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Abstract

Urea is an important organic cosolute with implications in maintaining osmotic
stress in cells and differentially stabilizing ensembles of folded biomolecules. We report
an equilibrium study of urea-induced denaturation of a hyperstable RNA tetraloop
through unbiased replica exchange molecular dynamics. We find that, in addition to
destabilizing the folded state, urea smooths the RNA free energy landscape by destabi-
lizing specific configurations, and forming favorable interactions with RNA nucleobases.
A linear concentration-dependence of the free energy (m-value) is observed, in agree-
ment with the results of other RNA hairpins and proteins. Additionally, analysis of the
hydrogen-bonding and stacking interactions within RNA primarily show temperature-
dependence, while interactions between RNA and urea primarily show concentration-
dependence. Our findings provide valuable insight into the effects of urea on RNA
folding and describe the thermodynamics of a basic RNA hairpin as a function of solu-

tion chemistry.



Introduction

Urea is one of the most common denaturing cosolutes used in living systems to maintain
osmotic stress and preserve biomolecular integrity.! A number of marine organisms, partic-
ularly fish species and some frogs, use urea for osmoregulation.?? In the context of proteins,
urea has been used extensively to describe biomolecular stability as a function of denaturant
concentration.*® From these studies a number of important insights into the behavior of urea
have been gleaned including the general favorability of urea for certain chemical groups® and
correlations between urea concentration and the exposure of biomolecular surface area.!%!!
Questions about whether urea unfolds proteins by ’direct’ or ’indirect’ mechanisms have been
addressed through the application of all-atom molecular dynamics (MD) techniques that
recapitulate the thermodynamics of urea-induced protein denaturation through enhanced
phase space sampling.!?!® These studies have allowed researchers to assess the effects of
cosolutes in solution with proteins, yielding information on how conditions more akin to
intracellular environments affect the stability of biomolecules. 41

Similar questions in nucleic acid stability have emerged from experiments that show com-
parable thermodynamic behavior in the presence of urea. 62 These experiments reveal that
urea can denature nucleic acids by close association with the nucleic acid surface, with fa-
vorable interactions at specific chemical groups in the nucleobases.?!?? Urea is often used to
reduce both the heterogeneity of the structural ensemble of a particular nucleic acid sequence,
and can also affect the native state melting temperature (T,,).!” The findings in these experi-
ments also reveal that urea preferentially accumulates around nucleobases without disrupting
intramolecular stacking interactions in single-stranded oligomers of RNA.?? This has led to
an interest in using urea as a general probe of more complex tertiary structures, and a tool
for reducing intramolecular contacts in nanopore sequencing.?

Multiple simulation studies of urea have been conducted in conjunction with nucleic acid

structures, including secondary structures (e.g. hairpins), and more complex tertiary struc-

tures (e.g. pseudoknots).??> These studies, however, have focused primarily on the kinetics



of unfolding and the localization of urea around RNA molecules over short time periods (~10
ns) in single MD simulations. The long time-scale stabilities of different preferential interac-
tions of RNA with urea, or the landscape of an RNA molecule at equilibrium in urea have
yet to be investigated. Recent advances in nucleic acid force fields have made it possible to
model the equilibrium thermodynamics of RNA folding with unbiased MD simulations, 2627
and with advances in force fields for urea?® it is now possible to extend these techniques to
analyze the effect of urea on RNA denaturation and equilibrium thermodynamics.

The theoretical underpinnings of urea-induced unfolding of biomolecules are as relevant
to RNA as they are to proteins, and many of the same principles that have been applied to
study urea-induced unfolding of proteins in simulation can also be applied to RNA.

The change in free energy upon unfolding (AGy) shows cosolute dependencies in the
Gibbs-Duhem equation (Equation 1), where the product of the chemical potential (y;) and
the number of particles (N;) for each solution component (4) of all solution species (M) affect
the free energy of unfolding in an additive manner along with the entropy (S), pressure (P),

temperature (T) and volume (V).

M
AG = -8 AT+ VAP =Y N;-Ap;. (1)

The change in the free energy of unfolding relative to urea concentration follows a linear
trend, and is quantified using the linear extrapolation method (LEM, Equation 2) with a

concentration-dependent energy constant termed the m-value.?

AGy(T) = AGH(T) = m- [C], 2)

Based on these equations, multiple theoretical models of macromolecular binding, site-

specific interactions, and local-bulk preferential interactions (I') have been described for the

10,29-32

interactions of urea with biomolecules in water (three-component solutions). The gen-

eral form of these relations describe preferential interactions (I's o, Equation 3) for a cosolute



(3) near a macromolecule (2) relative to interactions of the macromolecule with the sol-
vent (1).32 These interactions are measured in experiments using vapor pressure osmometry
(VPO) and dialysis equilibrium?® to determine the amount of cosolute (N3) needed to keep

a constant chemical potential (u3) upon addition of macromolecule (Nj).

8/@ 8]\[3
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These three-component relations have been measured in MD simulations of proteins in

1213 a5 well as RNA in solution with ions.?* The cooperative effects of urea

solution with urea
and ions have been assessed in experimental analyses of three-component solutions (water,
KCL, urea) and have been compared with four-component solutions (water, nucleic acid,
KCL, urea). From these studies, the dependence of the chemical potential of urea on the
molality of salt (%) is observed to be unaffected by the presence of DNA.3%36 These
results indicate that a constant salt molality is needed to isolate the effect of the nucleic acid
on the urea chemical potential (Equation 3).

In this work we investigate the effects of urea on a hyperstable RNA tetraloop with a
GCAA tetraloop-forming sequence (gcGCAAgc). This tetraloop is chosen due to a wealth
of background literature describing its thermal stability and configurational heterogene-
ity. 26273740 Additionally, a similarly hyperstable 8-nt DNA tetraloop was shown to be sen-
sitive to the effects of urea, making this an appropriate test system.!” Our results describe
the free energy dependence of unfolding and the global effects of urea on the free energy
landscape. We also describe the preferential interactions between RNA and urea and the
pairwise energies (van der Waals, electrostatics) involved in these interactions. The most
salient structural interactions between RNA, urea and water are also elucidated, and the
effects of urea concentration on hydrogen bonding and stacking interactions are described.
Our results give new insight into how urea destabilizes RNA by reducing ensemble hetero-

geneity, yielding a folded ensemble that describes a two-state folding /unfolding relation. The

complex interplay of interactions between RNA, water and urea in our simulations serves as
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an informative model of this basic RNA motif and can be extended to describe larger RNA

molecules in the presence of small cosolute molecules within cells.

Methods

Configurations of the gcGCAAgc sequence are initialized in a right-handed A-RNA stem
based on structures formed in isothermal (NVT) replica-exchange molecular dynamics (REMD)
simulations at 300 K, 0.1 MPa in 1.0 M KCL, 0 M urea (Figure 1). The molar salt concentra-
tion is chosen based on standard state used in the development of secondary structure models
for base-pairing and hairpin formation of RNA.4"43 The initial configuration (As) is similar
to the NMR structure (PDB: 1ZIH), however the sheared base-pair between loop residues
Gr1 and Ay possess a syn-glycosidic torsion for Ay, instead of the anti torsion shown in the
crystal. This structure formed more frequently than the experimental structure in unbiased
REMD simulations in the absence of urea, and at equilibrium, simulations begun from this
structure still accurately described the free energy landscape.?”

The number of ions (100 K, 93 CL™) and water molecules (5168 H5O) are kept con-
stant to maintain salt molality, while urea molecules are added to produce 2, 4 and 6 M

concentrations (Table 1).

Table 1: RNA-Urea Systems (REMD)

Urea (n) Molarity (M) Molality (m) Edge (nm)
225 2.04 2.416 5.68103
500 4.08 5.369 5.88375
825 6.01 8.859 6.10853

Each RNA-Urea system is equilibrated first in an isothermal-isobaric ensemble (NPT) at
300 K and 0.1 MPa for 10 ns, and then in an NVT ensemble at temperature increments of

25 K from 275 to 500 K for an additional 10 ns. The NPT simulation employs a Berendsen

44 t4% each with coupling constants of 1.0 ps. The

barostat** and a velocity rescaling thermosta

NVT simulation utilizes the same velocity-rescaling thermostat with a coupling constant of



Figure 1: Initial A-RNA configuration of the gcGCAAgc tetraloop. Guanosines (gray),
cytosines (green), and adenines (red) in the looping region form a network of hydrogen
bonds and base stacks that are stabilized by a canonical stem region between two pairs of
guanosine-cytosine base pairs at the 5" and 3’ termini.

0.2 ps. The final 5 ns of the NVT simulations are used to generate REMD temperature
schedules from 290.00 to 500 K with a 20% exchange probability using a protocol designed
for REMD simulations of small biomolecules.?® Each RNA-Urea REMD simulation is run
at constant volume for 2 us using the velocity-rescaling thermostat with coupling constants
of 0.2 ps. The first microsecond is treated as equilibration of the free energy landscape, the
last microsecond is used for analysis.

All simulations are conducted using GROMACS v4.5.5, in cubic boxes with side lengths
of 5.7 nm, 5.9 nm, and 6.1 nm for 2, 4 and 6 M concentrations respectively.4” Urea molecules
are modeled using a Kirkwood-Buff-derived force field.?® The RNA oligomer is modeled using
the parm99 AMBER force field*® with modified Lennard-Jones parameters for RNA nucle-
obases.?0 All bonds and angles containing hydrogen are fixed using a fourth-order LINCS
algorithm.4 Parameters for monovalent ions (K, CL™) are described by Chen & Pappu,®
and the TIP3P water model is used for the solvent.?! Particle mesh Ewald is used to de-

scribe long-range electrostatics with 0.12 nm grid spacing, fourth-order cubic interpolation,



and a 107° tolerance.®? Real-space electrostatics and van der Waals are modeled with cut-off
distances of 10 A, and neighbor lists are updated every ten time-steps. Equations of motion
are integrated using a leap-frog integrator with a 2 fs time-step, and frames containing all

atoms are saved every 2 ps.

A-RNA folding and dihedral angle principal component analysis

The folded configurations in the A-RNA ensemble are determined based on heavy-atom
RMSD < 2.75 A to the target experimental structure (PDB: 1ZIH),% and the formation of
at least 5 hydrogen bonds between the stem base pairs.

A graphical representation of the heterogeneity in different RNA clusters is achieved
through dihedral angle principal component analysis (APCA).5* Using a set of eigenvectors
determined in a previous study of this RNA tetraloop?” we describe the relative populations
of each A-RNA and alternative configuration at all three urea concentrations using all back-
bone dihedral angles in the tetraloop («, 3,7, 9, €, (). Additional clustering within the dPCA

clusters are defined using RMSD-based clustering. >

Calculating preferential interactions (I') and m-values

Preferential interaction coefficients (I's ) are calculated from proximities of cosolutes (3) to
the macromolecule (2) in solvent (1) for A-RNA and unfolded configurations. A two-domain
representation of Equation 3 is achieved in Equation 4, where the number of solvent (1) and
cosolute (3) particles are measured over a given distance from the macromolecule (2). The
distances are measured from all heavy RNA atoms to the central atom of each solvent and
cosolute molecule (Oy and Cy, respectively). In each case, the shortest pairwise distance is
recorded. The difference between the observed and expected numbers of cosolute particles

is determined using the "bulk’ ratio of total cosolute and solvent molecules (%—i’) .
bulk



N.
F3,2 = <N3,local - Nl,local : (ﬁ) > (4)
1 bulk

Values for I'; ; plateau between 5 and 6.5 A, and it is the value of I's 5 in this range that
is used to measure differences between I'; 5 for unfolded and A-RNA configurations (Al'z ).
From this value, a measure of the urea m-value (m) can be calculated for a given temperature
(T) and urea concentration (C) using the relation:

_ _ RT-(AD)
m o~ —— 0 (5)

Another method for determining the m-value utilizes the temperature-pressure expansion

of the free energy of unfolding (AG) for two-state biomolecular systems described by Hawley

et. al. 12,56,57

AG(T, P.C) = AG® +my - [C] + (ASO +my - [0]) (T - Tp)

+ (AV°+m3-[C]) (P—PR)+Aa°- (P—PRy)-(T-Tp) (6)
- (a7 +mieicl) - (1 () - 1) + ).

Here AG is defined by changes in entropy (AS), volume (AV), linear expansion coefficient
(Acar) and heat capacity (AC,) relative to temperature (T) and pressure (P). This relation

can be used to calculate an m-value by taking the derivative of AG with respect to C:

OAG(T, P,C)
aC

= —m—my (T=T,) = ms. (P—Po>—m4-<T-(ln(%) ~1)+1). (7)

Notice that the m-value is a function of temperature and pressure (m(T,P)). In order

m(T, P) = —



to assess the error of fitting to the Hawley equation, a bootstrapping procedure was im-
plemented, whereby 50000 random data points were drawn with replacement from each
temperature-pressure ensemble (the equivalent of 100-ns worth of timesteps), and repeated

500 times. >89

RNA interactions.
Hydrogen bonding

In order to measure the relative favorability of different interactions between the RNA and
all molecules in solution the same criteria for hydrogen bonding was applied to RNA, wa-
ter and urea. Hydrogen bonding employs a cut-off distance of 3.5 A and an incident angle
of 150° between the acceptor and donor groups. Increasing the acceptable angle only in-
creases the raw number of interactions without affecting AN*Z_ indicating robustness in

the measurement.

Stacking

Stacking between any two RNA nucleobases (RNA:RNA), or an RNA nucleobase and a urea
molecule (RNA:Urea) is defined by pairwise distances of their geometric centers and angles
between the normal vectors.

For each nucleobase, a geometric center is defined as the center of a circle intersecting the
Cq, C4 and Cg atoms (the pyrimidine ring). For urea molecules, the geometric center is taken
as the center of a circle intersecting the Oy, Ny; and Ny atoms. Vertical and horizontal

components of the pairwise distances between geometric centers are defined as follows:

1. Vertical displacement (Vgsp) is determined by defining a plane intersecting the three
atoms of one nucleobase and determining the shortest distance between this plane and
the geometric centers of another nucleobase or the nearest urea molecule. This takes

the form of a normal vector from the nucleobase plane.



2. Horizontal displacements (Hg;s,) are determined by taking the geometric center of the
nucleobase atoms in the plane and measuring the distance from the geometric center
to the Vs, vector where it points out of the plane and intersects the geometric center

of the nearest nucleobase or urea molecule.

Figure 2: Stacking interactions between RNA nucleobases (gray, green) and urea (orange).
The side view (left) shows RNA:RNA and RNA:Urea stacks with vertical (red) and horizontal
(blue) offsets of geometric centers (given in A). In the top view (right) RNA nucleobases are
shown with pyrmidine rings overlaying one another and a urea molecule stacking to the
guanosine.

Importantly, interactions between any two chemical moieties (nucleobases or urea) con-
sidered to be stacking cannot include hydrogen bonds, and angles between the normal vectors
of both moieties cannot exceed 50°.

To determine appropriate stacking cut-offs for both RNA:RNA and RNA:Urea interac-
tions, folded (A-RNA) and unfolded configurations are equilibrated using the same NPT
and NVT methods for the REMD simulations. Quadruplicate simulations of both config-
urations are conducted using NVT simulations at 350 K, 0.1 MPa and 6 M urea for 100
ns each. Stacking between RNA nucleobases and urea is determined based on the pairwise
vertical displacement (V4s,) exceeding the pairwise horizontal displacement (Hg;s,), and the

total distance of the geometric centers not exceeding 5 A. Intermediate stacking interactions
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(one-half stack) follow the same rules of Vs, and Hy;sp, with total distances greater than 5
A and less than 6 A (see Supporting Information).

A check on the robustness of this metric was made by including the highly populated
interactions where Hg;sp is less than Vg, and less than 4 A. This region includes stacking
interactions with the imidazole component of purine rings. While inclusion of this region
doubles the total number of stacking interactions, the trends relative to temperature and
concentration remain the same. Thus our metric captures the essential temperature and
concentration-dependent details of RNA:RNA and RNA:Urea stacking.

All geometrically-defined interactions were measured using an in-house code developed

from the MOSCITO4 framework. °

Results and Discussion

Thermodynamic effects of urea on RNA tetraloop folding.

In the equilibrated ensembles of these simulations the majority of configurations have sam-
pled the unfolded ensemble after the first microsecond and most of the A-RNA configurations
in the equilibrated ensemble result from refolding of an unfolded precursor. This observation,
and the fact that the ensembles reach their equilibrated populations at around 500 ns (see
Figure S1 in Supporting Information), suggests that our simulations are of sufficient length
to sample the free energy landscape and allow us to describe the equilibrium thermodynamics
for the RNA tetraloop as a function of temperature and urea concentration.

A-RNA configurations are identified based on low heavy-atom RMSD (<2.75 A) of the
tetraloop stem (G, Ca, G7, Cg) to the experimental structure (PDB: 1ZIH) and at least five
hydrogen-bonds between the two base-pairs. The average number of folded and unfolded
configurations is determined over the equilibrated ensemble, and the populations at each
temperature are plotted over the temperature range (Figure 3A & B).

For the thermodynamics of the RNA tetraloop the most explicit effect of increasing

11
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Figure 3: Tetraloop folding/unfolding as a function of urea concentration. (A) Ensemble
fraction of A-RNA tetraloops and (B) Unfolded configurations vs. temperature are shown
for all urea concentrations (errors are determined from block averages of 333 ns each). (C)
Free energy change upon unfolding (AG(T'),). (D) Melting temperatures (T,,) derived from
AG(T),, show linear reduction relative to urea concentration.

urea concentration is the decrease in melting temperature and the increase in cooperativity
for the melting curve (Figure 3A & B). We compare our results to a REMD simulation
of the same GCAA tetraloop over the same temperature range at 0 M urea (shown in
black). In this control simulation the formation of alternative folded configurations produces
a non-cooperative folding profile at low temperatures.?” As urea is added, the temperature-
dependent population profiles become more cooperative, showing greater A-RNA populations
at lower temperatures. The melting curves for the A-RNA configurations fit a two-state
relation for the fraction folded (f = lﬁi—gffﬂ) only in the presence of urea while the melting
curves for the unfolded configurations consistently fit a two state relation even in 0 M urea.

We observe that the temperature at which half of the population adopts the A-RNA

configuration (T:/,,) is essentially unchanged between 0 M and 2 M, even as the unfolded
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population increases (Figure 3B). These observations indicate that the behavior of urea
at low concentrations involves destabilization of alternative configurations, which matches
with experiments in RNA electrophoresis that show narrowing of bands for single-stranded
oligonucleotides.?? As the concentration of urea increases, the sigmoidal curve is maintained
while the value of T1/, for the folded ensemble is systematically reduced and the unfolded
ensemble population increases.

The free energy of unfolding for the tetraloop can be described based on the populations
of A-RNA (Np) and unfolded (Ny) configurations using the relation AGy = —R-T'- ln(%—g)
(Figure 3C). By taking the temperature where the free energy is zero, the melting temper-
ature (T,,) can be determined (Figure 3D, Table 2). A near linear trend is described with
this data, showing a concentration-dependent decrease in T,, of -3.75 + 0.09 ﬁ These
results are comparable to experimental measurements of DNA duplexes that show changes

in melting temperatures as a function of urea concentration (~ -3 -2—).16:36

urea

Table 2: Concentration-dependent melting temperatures (T,,)

’ Urea Molarity (M) ‘ Melting Temperature (T,,, K) ‘

0 399 £ 1
2.04 392.1 £ 0.9
4.08 384.8 £ 0.5
6.01 376 £ 1

From these results we see that urea has the anticipated effects observed in experiment.
The thermodynamics of the RNA tetraloop are reduced to a two-state system, and the

alternative configurations are depleted.

Free energy landscapes and clustering analyses of RNA tetraloops

at different urea concentrations.

The melting curves for the folded state indicate a reduction in the population of alternative
configurations at low to intermediate temperatures, however the detailed effects of urea on

the free energy landscape of the GCAA tetraloop require more in-depth structural analysis.
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Clustering through dihedral angle principal component analysis (APCA)54 is employed using
two eigenvectors that effectively parse the free energy landscape into six general configura-
tions at the lowest ensemble temperature (Figure 4). These configurations, circled in blue
at 0 M urea (Figure 4A) show four general types of A-RNA configurations (A;-Ay), as well
as two alternative configurations: Z-RNA (Z) & Triplet (T). Examples of each configuration

are shown in Figure S2 in the Supporting Information.
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Figure 4: Free energy landscapes of GCAA tetraloop (290 K) described by dPCA. Labels
represent the common configuration associated with each collection of peaks. (A) In 0 M
urea six groups are well represented. (B)-(D) As urea concentration increases, the number
of alternative (Z,T) peaks diminishes, and the favorability of several A-RNA peaks (A1, Ay)
are reduced significantly.

In low urea concentrations (2 M) the two alternative configurations are almost completely
eliminated from the folded ensemble, and two configurations (A; & A,) are markedly reduced
(Figure 4B). Despite these population shifts, A-RNA heterogeneity is retained: A, forms
regularly and an additional cluster appears in the space between the A; and A3 peaks,

representing a variation of A3 with the same sheared loop base-pair and only a slight change in
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the backbone dihedral angles. The sampled configurations are in agreement with our analyses
of global A-RNA and unfolded populations, but now include specific information about the
distribution of different A-RNA substates. The heterogeneity of loop configurations is clearly
reduced, and configurations with extended nucleobases (A1) form less often than more native-
like (Aj3) substates.

While the majority of configuration types show some reduction as the urea concentration
increases, A; shows very specific, concentration-dependent reduction. At 290 K, clustering
reveals that A; tetraloops represent nearly 50% of all states in 0 M urea. The A; population is
reduced to 25% in 2 M urea, and <10% in higher (>4 M) concentrations. A less-pronounced
reduction is observed for A, structures, going from ~30% at 0 M, to ~20% at 6 M.

Alternative configurations, as shown in the trajectories of individual replicas (Figure S1)
and the dPCA landscape, are the most significantly reduced. In 0 M, Z-RNA and Triplet
configurations account for ~5% and ~13% of all configurations respectively, while Z-RNA

accounts for <1% in all urea concentrations, and Triplets account for <5%.

Urea-induced exposure of RNA to solution

For the unfolded tetraloop configurations, increased urea concentration and temperature
increase the level of RNA exposure to solution (Figure 5).

In the absence of urea (0 M) and at temperatures below 380 K, the unfolded configurations
adopt more compact structures than A-RNA (R, < 7.8 A) and show reduced exposure to
solution (AASAy < 0). This indicates that low-temperature unfolding in the absence of urea
produces highly condensed RNA structures. For systems containing urea there are markedly
significant increases in both Ry, and AASAy. The differences between 0 and 2 M urea are
quite significant (+0.5 A Ry, +75 A2 AASAy at 320 K), as are those between 2 and 4 M
urea (+0.25 A R,, +40 A2 AASAy at 320 K). Coing from 4 to 6 M urea, low temperature
unfolded states show only minimal increases in either metric.

The difference in AAS Ay between 0 and 6 M urea (4120 A at 320 K) is approximately

15
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Figure 5: Changes in unfolded state structure as a function of temperature and urea con-
centration. (A) Radius of gyration for unfolded configurations (R,) relative to temperature
for different urea concentrations. The R, for A-RNA (~7.8 A) is given for reference. (B)
Change in accessible surface area upon unfolding (AASAy) relative to temperature for dif-
ferent urea concentrations. The similarity in trend lines within each plot indicates that urea
increases the baseline of exposure for unfolded RNA structures. The similarity between the
two plots indicate that changes in R, are commensurate with changes in exposed surface
area of RNA upon unfolding.

half the area of an average nucleobase as determined by Lambert et. al.?! It is important to
recognize that in the native RNA tetraloop configuration only the planar surfaces of a few
RNA nucleobases are not exposed solution, so only a moderate value of AAS Ay is expected.

To further characterize the effect of urea on the solution exposure of RNA, we next detail
the direct, preferential interactions between urea and RNA using preferential interaction

coefficients (T).

Preferential interactions of urea with RNA.

RNA structures in low temperature regions of all three urea concentrations are almost uni-
versally folded, but at ~350 K small populations of unfolded configurations begin to emerge.
Utilizing the direct, preferential interactions between urea and RNA (I'yy) based on Equation
4, the results at ~350 K are detailed in Figure 6. A cut-off of 6.5 A is chosen to calculate
'y from these plots in order to capture the effect of the first solvation layer and the most

proximate urea molecules. Specific interactions of urea with RNA nucleobases and the back-
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bone are analyzed separately, and the chosen cut-off helps to delineate directly-interacting
urea from urea molecules that are interacting with one group and consequently fall into close

proximity to another (e.g. urea that interacts with a nucleobase is in close proximity to the

backbone).
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Figure 6: (A)-(C) Preferential interaction of urea (I'yy) relative to distance (r) from different
RNA groups (All, Backbone, Bases) at 2 M (blue), 4 M (green), and 6 M (red) are shown
for A-RNA (solid), and unfolded (dashed) configurations. (A) Total RNA:Urea interactions
for both A-RNA and unfolded configurations increase with concentration with a region of
urea exclusion at 3 A. (B) Backbone:Urea interactions increase less significantly and are
minimally affected by unfolding. (C) Base:Urea interactions follow similar trends to total
RNA, but show no significant regions of urea exclusion. (D) The change in I'y; upon unfolding
(AT'y) increases almost linearly relative to concentration and is dominated by Base:Urea
interactions.

Unfolded configurations consistently show a higher I';; compared to A-RNA configura-
tions (Figure 6A). Preferential exclusion (I'y < 0) of urea is observed for the total RNA and
the RNA backbone at 3 A (Figure 6A & B) but favorable interactions for the RNA nucle-

obases are consistently observed (Figure 6C), and the difference in preferential interactions
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increase with concentration (Figure 6D). These observations show that the concentration-

dependent increase in RNA-urea interactions for the entire RNA tetraloop (~0.44 £ 0.08

ATy

Murea) are driven primarily by interactions with RNA nucleobases. Similar, though less ex-

treme, trends are observed for counterion interactions (I'x+) suggesting that the preferential
interactions of urea may also be exposing the RNA to increased preferential interactions with
smaller cosolute particles (Figure S3).

From these thermodynamic and structural data it becomes possible to determine the free

energy dependence of tetraloop unfolding on urea concentration.

Calculating m~values

RNA tetraloop m-values are an important indicator for how urea affects the energetic fa-
vorability of folded or unfolded configurations. To compare with experimental measures of
RNA m-values our results are described using units of (kcal-mol=!-m™1).

We determine a rough temperature-dependent m-value using Al'y; as described in Equa-
tion 5.9 Due to the similar populations of A-RNA and unfolded configurations over the range
of melting temperatures defined in Figure 3D the average results were taken for 360-400 K in
10 K increments. Above 400 K and in high urea concentrations the A-RNA populations are
too small and produce significant errors, while below 360 K and in low urea concentration
the unfolded populations are too small and produce errors as well.

A more general m-value is determined by fitting the potential energies, temperature,
pressure, and urea concentrations of a given temperature range to a Hawley-type free energy
equation (Equation 7).125¢ Using an expanded temperature range (365-425 K) and their
associated pressures we fit a smooth curve to the thermodynamic data that describes an
overall weakening of the m-value at increased temperature and pressure, similar to the points
for m. In Figure 7, the curve of the -m-value, and its components are displayed: the reference
my, temperature-dependent my-(T-T,) and my- <T~(ln[Tlo]—1) + To) , and pressure-dependent

m3-(P-P,). Fitted values for Hawley-type equation parameters are provided in Table 3.
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Figure 7: Temperature-dependent -m-value calculations (%). Negative of m-values derived
from ATy in the T,, ranges for all urea concentrations (red) is compared to fitting the
Hawley equation (black). The individual -m; values are included to show the contributions
of temperature and pressure to -m. The pressure is the ensemble-averaged pressure obtained
at the corresponding temperature in the REMD simulations (P:<P(T)>). The AI'y range
is limited due to increasing errors at high and low temperatures. Unscaled experimental and
calculated -m-values of a non-hyperstable RNA tetraloop with a UUUU loop sequence and
a 24-nt stem (green) are included for reference at KCL concentrations of 100 mM (square),

200 mM (triangle) and 1 M KCL (diamond).?!

For the fitted parameters, all pressure-dependent (AV°, Aa®, m3) and second order (Cp,
my) parameters show significant errors, which concur with results for small globular proteins

analyzed by the same technique.®®

Table 3: Fitted parameters of the Hawley Equation. Reference (385.6 K, 165 MPa, 0 m).

AGY, 0.39 + 0.06 %2l m, | 0.098 £ 0.006 XL
AS | 0.028 £0.003 22l ['my | -0.0015 + 0.0005 el
AVP 5+1mk ms [ -0.013 £ 0.27 2L
ACp | 0.068 + 0.47 Il "1y, [720.005 £ 0.006 kel
Aa | -0.079 £ 0.46 el _—
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While no known experimental m-values exist for the GCAA tetraloop, a comparison can
be made to experimental m-values for an RNA tetraloop with a longer stem (12-bp) and a
loop sequence that is not hyperstable (UUUU, green points in Figure 7). To compare the
two systems we need correct for the thermodynamic state (i.e. temperature and pressure
at which the system unfolds), and systems size. There is significant overstabilization of
the folded GCAA tetraloop in simulation compared to experiment (T,, ~311 K)!” which
consequently increases the temperature of unfolding by approximately 75 K.2” Therefore, we
use a shifted reference state (385.6 K, 165 MPa) when comparing m-values. The calculated -
m-value (-0.098 kcal-mol~'m™1) is approximately one-third the -m-value of the longer UUUU
tetraloop in 1 M KCL (-0.28 kcal-mol™'m™!) at its reference state (298 K, 0.1 MPa). Since
the length of the GCAA tetraloop sequence is also roughly one-third of the UUUU tetraloop,
the results suggest that the m-value near the melting temperature of the GCAA tetraloop
is of the same order of magnitude as the experimental value, given the corrections described
above.

The fact that both the AI' and Hawley measures of the -m-value show similar values
near the simulation melting temperature suggests that both methods offer a valid means of
assessing the effect of urea on the free energy of RNA tetraloop folding through simulation,
though a more significant temperature dependence is observed for the Hawley-based m-value.

From the Hawley fitting, the free energy of unfolding (Gy) can be split into enthalpic
and entropic components (Figure 8). The enthalpy (Hy) is by far the dominant contributor
to unfolding at the reference state, while the entropic contribution is nearly an order of
magnitude weaker.

To better characterize the concentration dependence of the free energy landscape, the
enthalpy (Hy) can be broken into internal energy (Ey) and pressure-volume work (P-(Vy +
mg - [C])). Since these simulations are run at constant volume, and the concentration-
dependence of the change in volume upon unfolding is weak, it is the internal energies where

the greater effect is taking place and where further analysis must be directed.
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Figure 8: Thermodynamic partitioning in urea denaturation, Reference state (385.6 K, 165
MPa, 0 M). Urea-concentration dependence in terms of (A) Enthalpy (AHy) shows strong
concentration dependence. (B) Free energy (AGy) shows a very similar concentration-
dependence, with equilibrium (AGy=0) at 4.01125 m. (C) The product of temperature with
entropy and its associating my-value (T-(ASy +ma - [C])) shows only a weak dependence on
urea concentration.

The system entropy (Sy) can be assessed through analysis of the interactions between
RNA and different solution components. Structural interactions including hydrogen bonds
and base-stacks all describe a loss of degrees of freedom for the system and thus a general
reduction in system entropy. The concentration-dependence and temperature-dependence
of these interactions will be necessary in order to provide insight into the effect of urea and
temperature on entropy.

Analyses of both Hy and Sy will help elucidate how the free energy landscape of the

RNA tetraloop is smoothed by the presence of urea.

Characterization of short-range energies upon tetraloop unfolding.

The differences in non-bonding (Lennard-Jones (LJ) & Coulombic) energies between the A-
RNA and unfolded configurations provide valuable insight into the internal energy changes
that accompany unfolding of RNA tetraloops as a function of concentration and temperature
(Figure 9). From the slope of AGy(m) it is clear that urea concentration makes unfolding
an energetically favorable process and this trend is recapitulated for both urea-based and
water-based interactions with RNA.

Population distributions in increasing temperature space universally favor unfolding, and
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Figure 9: Changes in non-bonding (LJ & Coulombic) energies upon tetraloop unfolding
taken in all three urea concentrations, over temperature ranges (325-350 K & 425-450 K).
(A)-(B) RNA-Urea interactions show that urea universally favors interactions with unfolded
RNA. (C)-(D) RNA-Water interactions show a greater dependence on temperature than
concentration, where water favors the folded ensemble in low temperature and the unfolded
ensemble in high temperatures. Energy is dominated by Coulombic interactions in all cases.

this is recapitulated in the increased favorability of interactions between RNA and differ-
ent solution components at higher temperatures (Figure 9B & D). Temperature also plays
a significant role in the trade-off of favorable AFEy. At low temperatures, all RNA:Urea
interactions (-1 to -7.5 kcal-mol™!) are significantly more favorable than all RNA:Water (15
to -3 kcal-mol™!), whereas in high temperatures the Coulombic interactions for RNA:Water
(-12.5 to -18 kcal-mol™!') tend to dominate. Only at 6 M are RNA:Urea and RNA:Water
Coulombic interactions nearly the same (-16 kcal-mol~' and -18 kcal-mol™!, respectively).
Increases in temperature also make LJ interactions more favorable for RNA with both
water and urea (-2.5 to -7.5 kcal-mol~!) though RNA:Urea maintains a strong concentration
dependence while RNA:Water does not show significant concentration dependence, except

for Coulombic interactions (Figure 9D).
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The concentration of urea increases the favorability of unfolding for all observed interac-
tions except RNA:Water LJ, which is dominated by temperature and relatively invariant to
concentration.

From these analyses we see that increasing the concentration of urea manifests favora-
bility of unfolding based on the energy of short-range internal energies, and is dominated
by Coulombic interactions. This suggests that addition of urea, and unfolding of RNA, are
likely affecting the orientation of the dipole moments for both water and urea with respect
to RNA. These changes can manifest in the formation of hydrogen-bonding interactions be-

tween RNA and both water and urea, and this will consequently affect the entropy of solution

at the RNA surface.

Changes to solution interactions upon unfolding.
Hydrogen-bonding interactions

The precise interactions made between RNA and different solution components are important
when considering how cosolutes might perturb the RNA free energy landscape and how the
interactions with unfolded configurations create favorable free energies of unfolding. While
I'y calculations show that RNA favors proximity of urea over water, the precise interactions
of urea and RNA cannot be ascertained from I'y alone. Hydrogen bonds (HBs) between
RNA, water and urea lend insight into how temperature and urea concentration can affect the
favorability of these contacts (Figure 10A & B). Additionally, deconvolving these interactions
into nucleobase-specific and backbone-specific interactions can provide better site-specific
details about where water and urea associate on the RNA (Figure 10C & D).

Upon unfolding, RNA:RNA HBs are reduced significantly and show both temperature-
dependent and concentration-dependent loss. At low temperatures RNA:Urea HBs nearly
compensate for the loss in RNA:RNA HBs and show a very similar concentration-dependent
trend. By contrast, RNA:Water HBs are actually reduced upon unfolding, but show weaker

and weaker reduction as the urea concentration increases. At higher temperatures, RNA:RNA
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Figure 10: Concentration-dependent changes in HBs (AN{Z?) upon unfolding. (A) Low
temperature and (B) high temperature measurements show that RNA:Water and RNA:Urea
interactions always increase with concentration while intra-RNA HBs decrease. (C)-(D)
Deconvolution of the RNA:Water and RNA:Urea interactions into nucleobase (solid) and
backbone (dashed) interactions show that upon unfolding, nucleobase interactions always
increase, and backbone interactions remain constant or decrease.

HBs decrease and RNA:Water HBs actually exceed RNA:Urea at all but 6 M urea where both
RNA:Water and RNA:Urea HBs are equal. RNA:Urea HBs show the sharpest concentration
dependence, though at high temperatures the scale of broken RNA:RNA HBs exceeds that
of RNA:Urea, and the concentration-dependent trend of RNA:RNA more closely matches
RNA:Water. Both of these observations agree well with the energy calculations that show
RNA:Water dominating high temperature unfolding.

The observed divergence in concentration-dependence in RNA:RNA HBs indicates that
RNA:Urea HBs are not necessarily displacing RNA:RNA or RNA:Water HBs. Overall, the
results suggest that temperature plays a more significant role in RNA:RNA HB breaking

and RNA:Water HB formation while urea concentration plays a more important role in
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RNA:Urea HB formation.

When the RNA:Urea and RNA:Water HBs are decomposed into backbone and nucle-
obase contacts it is found that the nucleobase interactions are always positive, and backbone
interactions are always negative or near zero (Figure 10C & D). Water interactions and
Backbone:Urea interactions are somewhat invariant to concentration and temperature.

Given that I'yy for Backbone:Urea shows a very small change upon unfolding, the near-
zero values for Backbone:Urea HBs are understandable. Nucleobase HBs show differential
dependencies on the environment. Nucleobase:Water HBs are predominantly affected by
temperature and accumulate ~3 additional HBs as temperatures increase.

In contrast, Nucleobase:Urea HBs are predominantly affected by concentration and in-
crease linearly with the amount of urea in solution. It is worth noting that Nucleobase:Urea
HBs also show a systematic increase as a function of temperature. This last observation
suggests that the increase in ASA at elevated temperatures is complimented by an increase

in the number of direct interactions between the RNA and urea.

Stacking interactions

Metrics of RNA stacking (vertical and horizontal displacements) were generated from analy-
ses of 100-ns NVT simulations of A-RNA and unfolded configurations in 6 M urea and show
similar cut-offs for both RNA:RNA and RNA:Urea interactions (Figure S4). The changes in
stacking upon unfolding reveal weak dependence on urea concentration and greater depen-
dence on temperature for RNA:RNA stacks (Figure 11).

RNA:Urea stacking show a minor increase with concentration, but almost no difference
as a function of temperature. At high temperatures, where unfolded configurations have
large AAS Ay, the loss of RNA:RNA stacks is nearly double the gain in RNA:Urea stacks
regardless of concentration. Interestingly, the raw numbers of RNA:RNA stacks decrease for
both A-RNA and unfolded configurations as a function of temperature, but the raw numbers

of RNA:Urea stacks change only minimally (Figure 11C & D).
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Figure 11: Changes in stacking upon unfolding (AN5"*) as a function of temperature
and urea concentration. (A) Low temperatures show RNA:RNA stacking decreasing and
RNA:Urea stacking increasing marginally. (B) Higher temperatures show RNA:RNA stack-
ing decreases even further while RNA:Urea remains relatively unchanged. (C) & (D)
Stacking in A-RNA (A: solid) and unfolded (U: dashed) configurations show similar trends
for both RNA:RNA and RNA:Urea interactions relative to urea concentration. High tem-
peratures diminish the total number of RNA:RNA stacking interactions for both A-RNA
and unfolded configurations, but only weakly affect total RNA:Urea stacking interactions.

These observations suggest that while RNA:Urea stacks are forming, and form more fre-
quently in high urea concentration, the interactions are not necessarily supplanting RNA:RNA
stacks. Retention of RNA:RNA stacking contacts in unfolded configurations is not signifi-
cantly affected by urea concentration. These observations agree with numerous experiments

of different RNA structures with helical motifs. 2122
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Conclusions

The results of our simulations concur with a plethora of experiments that describe multi-
ple phenomena of RNA in the presence of urea. Our use of molecular dynamics allows us
to determine how these phenomena manifest on the microscopic scale and permit quanti-
tative measurements of reduced RNA heterogeneity, free energy dependence on urea, and
interactions of RNA and urea that are responsible for RNA denaturation.

At the lowest temperature in our simulations (290 K) urea primarily denatures alternative
configurations increasing the relative A-RNA population from ~87% at 0 M urea to ~98%
at 6 M urea. Within the free energy landscapes described using dPCA the alternative
configurations are depopulated while the heterogeneity and relative favorability of different
configurations within the native ensemble is shifted. The most favored A-RNA configuration
at 0 M urea (A;) is reduced from 50% to <10% with the addition of 6 M urea and the least
populated configuration (A,) is reduced to near zero population.

The urea m-value for the tetraloop at the reference state (385.6 K, 165 MPa) is determined
to be ~0.1-0.25 kcal-mol~! - m~! based on calculations using a Hawley-type equation, and
preferential interactions of urea relative to concentration. While an experimental m-value
for the gcGCAAgc tetraloop-forming sequence is not available in the literature, the range
of m-values is consistent with other RNA hairpins and duplex structures, particularly those
in high salt concentrations?' or with sequences of high GC content.?? Future simulations of
systems over a broader range of salt concentrations with varying stem lengths will be needed
to better elucidate the effect of urea on RNA stability.

Our free energy analysis reveals that enthalpy and internal energy are the dominant
contributors to the free energy of unfolding, particularly the Coulombic interactions of RNA
with water and urea. Similar observations have been made in simulations of the preQ;
riboswitch by Yoon et. al. where electrostatic interactions dominated interactions between
RNA and urea.?® Their work suggested that penetration of water into RNA cavities precedes

intercalation of, and unfolding by, urea. From our results high urea concentrations yield
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increased AASAy as well as higher ANHB and more favorable AFEy for both water and
urea. Thus both solvent and cosolute contribute to stabilize the unfolded ensemble.
Experimental m-values in several recent studies have been used to infer a high degree of
residual RNA:RNA stacking in unfolded RNA oligomers. 21?2 However, these studies relied on
idealized oligomer geometries (single-strands from A-RNA duplex structures) and neglected

273862 Stacking interactions have been

the heterogeneity of even the simplest RNA oligomers.
monitored in previous simulations of RNA tetraloops and small duplexes and suggest that
RNA:Urea stacking maintains unfolded configurations, possibly even supplanting RNA:RNA
stacking.?*

Our own stacking metric, which defines both RNA:RNA and RNA:Urea stacking interac-
tions with similar structural geometries, suggests that RNA:RNA stacking is temperature-
dependent while RNA:Urea stacking is predominantly affected by concentration. The change
in stacking upon unfolding shows RNA:RNA AN ~ -1.0, and RNA:Urea AN ~
+0.5. From these results we can claim that in an unfolded configuration, the tempera-
ture, rather than urea, depletes residual RNA:RNA stacking, and that residual RNA:RNA
stacking is maintained despite changes in urea concentration.

Folding of an RNA oligomer in solution with urea depends on a complex set of intra-

53

molecular interactions®® as well as a balance of interactions between the RNA and the sur-

63768 One important caveat to these results is that the force field parameters

rounding solution.
used in these and similar simulations are calibrated for different binary mixtures of solvent
(H20) and different solutes (RNA, ions, urea). The accuracy of these solvent-solute inter-
actions do not guarantee quantitative agreement for interactions between different solute
components.®” ™ The interactions of RNA and urea are complex and minimally affected by
temperature, however the qualitative effect of urea as an RNA denaturant is apparent both
in terms of its ability to hydrogen-bond and stack with RNA, and in terms of concentration-

dependent changes to the free energy of unfolding.

In this work we have characterized the internal geometries and energies of salient RNA-
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cosolute interactions and assessed how they affect the free energy landscape of a hyperstable
RNA tetraloop. Our results provide a solid thermodynamic description of the effect of
urea on the free energy landscape of the RNA tetraloop and provide explicit, atomic-level
detail relating the many interactions responsible for stabilizing the unfolded ensemble in the
presence of urea.

In addition to the conclusions of this study, we have established a framework for ther-
modynamic studies of RNA folding as a function of cosolute mixtures. These methods can
be extended to analyses of other denaturants (e.g. glycine betaine) or osmolytic agents (e.g.
trimethylamine-N-oxide) using this tetraloop or other RNA molecules. Further application
of these methods will allow MD to provide structural and energetic descriptions of how RNA
and other biomolecules fold in cellular environments where cosolutes affect the equilibrium
of the configuration ensemble. ™

Beyond our thermodynamic analysis of RNA tetraloop unfolding by urea, these methods
have the potential to give additional insight into the kinetic behaviors of larger, catalytic
RNAs. Two separate studies of the self-splicing reaction of the Tetrahymena group I intron
revealed that urea increases the ribozyme reaction rate 12-fold (at 2.5 M urea) ™ by increasing
the initial rate of reaction, and 30-fold (at 5 M urea) by increasing the slower of the biphasic
rates and reducing energy barriers for intermediate states.”™ These observations, calculated
through gel electrophoresis and circular dichroism respectively, suggested alternative folding
pathways induced by urea and reduction in the lifetimes of intermediate states.

Reduction in the number of alternative configurations and increased surface exposure
upon unfolding in our results supports these observations and suggests that the effect of
urea on the Tetrahymena group I intron and other tertiary RNA structures can be analyzed
with these methodologies to determine the effects of urea concentration of reducing the
variability of phase space and certain kinetic intermediates, thus potentially accelerating

kinetic transitions as a function of urea concentration.
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Supporting Information Available

Figure S1: Time-dependent folding trajectories and ensemble averages of folded and unfolded
configurations at 2, 4 and 6 M Urea. Figure S2: Dominant configurations of the free energy
landscape in the absence of urea. Figure S3: Preferential interactions of potassium ions
with RNA as a function of urea concentration (I'k+). Figure S4: Population distributions of
pairwise vertical and horizontal displacements between all RNA nucleobases and urea. This

material is available free of charge via the Internet at http://pubs.acs.org/.
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Simulation Trajectories

All simulations (Figure S1) were initialized in an A-RNA configuration that possesses a
sheared base-pair between loop residues G, and A4, and forms a syn-glycosidic torsion in
the x-angle of Ay, (As, Figure S2C). Previous REMD simulations of this tetraloop sequence
at 0 M urea show that the A3 configuration is the most favorable structure possessing the
Gr1-Ap4 interaction, though the folded tetraloop is described by an ensemble of A-RNA
configurations (Figure S2A-D). Further, REMD simulations that are run to an equilibrated
population of A-RNA structures can sample the free energy landscape whether the ensemble
is initialized in A or unfolded configurations.?

In each ensemble the majority of As configurations sample the unfolded state at least
once before undergoing refolding.

The populations of alternative configurations (Triplet & Z-RNA, Figure S2E-F) are small,
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Figure S1: Time-dependent folding trajectories and ensemble averages of folded, alternative,
and unfolded configurations. (A) 2 M Urea, (B) 4 M Urea, (C) 6 M Urea. A-RNA, Z-RNA,
Triplet and unfolded configurations shown.

and individual configurations form sporadically. The Triplet configuration (Figure S2E) is
the more stable of the two alternative configurations and maintains longer-lived folds than
Z-RNA (Figure S2F). The earliest instances of folding for either of these configurations also

shows some dependence on urea concentration. At 2 M, the earliest instances are in the first



Figure S2: Representative structures of the tetraloop free energy landscape. Nucleobases
are shown in gray (guanosines), green (cytosine), and red (adenine). (A)-(D) A-RNA
configurations presented in order of most populated clusters at 0 M urea. Simulations were
initialized in Az (C) configurations. (E) Triplet configuration is a misfolded trap formed
by residues Gy, Apy and Gy forming a tight hydrogen-bond cluster. (F) Z-RNA forms by
the phosphate backbone adopting a left-handed (Z) configuration and base-pairing to form
a two-base-pair duplex with a tetralooping region.

300 ns, while 4 M shows a long-lived Z-RNA forming at ~600 ns, and a long-lived Triplet
forming at around 1 ps in 6 M urea. The populations of either configuration are usually <2,

even in 2 M urea.

Preferential Interactions of Counterions with RNA

The neutralizing counterions and excess salt used in our simulations do not become coordi-
nated within any configuration on the free energy landscape of this particular RNA oligomer.
However, the cosolute urea is observed to preferentially interact with RNA, and its effect on
the interactions of other cosolutes is worth investigating, particularly for counterions, which
have been observed to preferentially coordinate around this and other RNA in submolar to
molar concentrations of KC1.3

Using the same methods for measuring the preferential interactions of urea and the same
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Figure S3: (A)-(C) Preferential interactions of counterions (I'x+) relative to distance (r)
from different RNA groups (all, backbone, nucleobases) at 2 M (blue), 4 M (green), and
6 M (red) at 350 K. A-RNA (solid), and unfolded (dashed) configurations are represented.
(A) Total RNA:K™ interactions for both A-RNA and unfolded configurations increase with
urea concentration. (B) Backbone:K* interactions are low for distances <5 A, but show
similar trends to total RNA at longer ranges. (C) Nucleobase:K™ interactions follow trends
similar to total RNA within the first solvation shell, but not beyond. (D) The change in I" -+
upon unfolding (AT'x+) increases linearly relative to urea concentration and is dominated
by Nucleobase:K™ interactions, but Backbone:K™ are within the error of the total RNA:K™
measurements.

temperature ensembles (~350 K) we investigate how A-RNA and unfolded configurations
formed in simulation interact with counterions (K*) (Figure S3). We find that the concen-
tration of urea actually drives the accumulation of counterions around the full RNA, and
that unfolded configurations show higher values of I'x+, indicating that urea is not occlud-
ing RNA:K™ interactions, but that by virtue of greater surface exposure, K™ have a higher

preferential interaction with RNA.



When the interactions are decomposed into backbone and nucleobase interactions the
backbone shows almost no exclusion or accumulation of K within the first solvation shell
(<5 A) but shows accumulation of 1 K* at greater distances. Coupled with our observations
of low accumulations of urea at 3 A from the backbone, we determine that the first solvation
layer around the RNA backbone is primarily occupied by water.

The preferential interactions around the nucleobases tell a different story. While inter-
actions begin to increase within the first solvation layer, they remain relatively constant at
increasing distances up to the 6.5 A cutoff, suggesting that the relative concentration of
K* remains constant. The A-RNA maintain a lower I'g+ (<0.5 KT) while the unfolded
configurations show ~1 K accumulated in 6 M urea.

An important point is that the interactions for the nucleobases define much of the I' g+
within the first solvation shell (<5 A), while the backbone defines the accumulations beyond.
The concentration-dependence of these interactions suggests that molecules of urea are doing
more to expose RNA surface area for favorable counterion interactions than they are to

inhibit these smaller cosolutes from interacting with RNA.

RNA:RNA & RNA:Urea Stacking

The stacking criteria defined in our work makes use of the geometric centers of pyrimidine
rings (a common structure in all four RNA nucleobases that includes Cy, Cy, and Cg atoms)
and the polar groups around the central carbon of urea (O, Ny, Ny2). We describe the
vertical and horizontal pairwise displacements between each pair of nucleobases (Figure S4A)
and between all nucleobases and urea molecules (Figure S4B).

A general cutoff of 6 A is determined based on unoccupied regions in the RNA:RNA plots
for both A-RNA and unfolded configurations as well as similar long-range distributions in
the RNA:Urea plots. This cutoff is set as the delineating mark for all stacking interactions.
An inner, cutoff is observed at 5 A based on the most populated peaks at close proximity to

both RNA:RNA and RNA:Urea in the unfolded configurations. Based on these observations,



regions of displacement less than 5 A are considered stacked and given a stacking weight of

1, while regions greater than 5 A and less than 6 A are counted as half-stacked and weighted

0.5.
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Figure S4: Vertical vs. horizontal displacements of RNA nucleobases and urea in RNA stack-
ing interactions. RNA:RNA interactions for (A) A-RNA and (B) unfolded configurations
show dense populations of RNA:RNA interactions <5 A and an intermediate region with
clear cutoff at 6 A (red arc lines). For RNA:Urea interactions, (C) & (D), the same cutoffs
show a similar cutoff at 5 A. In each plot a diagonal red line is included to show where Vs,
= Haisp and regions above this line are considered stacked if the previous criteria are met.

Considerable populations are found in regions where horizontal displacements exceed
vertical displacements, however most of these interactions describe urea in regions where
hydrogen-bonding is more probable than stacking. Most stacking in these regions occur
over the imidazole ring of the purine nucleobases (A & G). Inclusion or exclusion of these
interactions does not significantly change the temperature-dependent and concentration-
dependent trends in stacking for RNA:RNA or RNA:Urea interactions, thus stacking is

counted only for regions where vertical displacements (V4s,) exceed horizontal displacements
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