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Framework of Tightly bound ion model

The high concentration of counterions near RNA surfacedqoitentially cause strong correlation (coupling)
between the ions. Such affect is stronger for multivalent ions. To account for thisgmiially important &ect, we
classify the multivalent ions into two types (1)-(7): thé&dsgly correlated) tightly bound (TB) ions and the (weakly
correlated) dfusively bound ions. The corresponding spatial regionsatedtthe TB region and theftlisive region,
respectively. It is important to note that the TB ions are iteoénd involve no site-specific binding. For the TB ions,
we enumerate discrete ion distributions to account for treetation é€fect. For the diusively bound ions, we use
the mean-field (Poisson-Boltzmann) equation. We treat thieavalent ions, whose correlatioffect is negligible, as
diffusive ionic background.

To enumerate the ion distributions for the TB ions, we diszegthe TB region into cells, each around a phosphate,
and describe the ion distribution (also called ion bindingde) in a coarse-grained representation (as the number of
ions in each cell). The total partition functi@tor the TB ions is given by the summation over all the possilieling
modesM : Z = >\ Zm, WhereZy, is the partition function for a binding modd. The electrostatic free energy for a
given RNA structure is determined & = —kgT In 3\ (Zm). The details about the numerical computation and the
parameter sets are described in the Supplementary Maté@sallustrated in Fig. S6, because the correlatiiee
causes the TB ions to self-organize and form the low-endajgsthat cannot be reached by the mean-field states, the
TBI model may give improved predictions for RNA-Kiginteractions (7).

Tightly bound ion model for atomic RNA structure

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

In the model, the multivalentz) ions are classified into two types according to the ion-iomradation (1)-(7): the
(strongly correlated) tightly bound ions and the (weaklyretated) difusively bound ions, and correspondingly, the
regions where the two types of ions reside are denoted afytlgtund region and diusive region, respectively. The
motivation to distinguish these two types mfalent ions (and the two types of spatial regions Zsalent ions) is
to treat them separately: for thefiilisive ions, we use mean-field (PB) approach; for the tighdlyrial ions, we use
a separate treatment that can account for the strong ioneoelations and ion-binding ensemble. Simultaneously,
the monovalent ions are treated a§ufiive ionic background with the mean-field approach duedaatbak inter-ion
Coulombic correlations.

For aN-nt RNA molecule, the whole tightly bound region is dividedtia N cells, each around a phosphate. For the
RNA, there exist a large number of binding modes fdfedent ions binding in dierent cells, and the total partition
functionZ is given by the summation over all the possible binding mddes
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Zy is the partition function for a given binding modié (1)-(7)
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wherez(9 is the partition function for the uniform ion solution (witht the polyelectrolyte)N, is the total number of
z-valent counterions and is the volume of the solutioniNy andf Hi'\ibl dR; are the number and the volume integral
for the tightly bound ions, respectivelyAGy, is the mean Coulombic interaction energy between all therelie
charge-charge pairs (including the phosphate groups antightly bound ions) in the tightly bound regionGy
is the free energy for the electrostatic interactions betwie difusive ions and between thefidisive ions and the
discrete charges in the tightly bound region, and the errope energy of the diusive ions.AGgo' is the (Born)
self-polarization energy for the discrete charges in tgbtly bound region (4, 7)AGy, AGy, andAGEO' have been
given in detalil in Refs (1)-(7).

Therefore, the electrostatic free energy for a RNA molecalebe computed by

GF = —kgTIn > (zu/29). 3)
M
The numerical computation and parameter sets are desdnlafly in the following; see Ref. (4, 7) for detalils.
Computationsand parameter sets

The computation of the TBI model is divided into three stePs(7): (i) First, we solve the PB equation for an
atomic RNA molecule in salt solution, to obtain thevalent ion distributions, from which we determine the tlght
bound region forz—valent ions (1)-(7). Here, the atomic RNA is defined by the safrthe van der Waals radii of
all the atoms in the RNA (httpwww.rbvi.ucsf.edychimergdocgUsersGuidgnidagvdwtables.html). if) Second, we
compute the pair-wise potentials of mean fodegi) and®(i, j) and Born energybq(i), with the use of the general
Born model (4, 5, 7). The exclusions between ions and nuelgitt atoms are accounted for by a truncated Lenard-
Jones potential) = uo(r—}2 - r%) forr < 1andU = 0 forr > 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). Heggis taken as 35 due to the soft H-atom exclusion
(7, 8). The calculate@(i) and®,(i, j) and®q(i) are tabulated and stored for the following calculationpartition
function. (ii) Third, we enumerate the possible binding modes. For eademee calculat\Gy,, AGy, andAGEOI
(4,5, 7). Summation over the binding modes gives the totditjpam functionZ (Eq. 1), from which we can calculate
the electrostatic free energy for a RNA molecule. For londemuges, we have previously proposed a framework by
separately treating high-energy modes and low-energy sx@&@je

In this work, ions are assumed to be hydrated (1)-(4), ané Ha radii: N4, 3.5 A; and Mg+, 4.5 A (1)-(7, 9),
respectively. Here, the dielectric constaraf nucleic acid interior is set to be 20 (4, 7), and the mole@xterior is
taken as that of water (10)

e(t) = 87.740— 0.4008x t + 9.398x 107* x t? — 1.41x 1070 x t3, (4)

wheret is the solution temperature in Celsius. When solving PB gouaa thin layer of thickness of a cation radius
is added to the molecular surface to account for the exclwvdadne layer of the cations (1)-(7), and the three-step
focusing process is used to obtain the detailed ion digtobunear RNA molecules (1)-(7, 11). For each run, the
electrostatic potentials are iterated to a convergence b8 *ksT/g. The resolution of the first run varies with the
grid size to make the iterative process doable (1)-(7), hadésolutions for the second and third runs are 1.36 A per
grid and 0.68 A per grid, respectively. Our results are stalltested againstfirent grid sizes.

Parameterizations for the salt contributionsto RNA tertiary structure folding



In the main text, we showed that our predictions for the?Mgontribution (\Agug2+) to RNA tertiary structure
folding agree well with the available experimental datami&ir to the empirical formulas for DNA and RNA helices
in various Na(K*)/Mg?* solutions, we fit empirical formulas for the electrostatieef energy for the éierent RNA
structures in terms of the compactness of the RNA structodetfze logarithms of the cation concentrations (12—16).
Based on the systematic calculations for six RNAs (BWYYV pledumot, MMTV pseudoknot, T2 pseudoknot, kissing
complex, 58-nt rRNA fragment, and yeast tRRIS, we fit an empirical formula foAGE as a function of [N4],
[Mg?*], and sequence length and the compactngss Rg/ Rg) of the structure.

InaNa* solution.
Based on the systematic calculations for thiedént RNAs, we fit the following empirical formula for the ele
trostatic free energgGF (in kcaymol) for RNA tertiary structure folding in pure Nasolutions

AGE[Na'] = AGE, o+ + a1NIn[Na*] + b;NIn?[Na*], (5)

whereAGiy na+ (in kcafmol) is the folding free energy at standard 1M*Nsalt andg(:Rg/Rg) guantifies the folding
compactness; see Table I. The imgentsa; andb; are given by

ai X € (T)T*
by x € (T)T*

~0.086+ 7/(Nrg + 65);
0.008- 3.6/(N — 5Y, (6)

wheree*(T)(= %) is the relative dielectric constant of the solvent at abigotemperaturd (with respect to

the room temperature), as given by in Supplementary Matefig= ﬁm) is the relative absolute temperature with
respect to the room temperature. As shown in Fig. S7 in Sopgiary Material, Eq. 5 gives good fit to the calculated
electrostatic folding free energies in pure™Nslutions for the six RNAs at the fiierent temperatures.

Ina Mg?* solution.
For the tertiary structure folding in pure ¥ty we have the following empirical formula for the electrdistéolding
free energy

AGE[Mg?"] = AGE, o + @2NIN[Mg?*] + bNIN?[Mg?*] + coNT*, (7)

where the cofficientsay, b, andc, are given respectively by

ax e (T)T* = 0012- 1.4/(Nr§ +75);
by x € (T)T* = 0.0048-57/(Nr§ + N + 75)(N + 75);
Cx € (T)T* = -0.27+0.16/r5 + 1L4/N. (8)

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

In a mixed Na*/Mg?* solution.
For mixed Na/Mg?* solutions, we fit the following empirical formula for the eteostatic folding free energy
AG[Na*/Mg?*]:

AGE[Na*/Mg?*] = xAGE[Na*] + (1 - X)AGE[Mg?*] + NAg», (9)
where the first two terms represent the fractional contidibstfrom N& and M respectively, and is given by

3 [Na*]
x= [Na*] + (3.8 - 34/(N — 20)$)(1 + 0.2[Na+])[Mg2r]064°

(10)
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The third term in Eq. 9 gives the cross-term for the"Ndg?* interference, andgs» is given by
Agi2 = —X(1 - x)(0.26 — 1.2/(N — 20)), (11)
As shown in Fig. S9 (in Supplementary Material), Eq. 9 givesdyfit with the TBI calculations oAGE[Na*/Mg?*].

Mg?*-contribution to RNA tertiary structure folding.

As shown in Fig. S10, for BWYV pseudoknot, 58-nt rRNA fragrheand yeast tRNR" the empirical formulas
(Egs. 5-9) give good predictions on the Mg:ontributionsAAGM92+ to RNA tertiary folding free energy, as compared
with the experimental data (17, 19-21).

K*/M g% -dependent RNA tertiary stability

The above experimental comparisons show that the empidoalulas can give good predictions on RNA folding
free energy in Naand mixed N&/Mg?* solutions. Our previous studies shows that for RNA secgnsiegments (e.g.
helix and hairpin), the empirical formulas derived from theic conditions of mixed N§Mg?* can also be used to
predicted the case of mixed"fMg?* (14, 15). In this section, we will also use the empirical fatas derived from
Na*/Mg?* solutions to predict the RNA tertiary folding stability in"kand mixed K/Mg?* solutions, and compared
the predictions with the available experimental data.

MMTV pseudoknot

Fig. S11(A) shows the melting temperaturg for MMTV pseudoknot as a function of [K. The experimental
comparisons show that our predictggd with the formula for N& is slightly higher than that for K suggesting slightly
stronger tertiary stabilization role of Nahan K*. This finding is also in accordance with the other experi@lent
findings on ion-binding finity (22) and on RNA tertiary folding (23), where N&as (slightly) higher bindingfanity
(22) and is (slightly) moref@cient in inducing RNA tertiary folding than K(23).

Fig. S11(B) shows the predictdgl, of MMTV pseudoknot in mixed K/Mg?* solutions. Our predicted,’s agree
well with the experimental data for high [Mgt], while are slightly higher than the measured values for [blg?*]
(24); see the curve for 50mM*K These phenomena may come from thffedent roles of Na and K. At high
[Mg?*], Mg?* dominates system, and the predictions are close to theimemeal data. But for low [M§"] where K*
dominates the folding stability, our predictions with tleerfiulas for Na slightly overestimate the folding stability,
which corresponds to the slightly weaker role of ghan N&) in RNA tertiary stabilization.

T2 pseudoknot

The thermodynamic experiment indicates that the tertialgirig of T2 pseudoknot exhibits two sub-transitions
from the secondary intermediate state to the native st&e (®e can estimate the tertiary folding free energy for the
T2 pseudoknot.

Fig. S11(C) shows the folding free energys as a function of [K]. Our prediction with the formulas for
Na* slightly underestimates the*Kconcentration dependence A, i.e., AG has slightly stronger ion-concentration
dependence in Kthan in N&. This may come from the slightly weaker Koinding dfinity to nucleic acids (than Na
(22). Thus K-binding is (slightly) less enthalpically favorable and m@ntropically favorable than NaTherefore,
ion-concentration has stronger influence ontdnding than N&, causing (slightly) stronger [K-dependent stability
for RNA tertiary folding.

Fig. S11(D) shows the folding free energ( in mixed K*/Mg?* solutions. The experimental comparison shows
that our predictions with the formulas for Nalightly over-estimate\G at high [M¢?*]; see the curve for 0.1M K
(25). This is also comes from the (slightly) weaket-Kinding dfinity (than Na) (22). Consequently, our predictions



with the formulas for N& would slightly overestimate the role offKand simultaneously underestimate the role of
Mg?* because the roles of Ngor K*) and Mg+ are anti-cooperative (7). As the result, the predictiony slightly
overestimate\G and hence slightly underestimate the tertiary foldingitalat high [Mg?*].

Effect of the structural model for the intermediate states

In the present model, following the previous approach (B8, We model the average electrostatic properties of
intermediate state through an A-form helix witly = 24-nt (see Methods). In order to examine the sensitivityhef t
predictions on the structural model of the intermediateesiae perform calculations using thetdrent lengths of the
A-form helix (Np=22-nt, and 26-nt, respectively) for the intermediate state

As shown in Fig. S12, we find that the predictions are not venysgive to the selected A-form helix length
No (around 24-nt) for the intermediate state. The increasdef-form helix lengthNg only slightly weakens the
ion-concentration dependence of electrostatic free gndfgr example, wheiNg is increased from 24-nt to 26-nt,
for tRNAP"® AgF would decrease bg5% at 1M N& and by<6% at 10mM N&. For Mg?*, such a decrease in
AgF would be<5% at 10mM Md@* and<7% at 0.01mM Md", respectively. Correspondingly, the Ktgcontribution
AAgyge+ also decreases very slightly, and the maximum decreasesoatiigh [Md*] when Mg?* accumulation
around RNA is the strongest. For tRR%in a Mg?* solution with mixed 32mM N#, AAgyg2+ increases by-7% for
100mM Mg?* whenNp is increased from 24-nt to 26-nt. For lower [kfd (than 100mM), the decrease MAGyg2+
is even smaller. Furthermore, as shown in Fig. S12(C), ilgatsthange ofNy does not &ect the good agreements
between the predictions and the experimental datamy,q.- (17, 18, 20, 21). From the above control tests, we find
that the theoretical predictions are not very sensitivdnéoselected helix lengtNp around 24-nt for the intermediate
state.

Nevertheless, the above model for the intermediate statsimplified approximation. The realistic intermediate
state should be represented as an ensemble of fluctuatifigrm@tions whose distribution is dependent on the ionic
environment. Although the approximation can give usefaults in the present and previous studies, a rigorous thor-
ough study based explicitly on the complete conformatiemalemble is needed in order to examine the validity of this
simplified model. For example, would the approximation beemneliable for low or high ion concentrations? How
is the ion condition coupled to the conformational enserhblerogeneity and conformational entropy of the interme-
diate states? Neglecting the conformational ensemblénéintermediate state may cause the underestimation in the
conformational entropy of RNA, which could play an impottaple at high ion concentration and high temperature,
and may be responsible for the (slight) overestimatiorTgrat very high [Md*]. The current form of the model,
however, cannot provide such a complete investigationusecd would computationally highly demanding to run the
TBI computation for each and every conformation in the eridem
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FIGURE S5 (A-F) lllustrations for the 3-dimensional atomic RNA sttues: A, BWYYV (beet western yellow virus)
pseudoknot (PDB code: 437D) (26); B, a 58-nt ribosomal RNANA) fragment (PDB code: 1HCS8) (27);
C, yeast tRNA" (PDB code: 1TRA) (28): D, HIV-1 4 DIS kissing complex (PDB code: 2B8S) (29); E, T2
gene 32 mRNA (T2) pseudoknot (PDB code: 2TPK) (30); and F,sagunammary tumor virus frameshifting
(MMTV) pseudoknot (PDB code: 1RNK) (31); see also Table I.
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FIGURE S6 A cartoon shows the ion correlations and binding fluctuaf®mmsemble (modes) are important for mul-
tivalent ion binding to a nucleic acid. Mode 1 and mode 2 arth Wie same numbers of binding ions and the
total charges (phosphate charges and ion charges) aralngdowever, the electrostatic energies of the two
modes are totally dierent. The ion-ion correlations and ion-binding ensembdeexplicitly accounted in the
TBI model, thus the TBI model allows ions, especially matent ions to form correlated distributions with
much lower energy than a mean-field fluid-like ion distribatcan reach, and consequently can make improved
predictions on M§*-binding. A similar cartoon was shown in Fig. 1 in Ref. (5).
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FIGURE S7 The electrostatic folding free energyg®=(AGE/N) (A-C) and M¢f*-contribution AAgyq- to tertiary
structure folding free energy (D-F) for BWYV pseudoknot ), 58-nt rRNA fragment (B,E), and yeast
tRNAPPe (C,F) for mixed Na/Mg?* solutions at room temperature. Solid lines: the TBI modaditéd lines:
the PB theory. Symbols: experimental data. (PBWYV pseudoknot in 0.054M Ng ¢ BWYV pseudoknot
in 0.079M N& (?); (E) # 58-nt rRNA fragment in 1.6M monovalent ion solution (18-20) ¢ yeast tRNA"®
in 0.032M Na (18, 21).
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FIGURE S8 The electrostatic free energiag®(= AGE/N) for RNA tertiary folding as functions of [Ng (A) and
[Mg?*] (B) for six RNA molecules: BWYV pseudoknot, MMTV pseudoknd2 pseudoknot, kissing complex,
58-nt rRNA fragment, and yeast tRNA. Symbols: TBI model; lines: empirical formulas.
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12



0 o

MGMgz+ (kcal/mol)

N-17

-6 I I I I I I | I I | | | | |
le—07 1le—-061e-050.0001 0.001 0.01 0.11e-07 1e-06 1e-050.0001 0.001 0.01 0.1 1le-07 1e-06 1e-050.0001 0.001 0.01 0.1

Mg#] (M) Mg?*] (M) Mg2*] (M)

FIGURE S10 The Mgz+-contributionAAGMgz+ to RNA tertiary structure folding free energy as a functidifivdg 2*]
for three RNA molecules: BWYV pseudoknot (A), 58-nt ribostl®RNA fragment (B), and yeast tRNAE(C)
at room temperature. Solid lines, empirical formulas d=tifrom the TBI model; symbols, experimental data:
(A) BWYV pseudoknot in 54mM and 79mM Nasolution (17); (B) 58-nt rRNA fragment in solution with 1.6M
monovalent ions (19, 20); (C) yeast tRRIXin solution with 32mM N4 (19, 21).
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FIGURE S11 (A,B) The melting temperatur&,, of MMTV pseudoknot as a function of [K (A) and [Mg?*] (B).
experimental data: (A) MMTV pseudoknot in pure Nar K* (24); (B) MMTV pseudoknot in M&" solution
with 50mM K* (24). (C,D) The folding free energiGs7 at 37C of T2 pseudoknot as a function of TK
(C) and [M¢*] (D). Symbols, experimental data: (C) T2 pseudoknot in gdtesolution (25), and (D), T2
pseudoknot in M@ solution with 0.1M K (25). Solid lines in panel (A-D), empirical formulas defivéom
the TBI model.
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FIGURE S12 The electrostatic folding free energyg® and Mg*-contribution AAgyge+ to folding free energy as
functions of ion concentrations for three RNA molecules: BWpseudoknot, 58-nt ribosomal RNA fragment,
and yeast tRNR"at room temperature. Berent models of dierent helix lengtiNo for modeling intermediate
state are tested in the TBI calculations; See Methods. LihesTBI model with diferentNg: 22-nt, 24-nt, and
26-nt. Symbols: experimental data, as shown in Fig. 2 in thanrext (17, 19-21).
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