whose uracil-replaced tail segment inhibits the
formation of tertiary structure and allows for the exploration
of the extent to which the tail contributes to net stability in the
molecular model. Our work is directly compared with published
experimental findings throughout the Results and Discussion
section.

2. METHODS

Simulations were performed using an all heavy atom SBM.*
Such models have been used in RNA*****! but have typically
used a 4 A cutoff distance to define native contacts. Contact
maps for this study were generated using the Shadow method,
which includes additional contacts up to 6 A but discards
contacts occluded by an intervening atom.”' We chose the
Shadow contact map over the cutoff contact map because the
shadow contact map automatically achieves the correct
energetic balance between base pairing and base stacking
contacts, while base stacking contacts must be scaled by 1/3 with
a4 A cutoff contact map.*’

Given a crystal structure of a native RNA fold, we define a
structure-based potential as

¢ bonds £
2 (%
Van= 5 2 (=) +
i
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Fp(¢p) = (1 — cos @) + 5(1 — cos 3 ) )

The structural parameters ro;, 0, Xo» 0y and ¢y are
determined by their values in the crystal structure. The
remaining ener%etic parameters have been previously calibrated
and described.” The run input files were obtained using
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Figure 2. Effect of reducing backbone overstabilization and increasing relative stabilities of helicies on the heat capacity. (A—E) Result for all
combinations of contact maps and BPS parametrizations. The simulated heat capacity is shown for (A) the full contact map SBM, (B) SBM with a
reduced contact map (removal of contacts that lead to backbone overstabilization), (C) SBM with a full contact map and BPS contacts scaled with
respect to all other native contacts by a ratio of 4:1, and (D) SBM with a reduced contact map and BPS contacts scaled with respect to all other native
contacts by a ratio of 4:1. (E) As a reference, the experimental heat capacity is shown (ref 39). As can be observed in the first column (A,B), the
exclusion of local contacts delivers a reduction in cooperativity as overenforcement of backbone rigidity is removed. When the system’s nonbonding
helical contact potentials are then rescaled (shown in the lower right-hand panel), a discretization of regional folding occurs. The H2 and L2 segments
of the BWYV pseudoknot begin to unfold at a lower temperature than H1, which approximates with greater fidelity the assembly sequence documented

to occur in previous studies” and is represented in Figure 1.

SMOG™™* and subsequently postprocessed to reweight the
energies of various groups of contacts during model calibration.
SMOG produces SBMs that use reduced units that are
described in the Supporting Information of ref 44. In this work,
the SBM temperature unit T is determined by matching the
experimental unfolding temperature of the H1 helix in 1 mM
MgCl, and 54 mM monovalent salt with the unfolding
temperature of the calibrated SBM to give 99.4T, = 300 K.

The U-tail construct of the BWYV pseudoknot® was
constructed by replacing the nine nucleotides at the 3’ end of
BWYV with uracil to prevent those residues from forming a
tertiary structure. This was originally created®” to mimic the 12
intermediate state of the BWYV pseudoknot (Figure 1).
Structural parameters for the U-tail construct for eq 2 were
obtained from the online nucleic acid builder server (http://
structure.usc.edu/make-na/server.html).

Manning condensation plays a strong role in stabilizing
nucleic acid structures.”® The model we use to describe
condensation and ionic strength dependence of RNA stability
has been described in detail elsewhere.>> In the model, Mg2+
ions are represented as an explicit particle with a charge of +2,
and each phosphate is given a charge of —1. (In addition, the y
phosphate of the triphosphate tail is given a —2 charge, and the
protonated N3 in C8 is given a + 1 charge.) Monovalent ions K*
and CI~ are represented implicitly as condensed and screening
ions. Condensed monovalent ions are represented by two
Gaussian distributions centered on each phosphate; one
Gaussian represents the condensation of monovalent ions
about RNA, while the second Gaussian represents a “hole” by
enforcing that no ions can get too close to the RNA. All
electrostatic interactions in the model are described using
Debye—Hiickel interactions, including interactions between two
screened phosphates as well as between a screened phosphate
and a point charge (Mg?®). A more detailed description of this
model can be found in ref 3S. Because phosphates in RNA are
mostly solvent exposed,'” the dielectric constant of water
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appropriate to the simulation temperature (eq 6 of ref 45) is
used.

To explore the folding of our BYWV pseudoknot and U-tail
models, we performed Langevin dynamics simulations. Simu-
lations to calibrate the SBM before the addition of electrostatics
were performed using the GROMACS molecular dynamics
software package,” while simulations with the electrostatic
model were performed using publicly available software that we
have developed.” The free energy landscape and other
thermodynamic characterizations of RNA folding were obtained
from simulation trajectories using the Weighted Histogram
Analysis Method (WHAM).*’

For additional details on the model, refer to the Supporting
Information text.

3. RESULTS AND DISCUSSION

The objective of this study was to develop an RNA-specific
structure-based modeling technique to guide the general
modeling of small RNAs. SBMs have found wide application
in the study of protein systems, but their use with RNA remains
in its infancy. In our study, we emphasize the need for SBM
design to provide due consideration to capturing the hierarchical
unfolding mechanism documented to be characteristic of
RNA,*® and address how backbone overstabilization inhibits
the formation of key intermediates observed in experiment.
Then we turn our attention to incorporating the effects of
counterions on folding by testing a successful, recently
developed, electrostatic scheme.”> Our simulated results are
compared with experimental findings.*®*’

3.1. Contact Map: The Key to Capturing Structural
Transitions. We start by examining the uncalibrated SBM in
the absence of electrostatics (Figure 2, panel A). In this system,
we observe a highly cooperative folding transition characterized
by a single, narrow peak in the calculated heat capacity. The
second loop (L2) and major helices (H1 and H2) disassemble
simultaneously, a result in direct contrast with the sequential
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unfolding mechanism that has been established experimentally
for the BWYV pseudoknot® (Figure 1).

Observing these inadequacies, two changes in the SBM were
introduced that markedly improved its ability to represent the
thermodynamic and structural characteristics of folding. Both of
these modifications redistributed the energetic weighing scheme
of the contact map in a manner that accounted for the key
physical realities of backbone flexibility and hierarchical folding
that in the past have often been overlooked in the interest of
simplicity.

The first adjustment is the removal of local backbone
interactions from the contact map. Local interactions between
residues i and j within an li — jl < 3 window are excluded from
protein SBMs but were retained in RNA due to the importance
of base stacking interactions. In this work, interactions between
atoms on nucleotides i and j within an li — jl < 2 window are
excluded if the atoms are not involved in base pairing or stacking
(BPS). This approach ensures that local backbone contacts are
omitted without compromising the formation of a helical
structure. Indeed, in early simulations, even weakening base
stacking relative to base pairing resulted in severely nonphysical
ensembles (see the SI); therefore, base stacking contacts must
be preserved.

The motivation behind this design change is that the influence
of contact potentials between nearby backbone atoms is
redundant and leads to double-counting of local geometric
terms. Already heavily constrained by strong, harmonic,
geometric terms (eq 1), the inclusion of local Lennard-Jones
interactions is unnecessary for ensuring the proper configuration
of secondary structure as the molecule folds into its native state.
Indeed, when we eliminate them completely in Figure 2B, there
is little discernible change in the ability of the SBM to assemble
into its native conformation.

A direct consequence of double-counting due to the inclusion
of local contacts is a rigidification of the backbone that
contributes to an inaccurate sequence of intermediates as well
as to the residual structure in the unfolded ensemble. Local
contacts have an overstabilizing effect in the loop regions that
contributes to the nonphysical cooperativity between H1, H2,
and L2. Though a local contacts exclusion scheme does not by
itself succeed at decoupling H2 from L2, it does weaken the
coupling between H1 and L2, as seen in the widening of the peak
going from Figure 2A to B and the increased space between
peaks going from Figure 4C to D. Furthermore, backbone
rigidity leads to nonphysical kinks of the unfolded ensemble.
Calculations of phosphate pseudodihedral entropy paint an
unmistakable picture: as local contact interactions are
eliminated, the configurational distribution of the pseudoknot
becomes more uniform (Supporting Information Figure S1).
Because local contacts are at best nonessential and at worst
impede the accurate reproduction of intermediates, they are
subsequently omitted.

The second modification identified BPS contacts and rescaled
them to a ratio of 4:1 with respect to all other contacts. We did
not calibrate the ratio between base pairing and base stacking
contacts as this ratio had already been calibrated previously for a
4 A cutoff contact map®® as well as for a reduced shadow
map,*"** which removed the overcounting of native contacts.
The later use of the shadow map found that a ratio of 1:1
between base pairing and base stacking contacts yields the same
balance between the total base pairing energy and the total base
stacking energy.
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In addition to these changes in strength aligning intuitively
with the well-established reality that helical interactions are
indeed the strongest in nucleic acids,"® they are implemented to
capture the hierarchical unfolding mechanism documented to
be characteristic of small RNA molecules. Previous studies have
established that the relative stability of helical structures is
predictive of the order of assembly on the path toward the native
state,” and rescaling the BPS group places greater energetic
emphasis on the relative stability of the two helices. In this study,
rescaling the BPS contacts in the simple SBM substantially
improved the ordering of intermediates and automatically
reveals that H1 is more stable than H2 (Figure 2C).

The 4:1 ratio was chosen as the product of conservative tuning
of Lennard-Jones parameters in the system to disrupt the
synchronicity of H1, H2, and L2 without excessively
apportioning the available energy of the model to the BPS
group contacts. Figure 3 shows the range of ratios that were
tested and their effect on unfolding behavior. The 4:1 ratio in
panel C was chosen because it is the smallest ratio that meets the
goal of disrupting H1, H2, and L2 cooperativity and reproducing
the dual peak in the heat capacity.

Perhaps the most striking result is seen in the combined effect
of incorporating consideration of effective double-counting,
nonhomogeneous interaction strengths, and hierarchical
assembly in the design of an RNA SBM (Figure 2D). Results
show large improvement in both the structural transitions and
thermodynamic profile of the folding process. Newly emergent
are two highly resolved peaks in the heat capacity, which are
notably absent if either contact map adjustment is omitted.

3.2. Pseudoknot Electrostatics. RNA folding is highly
coupled to its interaction with Mg** ions,"””™” which act to
stabilize the native and intermediate conformations. In this
section, we apply the electrostatic model to our calibrated SBM
with a reduced contact map and BPS contacts scaled 4:1 with
respect to other native contacts. With the model calibrated to
reflect a better balance between native contact strengths in
different regions of the pseudoknot, we proceed to conduct an
evaluation of how well ionic effects can be incorporated. The
following results are obtained from molecular dynamics
simulations that combine both the new contact map and the
successful electrostatic scheme produced in past research” and
summarized in the Introduction.

Our first observation is that the inclusion of electrostatics
drives the simulated heat capacity of unfolding to more closely
resemble the experimental curve. Experiment (Figure 2E) places
the second (lower-temperature) transition peak at 7.3% below
the BWYV pseudoknot’s folding temperature (higher-temper-
ature peak), an attribute well-approximated by the calibrated
SBM with electrostatics, for which it is 7.1%. For comparison,
the calibrated SBM without electrostatics had a distance of 3.7%.

We next examine the robustness of our calibrated SBM with
electrostatics as the bulk ionic composition is varied, comparing
our simulations directly with extensive experimental measure-
ments.” Figure 4B shows the dependence of the folding
temperature for tertiary elements H1, H2, and L2 on the bulk
Mg** concentration for simulation and experiment. While the
addition of charge interactions acts as a perturbation that
reduces overall cooperativity, it nonetheless results in the
retention of the tendency of regions H2 and L2 to unfold
simultaneously, even as the composition of the solvent is varied.
Experimenting with ionic parameters further, when K" is varied
over concentrations spanning SO mM—1 M (Figure 4C), H2 and
L2 continue to share a melting point.
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Figure 3. Effect of scaling BPS contacts relative to other native contacts
on the heat capacity. The simulated heat capacity of our SBM is plotted
for ratios of the BPS contact strengths with respect to other native
contacts of (A) 1:1, (B) 3:1, (C) 4:1, (D) 5:1, and (E) 1:0. As the
relative strength of BPS contacts is increased to reflect the importance
of helical stabilities, the heat capacity begins to resemble the double-
peaked heat capacity observed in experiment for BWYV®® (shown in
Figure 2E).

The overly high cooperativity of the H2 and L2 regions over a
wide range of Mg”* concentrations suggests that electrostatics in
our model is not the origin of this high cooperativity. The
synchronization of H2 and L2 plausibly arises from the idealized
energy landscape of a SBM, which lacks energetic frustration.
For example, U13-A25 could form a canonical base pair that
would extend H2 from three residues to four residues and would
disrupt the L2 structure (Figure 1). G19 also kinks very sharply
back against H2 and is necessary for L2 formation, and G19 base

1509

stacking interactions with G18 in H1 could compete with L2
formation. These plausible sources of energetic frustration are
currently absent in our idealized SBM.

The extent to which Mg®* ions condense onto the BWYV
model and neutralize phosphate—phosphate repulsions is shown
in Figure 5. At a fixed monovalent concentration of 54 mM K,
the simulated excess Mg** associated with the RNA (I"*") agrees
well with experimentally measured values over a range of
concentrations (Figure SA). Calculations of Mg>*—RNA
interaction free energies (eq 1) show that the BWYV model
overstabilizes by 3% compared with experiment, and when the 3’
end tail is replaced with uracils, we continue to see a reasonable
(if slightly diminished) degree of accuracy, with an under-
stabilization of 20%. Exploring further, when the net KCl
concentration is then adjusted to 79 mM (Figure SB), the
models of the pseudoknot and its U-tail variant understabilize by
21 and 37%, respectively. We propose that the source of this
understabilization in our simulations of the U-tail arises from all
tertiary structural contacts for the nine nucleotides at the 3’ end
that are simply removed in our model. It would be expected that
this reduction in degree of compactness would lead to a
significant, systematic decrease in net Mg>* condensation and a
poorer fit to experimental data.

4. CONCLUSIONS

In this work, we developed a coarse-grained, ion dependent
SBM of the BWYV pseudoknot that reproduced experimental
folding pathways and ionic effects. While this model was
calibrated with experimental data, the modifications were
motivated by physical intuition. We decreased the cooperativity
of the model by removing overstabilizing backbone interactions
and strengthened base pairing and stacking contacts relative to
other native contacts to reflect the importance of helical
stabilities in RNA folding. Consequently, these changes can be
applied to SBM of other RNA molecules and should give
improved folding behavior for those RNA molecules as well.

Two physically motivated changes were made to the initial
shadow contact map that improved agreement with exper-
imental thermal unfolding profiles. First, local backbone
contacts were found to cause rigid kinks in the unfolded
ensemble. While local contacts are excluded in proteins, these
contacts were historically included in RNA due to the
overwhelming importance of base stacking in RNA folding.
We discriminate between critical base stacking contacts and
nonphysical local backbone contacts by retaining all base—base
contacts and excluding all backbone contacts between residues i
and i — 2 to i + 2. Second, RNA folding is dominated by base
pairing and stacking interactions, and we find that stabilizing
these contacts relative to other contacts breaks cooperativity
between H1 and H2 folding and improves agreement with
experimental unfolding profiles. This modification also is likely
to more generally reproduce the well-known hierarchical folding
of RNA, where secondary structure folds first, followed by
tertiary structure. Future attempts to model RNA should
consider these two effects.

While we capture the broad unfolding behavior of the BWYV
pseudoknot, we note that in our model L2 and H2 still fold
cooperatively; thus, we are unable to capture the experimental I1
intermediate. SBMs neglect frustration due to non-native
interactions; therefore, the presence of non-native interactions
in this intermediate is a likely explanation.

Adding the generalized Manning counterion condensation
model to this calibrated SBM enabled us to capture several ionic
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comparison to experiment (the experimental folding temperature is estimated from published data;>* see the Supporting Information for more details).
(C) The dependence of the folding temperature for the H1, H2, and L2 structural elements on the K* concentration is shown in comparison to
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experimental measurements.
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Figure 5. Excess Mg** associated with the ensemble of RNA structures
plotted as a function of the bulk Mg® concentration for fixed
monovalent ion concentrations of (A) 54 and (B) 79 mM KCI. The
plots are shown for the simulated BWYV and U-tail variants in
comparison with the experimental measurements®® for those
constructs.

effects in the BWYV. Previously, this electrostatic model had
only been used within the folded basin. This work is the first to
test its performance beyond the folded basin for RNA folding,
and we find it to perform well. The Mg®" dependence of the
folding temperatures is captured almost perfectly, while K"
dependence highlights the need for further improvement in the
electrostatic model. Mg?* condensation profiles also show
reasonable agreement with experiment both within the folded
basin and in the U-tail variant that models the I2 intermediate.
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