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The force-field of the coarse-grained model 

1. Energy functions 

The total energy U of the system in the present model includes eight distinct contributions (1): 
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The first three terms in Eq. S1 are typical expressions for virtual bonds Ub, bond angles Ua and 

dihedrals Ud. The initial parameters including equilibrium distances/angles and corresponding energy 

strength in these terms are derived from the Boltzmann inversion of the corresponding atomistic 

distribution functions obtained by the statistical analysis on the experimental structures in the Protein 

Data Bank (PDB, http://www.rcsb.org/pdb/home/home.do) (1). For these bonded potentials, two sets 
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of parameters Parahelical and Paranonhelical are provided for stems and single-strands/loops (1), 

respectively, due to the different structural features of stems (helical) and single-strands/loops 

(nonhelical) in RNAs. The Paranonhelical are used in the folding process to describe the folding of free 

RNA chains (1), while during the structure refinement based on the 3D structure predicted from the 

initial folding process, the Parahelical and Paranonhelical are used for the stems and single-strands (1), 

respectively. 

The remaining terms of Eq. S1 describe various pairwise, nonbonded interactions (1). Uexc 

represents the excluded volume interaction between the nonbonded CG beads to avoid their overlap. 

The interaction strength ε = 0.26 kcal/mol, and σ0 is the sum of the radii of two interactional beads. 

Ubp is the orientation-dependent base-pairing interaction between bases in the canonical 

Watson-Crick base pairs (G-C and A-U) and the wobble base pairs (G-U), and the interaction 

strength          .     (1). Ubs is the base-stacking interaction between two nearest neighbour 

base pairs, and the sequence-dependent strength of base-stacking energy              can be estimated 

from the combination of the experimental thermodynamics parameters (2,3) and Monte Carlo 

algorithm; more details can be found in Ref. 1.  

Uel is the electrostatic interaction between phosphate groups given by the Debye-Hückel 

approximation, and based on the counterion condensation theory (4) and the tightly bound ion model 

(5-7), the reduced charge fraction Q could be written as 𝑄   Na+ (
 

 𝐵
)      Na+ (

 

  𝐵
) for mixed 

Na
+
/Mg

2+
 solutions, where fNa

+ 
and 1-fNa

+ 
are the contribution fraction from Na

+
 and Mg

2+
, 

respectively. b is the phosphate-phosphate spacing of an RNA and is taken as 5.5Å (1). The empirical 

formula 

 Na+  
[Na ]

[Na ]  𝑥[Mg  ]
                                                                        

derived by the tightly bound ion model is used for mixed divalent/monovalent ion solutions, and 

𝑥   8.    .8 𝑁⁄    .  ln[Na ] , where [Na
+
] and [Mg

2+
] are the corresponding concentrations 

in molar (M) and N is the chain length (5-7). 

Similarly to Ubs, Ucs is also the base-stacking interactions but between the bases which are the 

interfaces of two discrete stems, and the thermodynamics parameters from UV melting studies have 

shown that the coaxial stacking between two stems interrupted by one or more nucleotides is 
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approximately the same stable as the corresponding nearest-neighbour interaction in an uninterrupted 

helix of equivalent sequence (8,9). Since the noncanonical base pairs neglected by the present model 

are common when more than one base exists in each single-stranded chain between two discrete 

stems, we only consider the coaxial stacking for the cases that two stems are interrupted by less than 

two nucleotides in at least one side (see Fig. S1a) (8,9). To obtain the corresponding geometric 

constraint a and rcs, we have calculated the distance distribution (Fig. S1b) between interfaced bases 

in coaxial stacked stems of known large structures including rRNAs, tRNAs and ribonuclease P 

RNAs. 

2. Parameters 

The initial parameters of the above described potentials are directly obtained from the statistical 

analysis on the known structures. The final parameters listed in Table SI and Table SII are derived 

through the comparisons between the predictions by the model and the experimental data (see more 

details in Ref. 1). All the parameters with the exception of ones newly introduced for Uel and Ucs are 

the same as the previous version of our model (1). 
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Table SI. The parameters of bonded potentials in Eqs. S2-S4. 

Bond Ub 

 Kb (kcal/mol) r0 (Å) 

 Parahelical 
a
 Paranonhelical 

b
 Parahelical Paranonhelical 

PiCi 133.4 98.2 3.95 3.95 

CiPi+1 75.0 42.5 3.93 3.93 

CiNi 85.6 24.8 3.35 3.45 

Angle Ua 

 Kθ (kcal/mol) θ0 (rad) 

 Parahelical Paranonhelical Parahelical Paranonhelical 

PiCiPi+1 18.3 9.3 1.74 1.75 

Ci-1PiCi 43.9 21.3 1.76 1.78 

PiCiNi 35.5 9.7 1.63 1.64 

NiCiPi+1 99.8 15.2 1.66 1.66 

Dihedral Ud 

 Kφ (kcal/mol) φ0 (rad) 

 Parahelical Paranonhelical Parahelical Paranonhelical 

PiCi Pi+1Ci+1 2.8 1.1 2.56 2.51 

Ci-1PiCiPi+1 10.5 4.3 -2.94 -2.92 

Ci-1PiCiNi 3.8 0.8 -1.16 -1.18 

Ni-1Ci-1PiCi 4.2 0.7 0.88 0.78 

a
 The Parahelical only are used in the processes of folded structure refinement for the 

base-pairing regions (stems) in the initially folded structure. 
b
 The Paranonhelical are used 

in RNA folding processes to possibly describe RNAs as free chains. 
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Table SII. The parameters of nonbonded potentials in Eqs. S5-S9. 

 

Nonbonded 

Uexc ε (kcal/mol) 0.26 σst (Å) Ri
a
+Rj 

Ubp 

εbp(GC) (kcal/mol) -3.5 εbp(AU/GU) (kcal/mol) -1.75 

kNN (Å
-2

) 3.6 rNN (Å) 8.9 

kCN (Å
-2

) 1.9 rCN (Å) 12.2 

kPN (Å
-2

) 0.7 rPN (Å) 13.9 

Ubs              (kcal/mol) Sequence-dependent
b
 σst (Å) 4.8 

Uel 𝑄 Salt-dependent b (Å) 5.5 

Ucs   -   -  (kcal/mol) Sequence-dependent
b
 

a (Å
-1

) 0.4 

rcs (Å) 5.0 

a
 The radius of bead i, and the radii of P, C and N beads are 1.9 Å, 1.7 Å and 2.2 Å, 

respectively. 
b
 For different combinations of bases,              𝑇        , 

where  H and  S are the RNA thermodynamics parameters derived from the 

corresponding experiments for base-pair stacking (2,3) or coaxial stacking (8,9), and     

is equal to -9.7eu (see Ref. 1). 
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Figure S1. (a) A schematic representation of the coaxial stacking potential used in the model. (b) The 

normalized probability distribution P(r) of the distances between two interfaced bases in coaxially 

stacked stems (dash line in (a)), which is obtained by the statistical analysis over the known 

structures of 18 large RNAs (PDB code: 1c2w, 1njn, 1p9x, 1y0q, 1ffk, 1fg0, 2a64, 2o44, 3g78, 3ize, 

3j2h, 3j3c, 3j3d, 3j5z, 3l0u, 3rg5, 4c4q, 4p5j). 
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Figure S2. Comparison of the RMSDs of RNA 3D structures predicted by our present and 

previous models. The RMSDs of predicted structures are calculated over C beads from the 

corresponding C4’ atoms in the native structures. Red: predicted by the present model with 

coaxial stacking at experimental ion conditions; green: predicted by the present model without 

coaxial stacking at experimental ion conditions; blue: predicted by the present model with 

coaxial stacking at 1M NaCl; pink: predicted by our previous model without coaxial stacking at 

1M NaCl. For the four independent predictions, the overall mean RMSDs of 32 RNA hairpins are 

3.64 Å, 3.71 Å, 3.89 Å and 4.02 Å, respectively. 
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Figure S3. (a, b) The experimental (green; Ref. 10) and predicted inter-helical bend angle as 

functions of [Na
+
] (a) and [Mg

2+
] (b) for HIV-1 TAR variant (see Fig. 3). Red: predicted by the 

present model. Cyan: predicted by the present model without coaxial stacking. 
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Figure S4. The time-evolution of the radius of gyration for HIV-1 TAR variant (shown in Fig. 3 in 

main text) at different Na
+
/Mg

2+
 conditions. 
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Figure S5. The time-evolution of the radius of gyration for HIV-2 TAR variant (shown in Fig. 3 in 

main text) with different lengths of bulge at 5 mM NaPO4 without (a) or with (b) 2 mM Mg
2+

. 
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Figure S6. The RMSF for C-beads along HIV-1 TAR variant (shown in Fig. 3 in main text) in 

different Na
+
/Mg

2+
 solutions. The sequences of loops are in italics. 
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