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I. Structural model for three-way junction

We use the grooved primitive model (1) to model the A-RNA helix. In the grooved primitive model, each base

pair in the helix is represented by five spheres: one central large sphere with radius 3.9 Å, two phosphate spheres with

radii 2.1 Å, and two neutral spheres with radii 2.1 Å. For the canonical A-RNA, the coordinates of phosphate spheres

(ρs
i , θ

s
i , zs

i ) are given by the canonical coordinates from x-ray measurements (2):ρs
i = 8.8(Å); θs

i = θs
0 + i 32.73◦;

andzs
i = zs

0 + i 2.81(Å), wheres = 1, 2 denotes the two strands andi = 1, 2, ...N denotes the nucleotides on each

strand. The parameters (θs
0, zs

0) for the initial positions are (0◦, 0 Å) for the first strand and (153.6◦, 1.88 Å) for

the second strand, respectively. The neutral spheres have the same angular coordinates except they have the smaller

radial coordinates 5.8 Å. The centers of the central large spheres are on the axis of RNA helix. Each phosphate sphere

carries a point elementary charge−q (electronic charge) at its center.

Using the above grooved primitive model, we can model the open (Y) and the folded (y) structures using param-

etersdY anddy, see Fig. 7. In order for the different helical stems not to bump into each other, we require that dY& a

anddy& a + a cos60◦ (Figs. 7 A and B), wherea ( = 11 Å) is the radius of the helix. To generate the ensemble of

conformations in the folding process, we chose a line passing through point A (Figs. 7 C, D and E) and perpendicular

to the three-way junction plane as the rotate axis. We allow the 18-bp helix to rotate in the plane about this axis. Here,

A is the middle point between corners B and C (Fig. 7 E). We use BC = 2b = 4.2 Å for the distance between the

coaxially-stacking 18-bp and 15-bp stems. This distance isthe average for the distance between nearest neighbors

(2.8 Å) and the next nearest neighbors (5.6 Å) for the adjacent base pairs in an A-form helix. The distance is close

to a previous theoretical prediction (3). Figs. 7 C, D and E show the rotation from the folded state to the open state.

The folded structure parametersdy = ED = DF, hereDF = BD + BF = a + b/(tan 30◦) ∼ 15 Å (Fig. 7 C). We

slightly move point A so that DF in the open state is exactly 15Å. We also usedy = 17 Å, so the distances between

the ends of the 15-bp stem and the 18-bp stem are equal to the experimentally measured donor-acceptor distances for

the folded state and the open state. During the rotation of the 18-bp helix, we also radially and uniformly move the

15-bp helix in each step so that the helical stems do not bump into each other.

II. Parameter sets and details of numerical computation

We assume that Na+ and Mg2+ ions are hydrated and have radii of 3.5 Å and 4.5 Å, respectively. In the test

calculations for the ion size effect, we also use divalent ions of radii 3.5 Å and 5.5 Å. The dielectric constant is

assumed to be 20 for the helix interior and 78 (of bulk water at25 ◦C) elsewhere in the solution (4). Both the TBI and

the PB calculations require numerical solution of the nonlinear PB. A thin layer of the thickness of one cation radius

is added to the molecular surface to account for the excludedvolume layer of the cations. We also use the three-step

focusing process to obtain the detailed ion distribution near the molecules (5). The grid size of the first run depends

on the salt concentration used. Generally, we keep it largerthan four times of the Debye length, and the resolution of

the first run varies with the grid size in order to make the iterative process computationally feasible (1, 4, 6, 7). The

grid size (Lx, Ly, Lz) for the second and third runs are kept at (255, 204, 204) and (170, 119, 119) respectively, and

the corresponding resolutions are 1.7 Å and 0.85 Å per grid, respectively. Correspondingly, the numbers of the grid

points are 150×121×121 and 200×141×141 for the second and third runs. Our results are robust as tested against

different grid sizes.
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III. Calculations with the TBI theory

The computations with the TBI theory involve the following three steps (1, 4, 6, 7):

Step one.

For a given conformation of the three-way junction immersedin salt solution, we solve the nonlinear Poisson-

Boltzmann equation (PB) to obtain the ion distributionc(r). Fromc(r) we determine the tightly bound region, which

is defined as the region where the Coulombic correlation between the ions is strong, or the ions are so crowded that

they start to bump into each other (1). The tightly bound region is usually a thin layer around RNA. We use PB to

treat the rest (weakly correlated) ions.

Step two.

For anN-nt nucleic acid helix, we divide the tightly bound region into N cells, each around a phosphate. To

account for the dielectric discontinuity at the RNA/solvent interface, we use generalized Born model (GB) to calculate

the Coulomb interactionsuii for charges in the same celli andui j for charges in different cellsi and j:

ui j = upol
i j + u0

i j, (1)

upol
i j = −(

1
ǫp
−

1
ǫw

)
qiq j

√

d2
i j + αiα jexp(−d2

i j/(4αiα j))
(2)

u0
i j =

1
ǫp

qiq j

di j
(3)

whereǫp andǫw are the dielectric constants of RNA helix interior and solvent, respectively;upol
i j is the polarization

energy; andu0
i j is the Coulombic interaction energy in the uniform medium ofdielectric constantǫp. The valuedi j is

the distance between the two charges. The valuesαi andα j are the Born radii for the two chargesqi andq j (4).

By averaginguii andui j over all the possible positions of the tightly bound ions inside the respective tightly bound

cells, we compute the pairwise potential of mean force (PMF)Φ1(i) andΦ2(i, j). In the calculations forΦ1(i) and

Φ2(i, j), the excluded volume effect between ions and between ions and the RNA are accounted for by a Lennard-

Jones potential:

V = (r/r0)−12 − 2 (r/r0)−6 + 1, for r < r0

V = 0, for r > r0

wherer is the distance between the centers of the spheres that represent the ions and the charged/neutral groups of

the RNA,r0 is the sum of the radii for the two spheres. The calculated potentials of mean force are tabulated and

stored for the calculations of partition function.

We also use the GB model to compute the Born energyΦ0(i) for charges inside theith tightly bound cell, which

is calculated from an averaging of the self-energies of the phosphate i and of the ion over all the possible positions of

the ion (4).

Step three.

We discretize the ion distribution according to the number of ions in each cell. A given distribution of the tightly

bound ions is called a binding mode. We enumerate all the possible binding modes. For each mode, we calculate

∆Gb, ∆Gd and∆Gpol
b :
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∆Gb =
∑

iΦ1(i) +
∑

i jΦ2(i j);

∆Gpol
b =

∑

iΦ0(i);

∆Gd =
1
2

∫

∑

α cα(r)zαe[ψ(r) + ψ′(r)]d3r + kBT ×
∫

∑

α[cα(r) ln cα(r)
cα(0) − cα(r) + cα(0)]d3r,

where the first and second integrals in∆Gd correspond to the enthalpic and entropic parts of the free energy, respec-

tively. The valueψ′(r) is the electrostatic potential for the system without the diffusive salt ions.

Summation over the binding modes gives the total partition functionZ, from which we can calculate the electro-

static free energy. The computational efficiency of the TBI model is limited by the enumeration of the binding modes,

which scales with the number of nucleotidesN as 2N (for multivalent ions). Therefore, an exhaustive enumeration

for all modes is extremely computationally expensive. In our previous study (8), we developed an efficient algorithm

by including the low-energy modes exactly while sampling the high-energy modes using Monte Carlo method.

IV Coulomb correlation vs. excluded volume correlation

To test the importance of the excluded volume correlation vs. Coulomb correlation between the ions, we turn off

the excluded volume effect in the TBI model. To switch off ion-ion excluded volume correlation, we setV = 0 for

both r < r0 andr > r0 in the Lennard-Jones potential (seeSupplementary Material III ) and ignore the effect of

ion-ion volume exclusion for the tightly bound ions in the configurational integral in Eq. 6.

V. The sensitity of the electrostatic free eenrgy to the non-planarity of the stems

To test the sensitivity of the electrostatic free energy to the non-planarity of the three helix stems, we retain the

symmetry of the three-stem structure and rotate the helix stems off-plane with different angles (see Fig. S1). Using

the different structures in Fig. S1 as the unfolded state, we find thatsmall non-planarity does not cause significant

changes to the predicted folding stability∆G (see Fig. S2).

VI. The sensitivity of the electrostatic free energy to the orientation between the 15-bp and 8-bp he-
lices

Following the experimental setup (the 8-bp helix is attached to a glass surface by a biotin moiety), we rotate the

15-bp helix slightly while fixing the other helices in order to vary the orientation between the 15-bp and 8-bp helices

for the unfolded state. For the folded state, we use the structure as shown in the Supporting Material I. We calculate

the electrostatic folding free energy to test the sensitivity to the orientation between 15-bp and 8-bp stems. We find

that the electrostatic folding free energy is quite robust against small variations of orientation between 15-bp and 8-bp

helix (see Fig. S3).

VII. Populational distribution of the di fferent conformations
To test the validity of the two-state model for the ion concentrations used in the experiment, we investigate the

probability(P) distribution of the different conformations for different ion concentrations. Here,P = e−∆G/kBT /
∑

i e−∆Gi/kBT

with ∆G = G(θ) − Gmin, where G(θ) is the free energy landscape for differentθ andGmin is the minimal free energy

on the free energy landscape for the given ion concentration. As shown in Fig. S4, when the ion concentration are

very low (Na+=0.05 M or Mg2+=0.000001 M), the maximally extended state is the most populous state. For high ion
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concentrations (e.g. 1M Na+ or 0.001M Mg2+), although the maximally extended (unfolded) state is still (weakly) fa-

vored electrostatically, the co-axial stacking force would stabilize the folded state so that the population is dominated

by the folded state. Fig. S4 shows that for the ion concentrations used in the experiment (see Fig. 3S), the two-state

model is a valid model.
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Figure S1: (Unfolded) structures used to test the validity of the co-planarity. From left to right, the inter-axis angles

between each pair of helices are: 112◦ (non-planar), 116◦ (non-planar) and 120◦ (planar), respectively.
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Figure S2: The electrostatic folding free energy∆G in kBT as a function of the inter-axis angles between each pair of

helices. The inter-axis angles range from 112◦ to 120◦.
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Figure S3: The electrostatic folding free energy∆G in kBT as a function of inter-axis angles between the 8-bp helix

and the 15-bp helix. The inter-axis angles range from 115◦ to 125◦.
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Figure S4: The fractional population of different states for different Na+ and Mg2+ concentrations. The x-axis (θ) is the

inter-axis angles between the 18-bp helix and the 15-bp helix. The y-axis is the probability distributions of different

states. For the folded stateθ = 60◦, the non-electrostatic free energy (for the coaxial-stacking) is added to the free

energy.
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