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The energy functions of the coarse-grained model

The force field in the present coarse-grained (CG) model contains two parts, the bonded

potential and nonbonded potential:

Utotar = Ubondea + Unonbondea- (Sl)

The bonded potential Upyngeq including energies of bond length U,, bond angle U, and

dihedral angle Uy, is used to describe the local connectivity between CG beads:

Upondgea = Up + Uq + Uy, (52)
where

Up = Z Ky (r —10)?, ($3)

bonds
Uo= ) Ke(0—60), (89

angles

1

Uy = Z {Kq,[l —cos(p — )] + EKq,[l — cos3(¢p — (Po)]}- (S5)

dihedrals

In Egs. S3-S5, K, , Ko and K, represent the energy strength; r,, 6, and ¢, are the

corresponding values at energy minimum. The initial parameters of these three potentials were
derived from the Boltzmann inversion of corresponding atomistic distribution functions obtained
from the statistical analysis on the experimental structures in the Protein Data Bank (PDB,
https://www.rcsb.org/). The bonded potential works only on the CG beads in each single-stranded
chain, and two sets of parameters Paraneica and Paranonneiicar are provided for CG beads in
base-pairing and non-base-pairing regions, respectively. It should be noted that the Paranennelicar IS
used in folding process and the Parangical 1S used only for helical parts in structure refinement process;
see more details in Refs. 1 and 2. The nonbonded potential Unonbonded iN EQ. S1 is used to describe
nonbonded interactions between CG beads intra- or inter-chains, and it includes hydrogen bond
potential U,,, base pairs stacking potential U,., coaxial stacking potential U, excluded volume
potential U,,., and electrostatic potential U,;:

Unonbonded = pr + ch + ch + Uexc + Uel- (86)
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The hydrogen bond potential is calculated for every possible base pair (G-C, A-U and G-U) and is
given by

Nbp
pr

i<j-31+kyy (TNL-N]- - TNN)Z + ken 2ich (TciNj - T”CN)Z + kpn 2i(j) (TPL-N]- - rPN)Z ’

Upp = (87)

where &y, (ggc = 284y = 2€gy) is the interaction strength. ryy, rcy and 7y are three distances
between the corresponding atoms of P, C and N in two paired nucleotides to determine whether the
base-pair is well formed. kyy, kcy and kpy are the corresponding energy strength. The base pairs

stacking potential is calculated between every two nearest neighbor base pairs and is given by

1Nbs o 12 o 10 o 12 o 10
o= a3 e [(5) o) [P G e
bs 2 - Li+1,j-1,j {[ Tiit1 ri,i+1 7}.11._1 7}.’]._1

where o, IS the optimum distance of two neighbor bases in the known helix structures and

_|_

Gii+1,j-1,; 1S the strength of base stacking energy and can be estimated from the combination of the
experimental thermodynamics parameters (3) and Monte Carlo simulations; see more details in Refs.
1 and 2. The coaxial stacking potential is calculated between two discontinuous neighbor helices and
is given by

NCS
1
Ues = 5 D Gejaalilt = emeCue]” 4 [1 - emelnred] — 2y, 59
i-j,k-1

where G, ;. , is the sequence-dependent base stacking strength, which is approximately taken as the

stacking strength between the corresponding nearest neighbor base-pairs in an uninterrupted helix
(3-5), and 7, is the optimum distance between two coaxially stacked stems, which is directly
obtained from the statistical analysis on the known structures in PDB; see more details in Ref. 2. The
excluded volume potential represents the excluded volume interaction between the nonbonded CG

beads and is given by

() ()] s
Ell — —|— L T < O
Uexe = Z Ty Tij v=re (510)
i<j 0 lf Ti]' > [}
where ¢ = 0.26 kcal/mol and o, isthe sum of the radii of bead i and j.

The structure based electrostatic potential is newly introduced in the present model to represent
3
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the electrostatic interactions between charged P beads, and it is treated as a combination of

Debye-Hckel approximation and the counterion condensation (CC) theory (1, 6):

N 2 1

Uy = ' '%’;]‘e‘l—;. (S11)

i<j

Here, rjj is the distance between the i-th and j-th P beads, and Ipis the Debye length. The reduced
charge Q; on the i-th P bead is

Q=1-f, (S12)

where f; is ion neutralization fraction. Here, beyond the assumption of uniform distribution of

binding ions along RNA chain, f; is RNA structure-dependent and includes the contributions of

monovalent and divalent ions

fi=xfl + (1 -0f7 (513)

where f;Y (v = 1,2) is the binding fraction of v-valent ions for the i-th P bead. x and (1 — x)

represent the contribution fractions of monovalent and divalent ions which can be derived from the

Tightly Bound lon (TBI) model (7-9). If we use Na* and Mg** to represent monovalent and divalent

ions respectively, x can be given by the empirical formula
[Na™] s
[Nat] + a[Mg?+]’ (514)

where a = (8.1 — 64.8/N)(5.2 —In[Na*]), [Na*] and [Mg?*] are the corresponding bulk

concentrations and N is the chain length (7-10); see more details in Ref. 2.

To further refine the electrostatic potential based on RNA structure, f;¥ is given by

NEY g,
=5 (515)
Here, f;¥ represents the average neutralization fraction for the i-th P bead and can be given by the

CC theory (6): f¥ =1 — (%), where b is the average charge spacing on RNA backbone and [ is
B

Bjerrum length. ¢; in Eq. S15 is the electrostatic potential at the i-th P bead and can be

approximately calculated by

1,0; _Tii
¢; =2 29 1y, (S16)
rij

Therefore, the structure-dependent Q; needs to be obtained through an iteration process by Egs.

S12-S16.
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Calculating melting temperature at low experimental strand concentration

Since the experimental strand concentration of a dSRNA is generally very low, to improve the
computation efficiency, the simulations for dsRNAs are generally performed at high strand
concentrations C! (e.g. 10 mM) to calculate melting temperatures. Based on the equilibrium
conformations at each temperature T, the fraction ®(T) of unfolded state characterized as
completely dissociated single-stranded chain can be obtained at T. Since the small system of the
simulation (two strands in a simulational box) can lead to significant finite-size effect (11), the
predicted ®(T) needs to be further corrected to the fraction 6,(T) of unfolded state at the high

bulk strand concentration C? (11):

=1 (14 ) () o

2a(1 — o(T)) 2a(1 — (1))

where a=1 and 2 for nonself-complementary and self-complementary sequences, respectively (11).

Meanwhile, the ratio of folded to unfolded state ¢(T) at each temperature can be written as

d(T) = i—f = e PhGn, (518)

where Z; and Z, are the partition functions of the ensembles of folded and unfolded states,

respectively. AG, is the Helmholtz free energy change of the system due to the transition from

unfolded state to folded state and 5 = kl—T Hence, 6,(T) can also be written as
B
o) 1
14+ ¢(T) 1+ e BaGn’
Since the contribution of the translation entropy determined by the strand concentration can be

Op(T) =1-

(S19)

derived as kgln C*/u (12), AG, can be derived as

AG, = AGy — kgTInCl/p, (S20)
where AG, is the free energy change only depending on sequence, and u =1 for
self-complementary sequences and u = 4 for nonself-complementary sequences (12). Similarly, For
a low experimental strand concentration C, (e.g., 0.1 mM), the fraction 6(T) of unfolded state can

also be written as

1
0(T) = T —pc (S21)

5



and
AG = AGy — kgTInC,/p. (S22)
Then, based on the Egs. S18-S22, 6(T) at low experimental strand concentration can be calculated

by
A6,(T)
1+ 26, (T) — 6,(T)’

o(T) = (523)

where 1 = C!/C,. Furthermore, based on the fraction 6(T) of unfolded state, the melting curve

can be obtained by fitting to

0(T) =1-

1+ e(T_Tm)/dT’ (824)

where dT is an adjustable parameter (1,2).



Table S1. The parameters of bonded potential

Bond U,
Ky (kcal/mol/A?) ro (A)

Paranelical Paranonhelical Paranelical Paranonhelical
PiCi 133.4 98.2 3.95 3.95
CiPi+1 75.0 42.5 3.93 3.93
CiN; 85.6 24.8 3.35 3.45

Angle U,
Ky (kcal/mol/rad?) 0o (rad)

Paranelical Paranonnelical Paranelical Paranonnelical
PiCiPis1 18.3 9.3 1.74 1.75
Ci.1PiC; 43.9 21.3 1.76 1.78
PiCiN; 35.5 9.7 1.63 1.64
N;iCiPi+1 99.8 15.2 1.66 1.66

Dihedral Uq
Ko (kcal/mol) @o (rad)

Paraneiical Paranonhelical Paraneiical Paranonhelical
PiCi Pi+1Cis1 2.8 11 2.56 2.51
Ci.1PiCiPis1 10.5 4.3 -2.94 -2.92
Ci.1PiCiN; 3.8 0.8 -1.16 -1.18
N;.1Ci-1PiCi 4.2 0.7 0.88 0.78




Table S2. The parameters of nonbonded potential

Uexc e (kcal/mol) 0.26 o5t (A) Ri+R;
en(GC) (kcal/mol) -3.5

knn (A7) 3.6 r (A) 8.9
Ve ken (A?) 1.9 fen (A) 122
ken (A7) 0.7 ren (A) 13.9
Ubs Giji+1j-1j(kcal/mol)  Sequence-dependent ot () 4.8
Ul Qi Structure-dependent b (A) 5.5
a(Ah 0.4

Ues Gi.jx1 (kcal/mol)  Sequence-dependent

res (A) 5.0




Table S3. 16 dsRNAs in X-ray set for structure prediction at 1 M [Na']

PDB code Description® Length (nt)  Base pairs” (bp) RMSDean (A)  RMSDpmin (A)

472d H 16 8 1.6 0.6
259d H 16 8 15 0.7
1dqf B 19 9 2.5 1.6
2205 H 20 10 2.9 1.2
1kd5 | 22 6 4.1 2.1
1qcu H 22 11 2.1 1.1
1yyk H 24 12 2.5 1.1
353d H 24 12 2.9 1.2
157d | 24 10 2.4 1.1
255d | 24 10 2.1 1.4
283d | 24 8 2.5 1.6
1i9x B 26 12 3.8 1.7
1mhk T 26 6 1.9(9.8)° 12(5.6)°
1csl B&I 28 9 4.2 2.2
3wbm B&I 50 20 5.4 2.3
2f8t T 50 22 5.2 2.7

®H stands for dsRNAs of complementary duplex, B stands for dsRNAs with bulge loop, |
stands for dsSRNAs with internal loop, and T stands for dSRNAs with single-stranded tail.

> Only Watson-Crick base pairs (G-C and A-U) and Wobble base pairs (G-U) are concluded.

° The RMSD in bracket is calculated with the involvement of dangling tails.




Table S4. The comparison between the present model and its previous version in RNA
structure predictions

PDB code  Description® Length [Na*/K")/[Mg*1° mean/minimum RMSDs ® (A)

(nt) mM/mM Previous version  New version®
2gmO0 D, 70 250/0.1 7.3/3.9 6.1/3.1
2mlo D.H 14 80/0.1 2.2/0.7 2.0/0.7

1tut D, 22 80/3 3.5/1.9 3.2/11.7
2kyd D.H 40 150/10 3.9/1.2 3.7/1.2
2dla D, 78 50/0 7.3/3.9 6.9/3.8
2dd1 D, 20 90/0 3.5/1.7 3.3/1.5
2k7e DN 24 110/0 2.8/1.4 2.4/1.3
2Ix1 D, 22 90/0 5.4/2.8 4.8/2.4
2jXq D.H 20 60/0 2.1/0.8 2.0/0.8
1f5g D, 20 80/0 3.0/1.8 2.8/1.7
1jdy S 17 20/0 3.9/1.9 3.8/1.9
1dOu S,B 21 50/0 3.8/1.5 3.5/1.4
215z S,I 26 50/5 4.0/2.6 3.6/2.2
1p5So S,B,l 77 100/5 11.0/8.7 9.8/6.6
291w S,P 22 50/0 4.8/3.3 4.1/2.2
2rpl S,P 27 110/5 4.1/2.7 3.9/2,4
1kpy S,P 33 100/5 4.2/2.4 3.9/2.2
2ap5 S,P 28 100/5 5.6/3.8 4.9/3.3

% D stands for dsRNA, S stands for ssRNA, H stands for complementary duplex, B stands for bulge
loop, | stands for internal loop, and P stands for pseudoknot.

® The experimental ion conditions for structure determination by NMR method.

“The RMSDs are calculated over all three CG beads of predicted structures by the present model
from the corresponding atoms of the native structures.

4 Using electrostatic potential described in Refs. 2 and 13.

¢ Using electrostatic potential described in this work.
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FIGURE S1. (A, B) The normalized populations of formed base pair number P(Nbp) (A) and the
free energy barrier AG (B) as functions of the number of base pairs of three sequences at Tp,.. (C, D)
The normalized populations of formed base pair number P(Nbp) (C) and the free energy barrier
AG (D) of the sequence CCAUAUGG at T, at different [Na']’s. Here, the free energies are

calculated by AG = —kgTIn[P(Ny,)].
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2 Figure S2. The time-evolution of the radius of gyration for the 40-bp dsRNA helix at different Na*

3 concentration.



€
(A)0.4 40;'411

By

03} . <
| %

502 o Sl

01 Rest16A 1 ‘R:‘%* -
0 L ‘({,o o ”
40 <
(B), 4 3o W
03F | ,;: .\'ﬁ 7 1
0.2 2 )
~02f% o e &2 - 80
0.1f i Pl a r{f e
: Ree=108 A qﬁz;&?"f‘ X
0 ‘ X
40
(©o4 %,
03| 1 &8
K_/V\/E\/_/\/\\/v-ﬂ/b\_\/\/\w\
0.2 !
w~02f, ¢ o] Wb
0.1F N g 89 & .
Ree=100 A , ’2%:‘? 3,80
0 | | | | | | | 2 >4
0 10 20 30 40 50 60 70 80 '1 ©
Index of P beads

Figure S3. The calculated ion charge neutralization fraction f (left) along P beads of the
corresponding structures (right) with the end-to-end distances Ree of ~116 A (A), ~108 A (B) and
~100 A (C) of the 40-bp dsRNA at 0.1 M [Na']. The P beads in the bending region of the structures
are labeled with a and b corresponding to the peaks of ion charge neutralization fraction, and the

ends of the helix are labeled with e corresponding to the ion charge neutralization fraction troughs.
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