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ABSTRACT A full understanding of RNA-mediated biology would require the knowledge of three-dimensional (3D) structures,
structural flexibility, and stability of RNAs. To predict RNA 3D structures and stability, we have previously proposed a three-bead
coarse-grained predictive model with implicit salt/solvent potentials. In this study, we further develop the model by improving the
implicit-salt electrostatic potential and including a sequence-dependent coaxial stacking potential to enable the model to simu-
late RNA 3D structure folding in divalent/monovalent ion solutions. The model presented here can predict 3D structures of RNA
hairpins with bulges/internal loops (<77 nucleotides) from their sequences at the corresponding experimental ion conditions with
an overall improved accuracy compared to the experimental data; the model also makes reliable predictions for the flexibility of
RNA hairpins with bulge loops of different lengths at several divalent/monovalent ion conditions. In addition, the model success-
fully predicts the stability of RNA hairpins with various loops/stems in divalent/monovalent ion solutions.
INTRODUCTION
In early years, RNAwas considered to be an intermediary in
transcription and translation (1). However, in the last two
decades, RNA has been shown to perform other crucial
functions, such as catalyzing biological reactions and con-
trolling gene expression (2,3). Understanding and utilizing
these functions would require comprehensive knowledge
of RNA structure and dynamics (4–7). Although RNA se-
quences are being discovered rapidly, only limited three-
dimensional (3D) RNA structures have been determined
through experimental methods such as x-ray crystallog-
raphy, NMR spectroscopy, and cryo-electron microscopy
(4,8). Simultaneously, for high efficiency and low cost,
some computational models have been developed for pre-
dicting 3D structures or thermodynamics of RNA (8–18).

Some models based on fragment assembly, sequence
alignment, and secondary structure, e.g., the MC-Fold/
MC-Sym pipeline (19), are highly successful at predicting
3D structures even for large RNAs (19–39). However, these
models are primarily designed to predict folded structures
and would not give reliable predictions for the dynamic
and thermodynamic properties of RNAs in three dimensions
(16–18). Simultaneously, some other models have been
developed that aim to predict RNA dynamics and thermody-
namics. The Go-like coarse-grained (CG) three-interaction-
site model can predict folding thermodynamics for hairpins
and pseudoknots (40,41). Another CG model of oxRNA can
capture the thermodynamic and mechanical properties of
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RNA structures with pairwise interaction potentials (42).
However, neither the three-interaction-site model nor the
oxRNA model could give reliable predictions for 3D struc-
tures of RNAs from their sequences (16,18). Although the
three-bead CG model of iFoldRNA (43) and the six/seven-
bead CG model of HiRE-RNA (16,44) can predict 3D struc-
tures of small RNAs including pseudoknots, the parameters
of the two models may need further validation or adjustment
for predicting thermodynamic and dynamic properties of
RNAs (18,43,44). Furthermore, since RNAs are highly
charged polyanionic polymers, RNA structures can be
sensitive to ion conditions and temperature (15,45–53).
However, none of the above models could predict 3D struc-
tures and thermodynamics of RNAs from their sequences
over a wide range of ion concentrations and temperatures
(16–18).

Very recently, to predict 3D structures and thermal stability
of RNAs, we developed a CG model with three beads placed
on the existing atoms P, C40, and N9 for the purine (or N1 for
the pyrimidine) (18,54). Combined with an implicit-salt/sol-
vent force field and the Monte Carlo (MC) simulated anneal-
ing algorithm, the model not only can predict native-like 3D
structures of small RNAs from their sequences at high salt
concentration (e.g., 1MNaCl), but also can give reliable pre-
dictions about the stability of RNAhairpins over awide range
of sequences and monovalent ion concentrations that are
comparable to the extensive experimental data (54). How-
ever, compared with monovalent ions (e.g., Naþ), divalent
ions such as Mg2þ can play a more special role in the sta-
bility and dynamics of RNA structures (55–60). For
example, Mg2þ is ~1000 times more efficient in inducing
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the tertiary-structure folding of Tetrahymena thermophila ri-
bozyme (45,49). Although a recent structure-based model
with an explicit treatment of Mg2þ and an implicit treatment
of Kþ canwell capture the ion atmosphere aroundRNAs (61–
63), there is still a need for amodel that predicts 3D structures
and stability of RNAs in divalent/monovalent ion solutions
from their sequences. In this work, we further develop our
previousmodel to enable it to predict the 3D structure and sta-
bility of RNAs in the presence of divalent ions.

In addition, the functions of RNAs may be not only
related to the static 3D structures, but also influenced by
the flexibility and stability of their structures (4-7,64–66).
The flexibility of RNAs is rather important in the recogni-
tion of protein and in gene regulation (64–67). For example,
the transactivator response element (TAR) for the transacti-
vator (TAT) protein of the human immunodeficiency virus
(HIV) can undergo large conformational changes through
the small bulge during the binding of TAT proteins
(66,67). Due to the polyanionic nature of RNAs, their flex-
ibility would strongly depend on metal ions such as Mg2þ

and loops (67–69). To examine the effects of metal ions
(e.g., Mg2þ) and loops on RNA flexibility, we select
HIV-1 TAR and HIV-2 TAR variants as two paradigms in
this work. To predict the 3D structures and flexibility of
RNA hairpins with bulge loops, such as HIV TAR variants,
in divalent/monovalent ion solutions, we introduce, to our
knowledge, a new implicit electrostatic potential and an
indispensable coaxial stacking interaction between two he-
lices at the junction. With the model presented here, we pre-
dict the flexibility of HIV-1 TAR and HIV-2 TAR variants in
divalent/monovalent ion solutions to understand the effects
of salt and bulge loops.

In this work, we essentially develop the model to simulate
RNA folding in divalent/monovalent ion solutions by
improving the implicit-salt electrostatic potential and
involving a parameterized coaxial stacking potential. After-
ward, we first show that the CG model presented here can
predict 3D structures of RNAs with bulges/internal loops
at given ionic conditions with higher accuracy. Second,
the model is employed to investigate the effects of diva-
lent/monovalent salts and bulge length on the flexibility of
HIV TAR variant RNAs. Finally, the model is used to quan-
titatively examine the stability of various RNA hairpins in
divalent ion solutions. Throughout the article, all predictions
are compared with the extensive experimental data.
FIGURE 1 (a) Our coarse-grained representation for one fragment of an

RNA superposed on an all-atom representation. Specifically, three beads are

located at the atoms of phosphate (P), C40 (C), and N1 for pyrimidine or N9

for purine (N), respectively. The structure is shown with the PyMol (http://

www.pymol.org). (b) The schematic representation for basepairing (dashed

line) and base-stacking (dash-dotted line). To see this figure in color, go

online.
MATERIALS AND METHODS

CG structural model

Since CG models generally allow considerable extension of the accessible

size and timescale in simulations of biological systems (70–74), we have

proposed a three-bead CG model for RNAs where the three beads stand

for phosphate, sugar, and base (54). The backbone phosphate (P) bead

and sugar (C) bead are placed at the P and C40 atom positions, respectively,

whereas the base (N) beads are placed at the N9 position for purine or the
N1 position for pyrimidine (see Fig. 1). The P, C, and N beads are treated as

spheres with van der Waals radii of 1.9 Å, 1.7 Å, and 2.2 Å, respectively

(54,75).
Force field

In our CG model, the implicit-solvent/salt force field includes eight energy

potentials (54):

U ¼ Ub þ Ua þ Ud þ Uexc þ Ubp þ Ubs þ Uel þ Ucs: (1)

The function forms for the eight energy potentials are described in detail in

the Supporting Material, and we introduce them here only briefly, except in

the case of the electrostatic interaction, Uel, and the coaxial stacking inter-

action, Ucs. The first three terms in Eq. 1 are the bonded potentials for co-

valent bonds (Ub), bond angles (Ua), and dihedral angles (Ud), respectively.

The bonded potentials whose function forms have been described previ-

ously (54) were initially parameterized by the statistical analysis on the

available 3D structures of RNA molecules in the Protein Data Bank

(PDB; http://www.rcsb.org/pdb/home/home.do) (54,75–77). Since lots of

native structures in the PDB are mostly A-form helix, the statistical param-

eters from these structures would not be reasonable to describe the nature of

RNA free chains (77). Therefore, for bonded potentials, two sets of param-

eters are calculated for single strands/loops and stems, referred to as

Paranonhelical and Parahelical, respectively (see the Supporting Material and

our previous work (54) for details). The former are used to describe the

folding of an RNA from a free chain, and the latter are only used for stems

during structure refinement after the folding process. The remaining terms

of Eq. 1, namely the nonbonded potentials, describe various pairwise

nonbonded interactions. The excluded volume, Uexc, between CG beads

is modeled by a purely repulsive Lennard-Jones potential (54,75). Ubp in

Eq. 1 is employed to capture the basepairing interaction between Watson-

Crick (G-C, A-U) and wobble (G-U) basepairs (43,54,78–80). Ubs in

Eq. 1 is a temperature-dependent base-stacking potential that works be-

tween nearest-neighbor basepairs. The strength of Ubs was derived from

the combined analysis of available sequence-dependent thermodynamic pa-

rameters (78–80) and the MC algorithm, and the details are shown in our

previous work (54).

The electrostatic interaction, Uel, in Eq. 1, which is a newly refined term

for the effect of divalent ions, is taken into account with the combination of

the Debye-Hückel approximation and the concept of counterion condensa-

tion (CC) (78,81–83):

Uel ¼
XNP

i < j

ðQeÞ2
4pε0εðTÞrije

�rij
lD : (2)
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The summation is over all the phosphate beads, and rij is the distance be-

tween two phosphate beads i and j. ε0 is the permittivity of vacuum. ε(T)

is an effective temperature-dependent dielectric constant (40,54,58). lD is

the Debye length of the ionic solution. Beyond our previous model (54),

the effect of pure divalent ions and the competition between monovalent

and divalent ions are also taken into account in the model presented here

to study RNA folding in pure and mixed divalent ion solutions. Based on

the CC theory (83), for a pure salt solution containing only one species

of salt, such as NaCl or MgCl2, the reduced charge fraction, Q, could be

written as Q ¼ b/(vlB) (40,54), where v is the cation valence, b is

the phosphate-phosphate spacing of an RNA, and lB is the Bjerrum length

(40,54). For a mixed Naþ/Mg2þ ion solution, we assume

Q ¼ fNaþQNaþ þ ð1� fNaþ ÞQMg2þ , where fNaþ and ð1� fNaþ Þ represent the
contribution fractions from Naþ and Mg2þ, respectively. fNaþ can be

approximately calculated by the empirical formula previously derived

from the tightly-bound-ion (TBI) model, which could account for the diva-

lent-ion-RNA interactions (15,60,84,85)

fNaþ ¼ ½Naþ�
½Naþ� þ x½Mg2þ�: (3)

Here, x ¼ ð8:1� 64:8=NÞð5:2� ln½Naþ�Þ (15,60). [Naþ] and [Mg2þ] are
the corresponding bulk concentrations in molar (M) and N is the chain

length.

Ucs in Eq. 1 is newly introduced to model the coaxial stacking interaction

at RNA junctions (4,86,87), and the coaxial stacking interaction between

two discontinuous neighbor helices with interfaced basepairs i-j and k-l

can be given by (86,87)

Ucs ¼ 1

2

XNcst

i-j;k-l

��Gi-j;k-l
�� n�1� e�aðrik�rcsÞ�2

þ
h
1� e�aðrjl�rcsÞi2 � 2

o
; (4)

where Gi-j,k-l is the sequence-dependent base-stacking strength. Gi-j,k-l is

approximately taken as the stacking strength between the corresponding

nearest-neighbor basepairs in an uninterrupted helix (79,86,87). rik (or rjl)

is the distance between two interfaced bases, i(j) and k(l), of two stems,

and a represents the extent of distance constraint. rcs is the optimum dis-

tance between two coaxially stacked stems. a and rcs are directly obtained

from the statistical analysis of the known structures in the PDB database

(see Fig. S1). Here, we only include the cases where there is one base or

less in at least one of the single-stranded chains between two neighbor he-

lices (see Fig. S1), since the noncanonical basepairs would generally be

formed when there are more than one base in each side between two stems

(3,4,86).

The detailed descriptions of the potentials in Eq. 1 and all the parameters

for the potentials have been described in the Supporting Material; see also

our previous work (54) for the process of building the force field.
Simulation algorithm

We use the MC simulated annealing algorithm, which can effectively avoid

the trap in local energy minima (34,54,88), to search near-native conforma-

tions for an RNA at a given solution condition. Based on a random chain

generated for an RNA sequence, the MC simulated annealing algorithm

is performed from an initial high temperature to the target temperature

(e.g., 298 K) at a fixed ion condition. In the folding process, the Paranonhelical
of bonded parameters and the efficient pivot moves for the RNA chain, as

well as the standard Metropolis algorithm, are used to sample conforma-

tions of a free RNA chain (54,75,78). With gradual cooling of the system,

the initial 3D near-native structures would be folded at room temperature

for RNAs.
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After the MC annealing process with the bonded parameters of

Paranonhelical for the whole RNA chain, the secondary structure and

native-like 3D structures are predicted from a given sequence. To better

capture the geometry of helical parts, further structure refinement is per-

formed for higher accuracy of 3D structures as follows: based on the final

3D structure predicted by the preceding annealing process, another MC

simulation (generally 1 � 106 steps) is performed at the corresponding

ion condition and room temperature, with the bonded parameters of

Parahelical and Paranonhelical for the basepairing regions (stems) and

loops/single strands, respectively (54). As a result, an ensemble of

refined 3D structures (~8000 structures) would be obtained over the last

~8 � 105 MC steps. The predicted 3D structures are evaluated by their

RMSD values calculated over C beads from the corresponding C40 atoms

in the native structure in the PDB, though other parameters such as the tem-

plate-modelling score and the base interaction network fidelity (89,90) can

also be used to evaluate the predicted structures. Since the model described

here generally predicts a series of native-like structures during the refine-

ment process, we will use the mean RMSD (the averaged value over the

whole structure ensemble in the refinement process) and minimal RMSD

(corresponding to the structure closest to the native one in the refinement

process) to evaluate the reliability of predictions of 3D structures

(30,43,54). Although RNA hairpins are mostly A-form helix, since helical

stems may deform from the standard A-form helix (48) and the relative

orientation between stems at a junction may change (67) with changes in

ionic conditions, we still use the RMSD of the whole RNA, including

stem and loop, to evaluate the performance of 3D structure prediction (89).
RESULTS AND DISCUSSION

In this section, we employ the CG model to predict, from
their sequences, the 3D structures of 32 RNA hairpins,
most of which have bulges/internal loops (%77 nucleotides
(nt)), at the respective experimental ion (Naþ/Mg2þ) condi-
tions. Afterward, the CG model is used to predict the flexi-
bility and stability of RNA hairpins at extensive divalent/
monovalent ion conditions. Our predictions will be
compared with the extensive experimental data.
Predicting RNA 3D structures at the respective
experimental ion conditions

Going beyond our previous work, which focused on predict-
ing RNA structures at 1 M NaCl (54), we predict the 3D
structures of 32 RNA hairpins, most of which have
bulges/internal loops. The 3D structures of these RNAs
have been determined by NMR at certain ion conditions
(see Table 1). For each RNA hairpin, we make two separate
predictions using the model presented here at the experi-
mental ion condition and the previous version of the model
at 1 M NaCl (54). Table 1 summarizes the major informa-
tion about the RNA molecules, the corresponding experi-
mental monovalent/divalent ion conditions, and the
predictions from our model and the MC-Fold/MC-Sym
pipeline (19).

In monovalent solutions

First, we employ this model to predict 3D structures for
RNA hairpins (with bulges/internal loops) at the corre-
sponding monovalent ionic conditions listed in their PDB



TABLE 1 The 32 RNA Molecules for 3D Structure Prediction in This Work

RNAs PDBa Length (nt) Typeb [1þ/2þ]c (mM)

RMSDpred.
d (Å)

(mean/minimum) RMSD0
pred.

e (Å) RMSDMC-Sym
f (Å)

1 2Y95g 14 H 100/0 2.0/1.0 2.2 2

2 2LP9g 16 B 65/0 2.6/1.1 2.7 2.8

3 1J4Yg 17 H 20/0 3.9/1.9 4 4.6

4 1YN2g 17 H 55/40 4.1/2.3 4.3 2.9

5 1Z30g 18 H 50/0 1.7/0.9 1.9 2.6

6 1U2Ah 20 H 75/0 2.1/1.1 2.6 3

7 1QWAg 21 B 5/0 2.8/1.5 3 4.6

8 1D0Ug 21 B 50/0 3.8/1.5 3.7 3.7

9 17RAh 21 B 20/0 3.7/1.3 4 4.9

10 1JURg 22 B 100/0 2.9/1.5 2.9 3.4

11 1OSWg 22 I 25/0 3.7/1.5 4 4

12 2RO2g 23 H 12.4/0 2.8/1.4 2.9 2.6

13 1BGZh 23 B&I 20/0 3.4/2.1 4.6 4.8

14 1S34g 23 B 35/0 3.5/1.7 4 2

15 1LC6g 24 I 50/0 3.7/2.0 4.1 5.7

16 2KEZg 24 I 50/0 3.4/1.5 3.6 2.9

17 1M82g 25 B 20/0 2.1/1.2 2.4 2.2

18 2L5Zg 26 I 50/5 4.0/2.6 4.6 5.2

19 2AHTg 27 B 100/6 3.2/1.3 3.9 3.8

20 1F6Xg 27 B 100/0 2.8/1.5 2.9 2.7

21 1XSHg 27 B 100/0 3.4/1.7 3.6 2.9

22 1NBRg 29 B 20/0 3.3/2.1 3.7 3.1

23 2JWVg 29 I 50/0 4.5/2.0 5 4.9

24 1YNEg 31 B 10/0 2.6/1.3 2.7 3.9

25 1JO7g 31 B&I 10/0 4.0/2.3 4.6 4.9

26 2LWKg 32 B&I 50/0 3.9/1.7 4.2 3.3

27 2JXVg 33 I 20/0 3.2/1.9 3.9 4.9

28 2KPVg 34 B&I 20/0 4.1/1.9 4.3 4.1

29 1ZC5g 41 B 10/0 3.5/1.8 3.4 5.9

30 2KUUg 48 B 20/0 4.5/2.3 5.1 5.5

31 2MQTg 68 B&I 10/0 6.4/3.8 6.8 7.1

32 1P5Og 77 B&I 100/5 11.0/8.7 13 10.8

aThe 3D structures of these RNA hairpins have been determined by NMR at certain ion conditions.
bH, B, I, and B&I represent RNA hairpins without bulges/internal loops (H), with bulges (B), with internal loops (I), and with bulges and internal loops (B&I).
cThe salt conditions of solutions in which RNA structure were experimentally determined.
dThe mean/minimum RMSDs are calculated over C beads of the structures predicted by the model presented here from the corresponding C40 atoms of the

native structures.
eThe mean RMSD values are calculated over C beads of structures predicted by our previous model at 1 M NaCl from the corresponding C40 atoms of the

native structures.
fThe RMSD value is calculated over the C40 atoms of the top single structure for each RNA predicted by the MC-Fold/MC-Sym pipeline (http://www.major.

iric.ca/MC-Fold/) (19) from the native structure.
gThese hairpins were experimentally determined after the year 2000.
hThese hairpins were experimentally determined before the year 2000.
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files. For example, the structure of stem loop IIa (PDB:
1U2A) is determined by NMR in a buffer consisting of
10 mM KH2PO4, 50 mM KCl, 15 mM NaCl, and
0.5 mM EDTA (91). We predict the 3D structures of
stem loop IIa from its sequence in a solution of 75 mM
monovalent salt. As shown in Table 1, the mean RMSD
of the predicted 3D structures is ~2.1 Å, which is obviously
smaller than that (~2.6 Å) of the structures predicted by the
previous version of our model at 1 M NaCl. For the 28
tested RNA hairpins in the respective monovalent salt solu-
tions, the overall mean RMSD between the structures pre-
dicted by this model at the respective experimental
monovalent ionic conditions and the experimental struc-
tures is 3.37 Å, a smaller value than that (3.66 Å) predicted
by the previous version of the model at 1 M NaCl (54); see
Table 1.

In divalent solutions

In addition, one important feature of this model is that it
combines CC theory and the results from the TBI model,
and it can be employed to simulate RNA folding in mixed
monovalent/divalent ion solutions. Four RNA hairpins
with bulges/internal loops (PDB: 1YN2, 2L5Z, 2AHT, and
1P5O) were determined by NMR in solutions containing
Mg2þ, and the corresponding monovalent/divalent ion con-
ditions are listed in Table 1. The mean RMSD values for
these RNAs predicted by the model presented here in the
corresponding experimental mixed ion solutions are 4.1 Å,
Biophysical Journal 109(12) 2654–2665
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FIGURE 2 Comparison of the RMSD values of RNA 3D structures pre-

dicted by the previous version of our model and that presented here and by

the MC-Fold/MC-Sym pipeline. For each of the 32 tested RNAs, we use the

MC-Fold/MC-Sym pipeline online tool (http://www.major.iric.ca/

MC-Fold/) (19) to test the accuracy of MC-Fold/MC-Sym and calculate

the RMSD for the top single predicted structure over the C40 atom in the

backbone. The RMSDs of structures predicted by the model described

here at the experimental ion conditions (see Table 1) and by its previous

version (54) at 1 M NaCl are calculated over C beads from the correspond-

ing C40 atoms in the native structures. To see this figure in color, go online.
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4.0 Å, 3.2 Å, and 11.0 Å, respectively, which are clearly
smaller than the values (4.3 Å, 4.6 Å, 3.9 Å, and 13.0 Å) pre-
dicted by our previous model, regardless of the salt effect
and the coaxial stacking interactions (54).

Salt versus coaxial stacking

As shown in Table 1, for the 32 hairpins, this model can
make predictions with a visibly lower overall mean
RMSD compared to our previous model (3.64 Å vs.
4.02 Å; p < 0.01 from the two-tailed Student’s t-test
(12)), which suggests that the inclusion of monovalent/diva-
lent salt and coaxial stacking in this model is effective for
predicting RNA 3D structures in ion solutions. To clarify
the contributions of the two improvements, we further
perform two additional predictions for each hairpin using
this model with coaxial stacking at 1 M NaCl and without
coaxial stacking at the experimental ion conditions. We
find that the two improvements both make positive contribu-
tions to the overall improved predictions and that the inclu-
sion of the salt effect has a stronger contribution than that of
coaxial stacking, as shown in Fig. S2. Due to the high charge
density of the RNA backbone, the native-like structures of
hairpins could be slightly stretched at low salt (48), and
the difference between conformations at low and high salts
should not be ignored (see Fig. S2). Although the coaxial
stacking potential would only have a slight effect on hair-
pins with bulges/internal loops whose bases are stacking
into neighbor helices (e.g., 1JUR and 1LC6), it would be
indispensable for the formation of coaxially stacked states
that are common in RNAs with bulges (e.g., 2KUU and
1P5O) and in the HIV-1 and HIV-2 TAR variants; see the
subsection Flexibility of RNAs with bulges.

Comparisons with MC-Fold/MC-Sym pipeline

The MC-Fold/MC-Sym pipeline is a web service (http://
www.major.iric.ca/MC-Pipeline/) for RNA secondary and
tertiary structure predictions (19). To test the model pre-
sented here, we also make comparisons with the MC-
Fold/MC-Sym pipeline. The RMSDs of the top 1 structures
predicted by the pipeline online server (option: return the
best 100 secondary structures and model_limit ¼ 1000 or
time_limit ¼ 12 h) are calculated over C40 atoms from the
corresponding atoms in the experimental structures. As
shown in Table 1 and Fig. 2, the overall predictions of 32
structures by this model (overall mean RMSD ¼ 3.64 Å)
appear visibly better than those from the MC-Fold/MC-
Sym pipeline (overall mean RMSD ¼ 4.12 Å), which is
also suggested by the p-value of <0.01 from the two-tailed
Student’s t-test (12). Table 1 and Fig. 2 also show that this
model can give reliable predictions for relatively large
RNAs (>45 nt (54)). For the 48-nt and 68-nt RNAs (PDB:
2KUU and 2MQT), this model gives much better predic-
tions than those made by the MC-Fold/MC-Sym pipeline,
whereas for the 77-nt RNA (PDB: 1P5O), the two models
give similar predictions (see Table 1 and Fig. 2). This may
Biophysical Journal 109(12) 2654–2665
be attributed to the fact that this model still ignores the
possible noncanonical basepairs, which are abundant in
the 77-nt RNA.
Flexibility of RNAs with bulges

RNAs are highly flexible biomolecules that can undergo
dramatic conformational changes to fulfill their diverse
functions, e.g., the structural reorganization of riboswitches
or the hammerhead ribozyme (2,3). Generally, large confor-
mational transitions of RNA structures are induced by the
binding of ions, proteins, or ligands (45–47,65–67). For
example, HIV TAR RNAs, which can bind TAT protein
through conformational changes during viral replication,
have been important paradigms for studying RNA dynamics
(66,67). In this section, we employ the model presented here
to study the flexibility of HIV-1/HIV-2 TAR variants at
different ion conditions and make comparisons with the
experimental data. The sequences of the HIV TAR variants
and their secondary structures predicted by this model are
shown in Fig. 3. The HIV-1 TAR variant with a 3-nt bulge
is used to examine conformational changes at different ion
conditions with this model, and HIV-2 TAR variants with
different lengths of polyU (polyA) bulges are used to study
conformational changes induced by various bulges. Our pre-
dictions are compared with results from the existing exper-
iments for the HIV-1 TAR variant at extensive Naþ/Mg2þ

concentrations and for the HIV-2 TAR variant with various
bulge lengths at 5 mM Naþ with/without 2 mM Mg2þ,
respectively (67,68).

Bending versus monovalent/divalent salts

Recent studies have shown that RNA flexibility is strongly
coupled to its ion condition (45–47,67–69,75,92). As exper-
imentally measured by Casiano-Negroni et al., the bending

http://www.major.iric.ca/MC-Pipeline/
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http://www.major.iric.ca/MC-Fold/
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FIGURE 3 The sequences and the secondary structures predicted by

model presented here for the HIV-1 TAR variant with a 3-nt bulge and

the HIV-2 TAR variants with different lengths of polyU (polyA) bulges,

which are used to study the flexibility of RNAs.
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angle at the junction of the bulge is strongly dependent on
salt (67). Here, we use our model to evaluate the bending
at the bulge junction of the HIV-1 TAR variant (see
Fig. 3) over a broad range of [Naþ] as well as [Mg2þ]. As
shown in Fig. 4, a and b, the interhelical bend angle at the
junction of the bulge decreases apparently with the increase
of [Naþ] (and [Mg2þ]), and our predictions agree well with
the corresponding experimental data (67). Such decrease of
the bending angle with the increase of [Naþ]/[Mg2þ] is un-
derstandable. It comes from the competition between elec-
trostatic repulsion, which plays a dominant role at low
salt, and coaxial stacking interaction at the bulge, which
a

c d
plays a dominant role at high salt. A comparison between
Fig. 4 a and Fig. 4 b shows that Naþ and Mg2þ induce a
similar structural transition from a bent state at low ion con-
centrations to a coaxially stacked state at high salt, although
Mg2þ is much more efficient at inducing such structure tran-
sition due to the higher ionic charge (55–58).

To further clarify the effect of coaxial stacking, we use the
model presented here without coaxial stacking to predict
the 3D structures for the HIV-1 TAR variant at extensive
Naþ/Mg2þ concentrations. A comparison of interhelical
bend angles predicted by this model with and without coax-
ial stacking indicates that the inclusion of coaxial stacking
can effectively capture coaxially stacked conformations
that are closer to the experimental results, especially at
high salt (67), as shown in Fig. S3.

Bending versus bulge length

Zacharias and Hagerman experimentally measured the
bending angle for long RNA helices induced by bulges of
various lengths (n ¼ 1–6) and base compositions (An and
Un series) (68). For simplicity, we predict the 3D structures
of the HIV-2 TAR variant (see Fig. 3) with different bulge
lengths at 5 mM NaPO4 in the absence and presence of
2 mM Mg2þ to study the bulge-induced bending of RNAs.
As shown in Fig. 5, a and b, the bend angle at the bulge in-
creases with an increase in the number of nucleotides in the
bulge, which is in good accordance with the experimental
data for the bulge of Un (68). As shown in Fig. 5 a, the se-
vere interhelical bending and its sharp increase for longer
bulges come from the more extended structures with larger
end-to-end distance for longer bulges and from the strong
b

FIGURE 4 (a and b) The experimental (67) and

predicted interhelical bend angle as functions of

[Naþ] (a) and [Mg2þ] (b) for the HIV-1 TAR

variant (see Fig. 3). The corresponding typical 3D

structures predicted by the model presented here

are shown with the PyMol (http://www.pymol.

org). (c and d) The variances, s2R, of the radius of

gyration and the RMSD values from time-averaged

reference structures as functions of [Naþ] (c) and
[Mg2þ] (d) for the HIV-1 TAR variant (see

Fig. 3). To see this figure in color, go online.
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c d

FIGURE 5 (a and b) The experimental (68) and

predicted interhelical bend angles as functions of

bulge length at 5 mM NaPO4 without (a) and with

(b) 2 mM Mg2þ for the HIV-2 TAR variant (see

Fig. 3). The corresponding typical 3D structures

predicted by the model presented here are shown

with the PyMol (http://www.pymol.org). (c and d)

The variances, s2R, of radius of gyration and

RMSD values from time-averaged reference struc-

tures as functions of bulge length at 5 mM NaPO4

without (c) and with 2 mM Mg2þ (d) for the

HIV-2 TAR variant (see Fig. 3). To see this figure

in color, go online.
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electrostatic repulsion between helices, which can offset the
interhelical stacking interactions at low salt concentrations.
Higher salt (2 mM Mg2þ) would reduce the electrostatic
repulsion more strongly, and thus would promote interheli-
cal stacking and reduce the bending angles (see Fig. 5 b).
However, as shown in Fig. 5, a and b, the predictions on
bending angle are apparently smaller than the experimental
data for the HIV-2 TAR variant with an An bulge. This is
because polyU behaves like a random coil, whereas polyA
would exhibit strong intrachain self-stacking (69), which
is not accounted for in the model presented here. Such
self-stacking would enhance the rigidity of the single-
stranded chain and consequently cause the large bending
angle at the bulge.

Recently, Mustoe et al. developed the CG model
TOPRNA, which treats RNAs as collections of semirigid
helices linked by freely rotatable single strands (74). Their
model could nearly reproduce experimental bending angles
of HIV-2 TAR with >2-nt bulges at low salt concentrations,
whereas it did not give reliable predictions for HIV-2 TAR
with a polyU bulge at high salt or for HIV-2 TAR with a
1-nt bulge, possibly because their model did not include
the effects of salt and coaxial stacking and overestimated
bulge rigidity for polyU (74).

Characterizing global structural fluctuation

The global size of an RNA can be characterized by its
radius of gyration, Rg, the fluctuation of which can prop-
erly reflect RNA structural flexibility (64,93). Based on
the conformational ensemble of an RNA, we have calcu-
Biophysical Journal 109(12) 2654–2665
lated the variance, s2R, of Rg by s2R ¼ ðRg � RgÞ2; see
Figs. S4 and S5, as well as the mean RMSD from the
time-averaged reference structure. As shown in Fig. 4,
c and d, s2R and the RMSD of the HIV-1 TAR variant in-
crease with the increase in salt concentration, and such in-
crease becomes saturated at high salt. This is because the
higher salt can reduce the electrostatic repulsion in the
RNA and would favor conformational fluctuation. At
high salt concentrations, the coaxial stacking between the
two stems can be formed, and consequently, s2R (and the
RMSD) becomes saturated. Furthermore, as shown in
Fig. 5, c and d, s2R (and the RMSD) of the HIV-2 TAR
variant increases for longer bulge length in 5 mM NaPO4

solution in the absence/presence of Mg2þ. This is because
RNA single-stranded loops are distinctly more flexible than
duplexes (69,75,93).

Characterizing local structural fluctuation

Furthermore, we calculated the root-mean-square fluctua-
tion (RMSF) of backbone beads to analyze the local flexi-
bility along an RNA chain (64). The RMSF for the ith
C-bead is calculated as

RMSFi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiD
ðriðtÞ � r0i Þ2

E
t

r
; (5)

where the term within the square root symbol is the average
over time t, ri(t) is the position of the ith C-bead at time t,
and ri

0 is the time-averaged reference position of the ith
C-bead.

http://www.pymol.org
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Fig. 6 shows the RMSF of each C-bead of the HIV-1 TAR
variant at 1 M NaCl. The nucleotides near the 50 and 30 ends
exhibit stronger conformational fluctuations, since the ter-
minal basepairs have fewer spatial constraints (93). As
shown in Figs. 6 and 7, the bulge and hairpin loops are
more flexible than the stems, which comes from the signif-
icantly higher flexibility of unpaired single-stranded chains,
since the previous theoretical and experimental studies have
suggested that the persistence length of the stem is ~60
times higher than that of the single-strand chain
(64–69,75,93). When the length of bulges increases from
1 to 8, the fluctuations of nucleotides, especially at the
bulge, are apparently enhanced (see Fig. 7). This is because
longer bulges have higher flexibility and naturally cause the
higher flexibility of the whole RNA. Additionally, Fig. 7
shows that the addition of Mg2þ could increase the local
flexibility of RNAs, especially for the HIV-2 TAR variant
with a longer bulge. For RNAs with small bulges, the salt
effect on local flexibility would not be very obvious (see
also Fig. S6). This is reasonable, since the addition of
Mg2þ would bring the strong electrostatic screening
and consequently increase the flexibility of RNAs,
especially at bulges. However, for RNAs with small bulges
(%~3 nt), coaxial stacking would be formed between two
stems and the addition of Mg2þ would only have a slight
effect on their flexibility.
RNA hairpin stability in divalent ion solutions

The RNA folded structure is stabilized by the interplay of
diverse interactions such as basepairing, base-stacking,
and electrostatic interactions. RNA stability at high salt con-
centrations (e.g., 1 M NaCl) can be predicted with a rela-
tively simple nearest-neighbor model (79,80). However,
the nearest-neighbor model cannot predict the 3D structure
of RNAs at an arbitrary temperature and cannot predict
RNA stability at ionic conditions departing from 1 M
NaCl. However, due to its polyanionic nature, RNA stability
is very sensitive to ionic condition (55-58,94–99), and Mg2þ

ions are particularly efficient at stabilizing RNA tertiary
0 15105

bulge loop

hairpin loop
 3

 5

 4

 2
structure (55–57). To address the effect of Mg2þ in RNA sta-
bility, we employ the model present here to study the stabil-
ity of various RNA hairpins in divalent and mixed divalent/
monovalent ion solutions. Generally, a hairpin is either in a
folded state at low T or an unfolded state at high T, or is bi-
stable at middle T around the melting temperature Tm (50–
52,54). Based on the equilibrium value of the number of
basepairs at each temperature, T, to obtain the Tm of a
hairpin, the fraction of denatured basepairs, f(T), can be
calculated and fitted to a two-state model (54,79),

f ðTÞ ¼ 1� 1

1þ eðT�TmÞ=dT ; (6)

where dT is an adjustable parameter (54).

In pure divalent solutions

Recently, the loop-size dependence of the stability of an
RNA hairpin (denoted as R0) was experimentally investi-
gated in 2.5 mM Mg2þ (94). Fig. 8 a shows the sequences
of hairpins R0, as well as the secondary structures predicted
by the model presented here. Fig. 8 a also shows the pre-
dicted Tm for R0 in 2.5 mM Mg2þ as a function of the
loop size (m ¼ 4~34 nt), which is in good accordance
with the experimental data (94). Due to the larger conforma-
tional entropy for longer loops, the hairpin stability would
decrease when the hairpin loop becomes longer. In addition,
we have studied the stability of hairpins with the same loop
but with different stems in 0.7 mMMg2þ solutions. Hairpins
R1–R4 are four similar RNAs whose stems are slightly
different in length or sequence (see Fig. 8 b). As shown in
Fig. 8 b, the Tm values of four hairpins predicted by the
model presented here at 0.7 mM MgCl2 are in good agree-
ment with the experimental data (95). The addition of a
G-C or C-G basepair (from R1 to R2 and then to R3) can
dramatically stabilize the RNA hairpins due to the
strong basepairing/base-stacking interactions. The differ-
ence between the Tm values of R3 and R4 indicates
that RNA stability is sensitive to sequence-dependent base-
pairing/base-stacking. The good agreement between our
20 25

FIGURE 6 The RMSF for C-beads

along the HIV-1 TAR variant (see

Fig. 3) in 1 M NaCl solution. The se-

quences of bulge and hairpin loops are

in italics. To see this figure in color,

go online.
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FIGURE 7 The RMSF for C-beads along the HIV-2 TAR variant (see

Fig. 3) with different bulge length at 5 mM NaPO4 with and without

2 mM Mg2þ. The lengths, n, of the bulge loop are 1 (a), 3 (b), 5 (c), and

8 (d), respectively. To see this figure in color, go online.
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predictions and experiments (94,95) suggests that our model
can well describe the folding stability of small RNAs in pure
Mg2þ solutions.
In mixed divalent/monovalent solutions

Using the model presented here, we also examined the sta-
bility of RNA hairpins R5 and R6 in mixed Kþ/Mg2þ solu-
tions, and the secondary structures for R5 and R6 predicted
by this model are shown in Fig. 8, c and d. As shown in
Fig. 8, c and d, for Tm values of R5 and R6 at a fixed
[Kþ] (100 mM), in addition to the general trend of increased
stability for higher [Mg2þ], the competition between Kþ and
Mg2þ also leads to the following behavior of RNA stability.
a b

c d
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At low [Mg2þ] (%0.1 mM), the stability of RNAs is domi-
nated by (~100 mM) Kþ and the Tm values are close to that
at the corresponding pure [Kþ]. As [Mg2þ] is increased,
Mg2þ ions begin to play a role and the stability of RNAs be-
gins to increase markedly due to the efficient role of Mg2þ

in stabilizing RNAs. At very high [Mg2þ], Mg2þ would
become dominant and the Tm would become saturated
(60). As shown in Fig. 8, c and d, the agreement with
experimental data (98,99) indicates that the combination
of CC theory and the results from the TBI model could
give a good description of the competition between monova-
lent and divalent ions in stabilizing RNA hairpins, and the
model presented here can give good predictions of the sta-
bility of RNA hairpins in mixed divalent/monovalent
solutions.
CONCLUSIONS

In this work, we have developed our CGmodel to predict 3D
structures and structural properties of RNAs with bulges/in-
ternal loops in the presence of divalent and monovalent ions.
The major extensions of our CG model include improve-
ment of the electrostatic potential to implicitly consider
the effect of divalent ions and inclusion of coaxial stacking
at the two-way junction. The improved CG model has been
employed to examine the effects of divalent/monovalent salt
on the 3D structure, flexibility, and stability of RNA hairpins
with a two-way junction.

First, we employed this model to predict 3D structures for
32 RNAs (%77 nt) at the respective monovalent/divalent
FIGURE 8 (a) The experimental (94) and pre-

dicted melting temperature as functions of length

of hairpin loop for RNA hairpin R0 at 2.5 mM

[Mg2þ]. (b) The experimental (95) and predicted

melting temperatures of four RNA hairpins with

different stems at 0.7 mM [Mg2þ]. (c and d) The

experimental (98,99) and predicted melting tem-

peratures, Tms, as functions of [Mg2þ] for the

two RNA hairpins R5 (c) and R6 (d) in the pres-

ence of 0.1 M [Kþ]. The sequences and the second-
ary structures predicted by the model presented

here are also shown in (a)–(d). To see this figure

in color, go online.
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salt conditions in which the RNA structures were experi-
mentally determined by NMR, and the overall mean
RMSD of 3.64 Å between the predictions and the experi-
mental structures is visibly smaller than those from predic-
tions by the MC-Fold/MC-Sym pipeline and by previous
version of our model at 1 M NaCl. Second, we studied the
flexibility of RNA hairpins with varying bulge loops at
extensive Naþ and Mg2þ concentrations, and the predicted
bending angles at the bulge for HIV-1 and HIV-2 TAR var-
iants are in good agreement with the available experimental
data for different salt conditions, as well as the different
lengths of bulge loops. Third, we predicted the stability of
RNA hairpins in divalent and mixed divalent/monovalent
ion solutions, and the predictions agree well with the exper-
imental data. Therefore, this improved model can provide
the ensemble of probable 3D structures at extensive diva-
lent/monovalent ion conditions and can make reliable pre-
dictions on structural properties such as flexibility and
stability for small RNAs.

Despite the extensive agreement between our predictions
and experiments, this model still involves some approxima-
tions and simplifications. First, in this model, the effect of
divalent and monovalent salts is implicitly accounted for
by the combination of CC theory and the TBI model. The
good agreement with experimental data suggests that the
combination of CC theory and TBI model can well capture
the efficient role of divalent ions over monovalent ions,
though more extensive experimental validation for larger
RNAs is still required. Also, this model ignores the effect
of specific ion binding, which might become important for
large RNAs with complex structures (55–57). Of course, a
more accurate treatment of salt is to explicitly consider
the metal ions (75,97), which would bring a huge computa-
tional cost. Very recently, Hayes et al. proposed a general-
ized Manning CC model in an alternative way that
reproduces the ion atmosphere around RNAs through the
explicit representation of Mg2þ and implicit treatment of
Kþ (61–63). Second, the CG model presented here only
considers the canonical Watson-Crick (C-G, A-U) and
wobble (G-U) basepairing, and ignores the possible nonca-
nonical basepairs due to the lack of experimental thermody-
namic parameters (79,80). Noncanonical basepairing can be
included in this model with the corresponding thermody-
namic parameters, which would further improve the accu-
racy of structure prediction for RNAs with loops (19,30).
Third, although our model can predict 3D structures for
RNAs beyond hairpins, e.g., small pseudoknots (54), it is
still a challenge for the present version of the model to accu-
rately and efficiently predict 3D structures of large RNAs
with complex structures. Nevertheless, we are currently ex-
tending the model to predict 3D structures and stability for
extensive RNA pseudoknots and complex structures,
whereas 3D structure prediction for large RNAs from their
sequences may require certain experimental constraints
(34,39). Finally, the 3D structure predicted by this model
is at the CG level, and consequently, it is still necessary to
develop this model to reconstruct all-atomistic structures
based on CG predictions. Nevertheless, this model can be
a reliable predictive model for 3D structure ensemble of
small RNAs in divalent/monovalent solutions and at arbi-
trary temperatures.
SUPPORTING MATERIAL

SupportingMaterials andMethods, six figures, and two tables are available at

http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)01160-1.
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