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Framework of Tightly bound ion model

The high concentration of counterions near RNA surface could potentially cause strong correlation (coupling)
between the ions. Such an effect is stronger for multivalent ions. To account for this potentially important effect, we
classify the multivalent ions into two types (1)-(7): the (strongly correlated) tightly bound (TB) ions and the (weakly
correlated) diffusively bound ions. The corresponding spatial regions are called the TB region and the diffusive region,
respectively. It is important to note that the TB ions are mobile and involve no site-specific binding. For the TB ions,
we enumerate discrete ion distributions to account for the correlation effect. For the diffusively bound ions, we use
the mean-field (Poisson-Boltzmann) equation. We treat the monovalent ions, whose correlation effect is negligible, as
diffusive ionic background.

To enumerate the ion distributions for the TB ions, we discretize the TB region into cells, each around a phosphate,
and describe the ion distribution (also called ion binding mode) in a coarse-grained representation (as the number of
ions in each cell). The total partition functionZ for the TB ions is given by the summation over all the possiblebinding
modesM : Z =

∑

M ZM, whereZM is the partition function for a binding modeM. The electrostatic free energy for a
given RNA structure is determined asGE = −kBT ln

∑

M (ZM). The details about the numerical computation and the
parameter sets are described in the Supplementary Material. As illustrated in Fig. S6, because the correlation effect
causes the TB ions to self-organize and form the low-energy states that cannot be reached by the mean-field states, the
TBI model may give improved predictions for RNA-Mg2+ interactions (7).

Tightly bound ion model for atomic RNA structure

The original TBI model (1–5) based on the coarse-grained nucleic acid structural model (6) has been refined to
treat atomic nucleic acid structures (7). Here, we only introduce the model briefly; see Ref. (7) for details.

In the model, the multivalent (z) ions are classified into two types according to the ion-ion correlation (1)-(7): the
(strongly correlated) tightly bound ions and the (weakly correlated) diffusively bound ions, and correspondingly, the
regions where the two types of ions reside are denoted as tightly bound region and diffusive region, respectively. The
motivation to distinguish these two types ofz-valent ions (and the two types of spatial regions forz-valent ions) is
to treat them separately: for the diffusive ions, we use mean-field (PB) approach; for the tightly bound ions, we use
a separate treatment that can account for the strong ion-ioncorrelations and ion-binding ensemble. Simultaneously,
the monovalent ions are treated as diffusive ionic background with the mean-field approach due to the weak inter-ion
Coulombic correlations.

For aN-nt RNA molecule, the whole tightly bound region is divided into N cells, each around a phosphate. For the
RNA, there exist a large number of binding modes for different ions binding in different cells, and the total partition
functionZ is given by the summation over all the possible binding modesM:

Z =
∑

M

ZM. (1)
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ZM is the partition function for a given binding modeM (1)-(7)
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whereZ(id) is the partition function for the uniform ion solution (without the polyelectrolyte).Nz is the total number of
z-valent counterions andV is the volume of the solution.Nb and

∫

∏Nb
i=1 dRi are the number and the volume integral

for the tightly bound ions, respectively.∆Gb is the mean Coulombic interaction energy between all the discrete
charge-charge pairs (including the phosphate groups and the tightly bound ions) in the tightly bound region;∆Gd

is the free energy for the electrostatic interactions between the diffusive ions and between the diffusive ions and the
discrete charges in the tightly bound region, and the entropic free energy of the diffusive ions.∆Gpol

b is the (Born)

self-polarization energy for the discrete charges in the tightly bound region (4, 7).∆Gb, ∆Gd, and∆Gpol
b have been

given in detail in Refs (1)-(7).
Therefore, the electrostatic free energy for a RNA moleculecan be computed by

GE = −kBT ln
∑

M

(

ZM/Z
(id)
)

. (3)

The numerical computation and parameter sets are describedbriefly in the following; see Ref. (4, 7) for details.

Computations and parameter sets

The computation of the TBI model is divided into three steps (1)-(7): (i) First, we solve the PB equation for an
atomic RNA molecule in salt solution, to obtain thez−valent ion distributions, from which we determine the tightly
bound region forz−valent ions (1)-(7). Here, the atomic RNA is defined by the sumof the van der Waals radii of
all the atoms in the RNA (http://www.rbvi.ucsf.edu/chimera/docs/UsersGuide/midas/vdwtables.html). (ii) Second, we
compute the pair-wise potentials of mean forceΦ1(i) andΦ2(i, j) and Born energyΦ0(i), with the use of the general
Born model (4, 5, 7). The exclusions between ions and nucleicacid atoms are accounted for by a truncated Lenard-
Jones potential:U = u0( 1

r12 −
1
r6 ) for r < 1 andU = 0 for r > 1, wherer is the distance between an ion and an atom

in the unit of the sum of the radii for the ion and atom (7). Here, u0 is taken as 0.35 due to the soft H-atom exclusion
(7, 8). The calculatedΦ1(i) andΦ2(i, j) andΦ0(i) are tabulated and stored for the following calculations ofpartition
function. (iii) Third, we enumerate the possible binding modes. For each mode, we calculate∆Gb, ∆Gd, and∆Gpol

b
(4, 5, 7). Summation over the binding modes gives the total partition functionZ (Eq. 1), from which we can calculate
the electrostatic free energy for a RNA molecule. For long molecules, we have previously proposed a framework by
separately treating high-energy modes and low-energy modes (2).

In this work, ions are assumed to be hydrated (1)-(4), and have the radii: Na+, 3.5 Å; and Mg2+, 4.5 Å (1)-(7, 9),
respectively. Here, the dielectric constantǫ of nucleic acid interior is set to be 20 (4, 7), and the molecule exterior is
taken as that of water (10)

ǫ(t) = 87.740− 0.4008× t + 9.398× 10−4
× t2 − 1.41× 10−6

× t3, (4)

wheret is the solution temperature in Celsius. When solving PB equation, a thin layer of thickness of a cation radius
is added to the molecular surface to account for the excludedvolume layer of the cations (1)-(7), and the three-step
focusing process is used to obtain the detailed ion distribution near RNA molecules (1)-(7, 11). For each run, the
electrostatic potentials are iterated to a convergence of< 10−4kBT/q. The resolution of the first run varies with the
grid size to make the iterative process doable (1)-(7), and the resolutions for the second and third runs are 1.36 Å per
grid and 0.68 Å per grid, respectively. Our results are stable as tested against different grid sizes.

Parameterizations for the salt contributions to RNA tertiary structure folding
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In the main text, we showed that our predictions for the Mg2+ contribution (∆∆gMg2+ ) to RNA tertiary structure
folding agree well with the available experimental data. Similar to the empirical formulas for DNA and RNA helices
in various Na+(K+)/Mg2+ solutions, we fit empirical formulas for the electrostatic free energy for the different RNA
structures in terms of the compactness of the RNA structure and the logarithms of the cation concentrations (12–16).
Based on the systematic calculations for six RNAs (BWYV pseudoknot, MMTV pseudoknot, T2 pseudoknot, kissing
complex, 58-nt rRNA fragment, and yeast tRNAPhe), we fit an empirical formula for∆GE as a function of [Na+],
[Mg2+], and sequence length and the compactness (rg = R0

g/Rg) of the structure.

In a Na+ solution.
Based on the systematic calculations for the different RNAs, we fit the following empirical formula for the elec-

trostatic free energy∆GE (in kcal/mol) for RNA tertiary structure folding in pure Na+ solutions

∆GE[Na+] = ∆GE
1M Na+ + a1Nln[Na+] + b1Nln2[Na+], (5)

where∆G1M Na+ (in kcal/mol) is the folding free energy at standard 1M Na+ salt andrg(=R0
g/Rg) quantifies the folding

compactness; see Table I. The coefficientsa1 andb1 are given by

a1 × ǫ
∗(T )T ∗ = −0.086+ 7/(Nr3

g + 65);

b1 × ǫ
∗(T )T ∗ = 0.008− 3.6/(N − 5)2, (6)

whereǫ∗(T )(= ǫ(T )
ǫ(298.15 K)) is the relative dielectric constant of the solvent at absolute temperatureT (with respect to

the room temperature), as given by in Supplementary Material. T ∗(= T
298.15) is the relative absolute temperature with

respect to the room temperature. As shown in Fig. S7 in Supplementary Material, Eq. 5 gives good fit to the calculated
electrostatic folding free energies in pure Na+ solutions for the six RNAs at the different temperatures.

In a Mg2+ solution.
For the tertiary structure folding in pure Mg2+, we have the following empirical formula for the electrostatic folding

free energy

∆GE[Mg2+] = ∆GE
1M Na+ + a2Nln[Mg2+] + b2Nln2[Mg2+] + c2NT ∗, (7)

where the coefficientsa2, b2, andc2 are given respectively by

a2 × ǫ
∗(T )T ∗ = 0.012− 1.4/(Nr3

g + 75);

b2 × ǫ
∗(T )T ∗ = 0.0048− 57/(Nr3

g + N + 75)(N + 75);

c2 × ǫ
∗(T )T ∗ = −0.27+ 0.16/r3

g + 1.4/N. (8)

Fig. S8 (in Supplementary Material) shows that Eq. 7 fits the calculated electrostatic folding free energy very well, for
the six studied RNAs in pure Mg2+ solutions.

In a mixed Na+/Mg2+ solution.
For mixed Na+/Mg2+ solutions, we fit the following empirical formula for the electrostatic folding free energy

∆G[Na+/Mg2+]:

∆GE[Na+/Mg2+] = x∆GE[Na+] + (1− x)∆GE[Mg2+] + N∆g12, (9)

where the first two terms represent the fractional contributions from Na+ and Mg2+ respectively, andx is given by

x =
[Na+]

[Na+] + (3.8− 34/(N − 20)r3
g)(1+ 0.2[Na+])[Mg2+]0.64

. (10)
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The third term in Eq. 9 gives the cross-term for the Na+-Mg2+ interference, and∆g12 is given by

∆g12 = −x(1− x)(0.26− 1.2/(N − 20)), (11)

As shown in Fig. S9 (in Supplementary Material), Eq. 9 gives good fit with the TBI calculations on∆GE[Na+/Mg2+].

Mg2+-contribution to RNA tertiary structure folding.
As shown in Fig. S10, for BWYV pseudoknot, 58-nt rRNA fragment, and yeast tRNAPhe, the empirical formulas

(Eqs. 5-9) give good predictions on the Mg2+-contributions∆∆GMg2+ to RNA tertiary folding free energy, as compared
with the experimental data (17, 19–21).

K+/Mg2+-dependent RNA tertiary stability

The above experimental comparisons show that the empiricalformulas can give good predictions on RNA folding
free energy in Na+ and mixed Na+/Mg2+ solutions. Our previous studies shows that for RNA secondary segments (e.g.
helix and hairpin), the empirical formulas derived from theionic conditions of mixed Na+/Mg2+ can also be used to
predicted the case of mixed K+/Mg2+ (14, 15). In this section, we will also use the empirical formulas derived from
Na+/Mg2+ solutions to predict the RNA tertiary folding stability in K+ and mixed K+/Mg2+ solutions, and compared
the predictions with the available experimental data.

MMTV pseudoknot

Fig. S11(A) shows the melting temperatureTm for MMTV pseudoknot as a function of [K+]. The experimental
comparisons show that our predictedTm with the formula for Na+ is slightly higher than that for K+, suggesting slightly
stronger tertiary stabilization role of Na+ than K+. This finding is also in accordance with the other experimental
findings on ion-binding affinity (22) and on RNA tertiary folding (23), where Na+ has (slightly) higher binding affinity
(22) and is (slightly) more efficient in inducing RNA tertiary folding than K+ (23).

Fig. S11(B) shows the predictedTm of MMTV pseudoknot in mixed K+/Mg2+ solutions. Our predictedTm’s agree
well with the experimental data for high [Mg2+], while are slightly higher than the measured values for low[Mg2+]
(24); see the curve for 50mM K+. These phenomena may come from the different roles of Na+ and K+. At high
[Mg2+], Mg2+ dominates system, and the predictions are close to the experimental data. But for low [Mg2+] where K+

dominates the folding stability, our predictions with the formulas for Na+ slightly overestimate the folding stability,
which corresponds to the slightly weaker role of K+ (than Na+) in RNA tertiary stabilization.

T2 pseudoknot

The thermodynamic experiment indicates that the tertiary folding of T2 pseudoknot exhibits two sub-transitions
from the secondary intermediate state to the native state (25). We can estimate the tertiary folding free energy for the
T2 pseudoknot.

Fig. S11(C) shows the folding free energy∆G as a function of [K+]. Our prediction with the formulas for
Na+ slightly underestimates the K+-concentration dependence of∆G, i.e.,∆G has slightly stronger ion-concentration
dependence in K+ than in Na+. This may come from the slightly weaker K+-binding affinity to nucleic acids (than Na+)
(22). Thus K+-binding is (slightly) less enthalpically favorable and more entropically favorable than Na+. Therefore,
ion-concentration has stronger influence on K+-binding than Na+, causing (slightly) stronger [K+]-dependent stability
for RNA tertiary folding.

Fig. S11(D) shows the folding free energy∆G in mixed K+/Mg2+ solutions. The experimental comparison shows
that our predictions with the formulas for Na+ slightly over-estimate∆G at high [Mg2+]; see the curve for 0.1M K+

(25). This is also comes from the (slightly) weaker K+-binding affinity (than Na+) (22). Consequently, our predictions
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with the formulas for Na+ would slightly overestimate the role of K+, and simultaneously underestimate the role of
Mg2+ because the roles of Na+ (or K+) and Mg2+ are anti-cooperative (7). As the result, the predictions may slightly
overestimate∆G and hence slightly underestimate the tertiary folding stability at high [Mg2+].

Effect of the structural model for the intermediate states

In the present model, following the previous approach (18, 19), we model the average electrostatic properties of
intermediate state through an A-form helix withN0 = 24-nt (see Methods). In order to examine the sensitivity of the
predictions on the structural model of the intermediate state, we perform calculations using the different lengths of the
A-form helix (N0=22-nt, and 26-nt, respectively) for the intermediate state.

As shown in Fig. S12, we find that the predictions are not very sensitive to the selected A-form helix length
N0 (around 24-nt) for the intermediate state. The increase of the A-form helix lengthN0 only slightly weakens the
ion-concentration dependence of electrostatic free energy. For example, whenN0 is increased from 24-nt to 26-nt,
for tRNAPhe, ∆gE would decrease by.5% at 1M Na+ and by.6% at 10mM Na+. For Mg2+, such a decrease in
∆gE would be.5% at 10mM Mg2+ and.7% at 0.01mM Mg2+, respectively. Correspondingly, the Mg2+-contribution
∆∆gMg2+ also decreases very slightly, and the maximum decrease occurs at high [Mg2+] when Mg2+ accumulation
around RNA is the strongest. For tRNAPhe in a Mg2+ solution with mixed 32mM Na+, ∆∆gMg2+ increases by∼7% for
100mM Mg2+ whenN0 is increased from 24-nt to 26-nt. For lower [Mg2+] (than 100mM), the decrease in∆∆gMg2+

is even smaller. Furthermore, as shown in Fig. S12(C), the slight change ofN0 does not affect the good agreements
between the predictions and the experimental data for∆∆gMg2+ (17, 18, 20, 21). From the above control tests, we find
that the theoretical predictions are not very sensitive to the selected helix lengthN0 around 24-nt for the intermediate
state.

Nevertheless, the above model for the intermediate state isa simplified approximation. The realistic intermediate
state should be represented as an ensemble of fluctuating conformations whose distribution is dependent on the ionic
environment. Although the approximation can give useful results in the present and previous studies, a rigorous thor-
ough study based explicitly on the complete conformationalensemble is needed in order to examine the validity of this
simplified model. For example, would the approximation be more reliable for low or high ion concentrations? How
is the ion condition coupled to the conformational ensembleheterogeneity and conformational entropy of the interme-
diate states? Neglecting the conformational ensemble for the intermediate state may cause the underestimation in the
conformational entropy of RNA, which could play an important role at high ion concentration and high temperature,
and may be responsible for the (slight) overestimation onTm at very high [Mg2+]. The current form of the model,
however, cannot provide such a complete investigation because it would computationally highly demanding to run the
TBI computation for each and every conformation in the ensemble.
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FIGURE S5 (A-F) Illustrations for the 3-dimensional atomic RNA structures: A, BWYV (beet western yellow virus)
pseudoknot (PDB code: 437D) (26); B, a 58-nt ribosomal RNA (rRNA) fragment (PDB code: 1HC8) (27);
C, yeast tRNAPhe (PDB code: 1TRA) (28); D, HIV-1Lai DIS kissing complex (PDB code: 2B8S) (29); E, T2
gene 32 mRNA (T2) pseudoknot (PDB code: 2TPK) (30); and F, mouse mammary tumor virus frameshifting
(MMTV) pseudoknot (PDB code: 1RNK) (31); see also Table I.
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Ion−binding mode 2

(high−energy mode)

Ion−binding mode 1

(low−energy mode)

FIGURE S6 A cartoon shows the ion correlations and binding fluctuations/ensemble (modes) are important for mul-
tivalent ion binding to a nucleic acid. Mode 1 and mode 2 are with the same numbers of binding ions and the
total charges (phosphate charges and ion charges) are neutral. However, the electrostatic energies of the two
modes are totally different. The ion-ion correlations and ion-binding ensemble are explicitly accounted in the
TBI model, thus the TBI model allows ions, especially multivalent ions to form correlated distributions with
much lower energy than a mean-field fluid-like ion distribution can reach, and consequently can make improved
predictions on Mg2+-binding. A similar cartoon was shown in Fig. 1 in Ref. (5).
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FIGURE S7 The electrostatic folding free energy∆gE=(∆GE/N) (A-C) and Mg2+-contribution∆∆gMg2+ to tertiary
structure folding free energy (D-F) for BWYV pseudoknot (A,D), 58-nt rRNA fragment (B,E), and yeast
tRNAPhe (C,F) for mixed Na+/Mg2+ solutions at room temperature. Solid lines: the TBI model; Dotted lines:
the PB theory. Symbols: experimental data. (D)^ BWYV pseudoknot in 0.054M Na+; _ BWYV pseudoknot
in 0.079M Na+ (? ); (E)_ 58-nt rRNA fragment in 1.6M monovalent ion solution (18–20); (F)_ yeast tRNAPhe

in 0.032M Na+ (18, 21).
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