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Supporting Text

Simulations with ff99bsc0χOL3 force field

In addition to the DESRES force field1 (whose results are presented in the main text), we also

tested the most recent Amber RNA force field variant, the modified Amber ff99bsc0χOL3
2–5

whose library files are provided by Kuhrova et al.6 We combined this nucleic acid force field

with OPC(4-site) water model7 and ions were modeled with Joung - Cheatham parameters

for TIP4PEw.8 We used the same thermodynamic conditions (same simulation box type and

initial volume, same ionic concentration, same pressure, and same range of temperatures

with the same temperature and pressure coupling algorithms) as in the DESRES force field

simulations. We also applied precisely the same advanced sampling methodology with the

same parameters.

S1



We observe a strong initial condition dependence and the lack of convergence after simu-

lating the systems for long period of time with this force field (Figure S11 and S12), similar

to previous reports of lack of convergence.6,9 We calculated a much larger error between

IC1 and IC2 (Figure S11A, right column), compared to the error calculated for the same

tetraloop modeled with DESRES ff (Figure S2C). We found that some replicas are stuck

in configurations that are affected from strong nonspecific intramolecular contacts (Figure

S12A). This strong persistence of configurations with nonspecific contacts eventually leads

to a severe initial condition dependence as other groups also reported before.6,9 Despite the

initial condition dependence, the misfolded state that we identified in tetraloops modeled by

the DESRES ff also exists in the tetraloops modeled with ff99bsc0χOL3 (Figure S11). A rep-

resentative configuration of the most populated misfolded configuration is shown in Figure

S11 for each tetraloop. We analyzed the alpha and zeta torsions as well (Figure S13) and

verified that they are the same as in the M of the tetraloops modeled by DESRES ff. Only

exception is in the misfolded configuration of GAGA tetraloop where the A7 base is flipped

out as reported for the “misfolded-bulge” configuration before.9 We also note that these

misfolded structures (except for that for GAGA) have been observed before, for example,

“4-purine stack” configuration of Kuhrova et al.6 as they reported for an 8mer tetraloop.

Details of ff99bsc0χOL3 simulations are presented in the subsection below.

Since we did not observe convergence in the ff99bsc0χOL3 simulations (1.5 µs per replica

simulation time was not enough to converge the simulations (Figure S12)), we presented the

results for DESRES force field in the main text. We note that for correcting the biases in

ff99bsc0χOL3 force field, Kuhrova et al. have proposed a local fix by supporting selected (na-

tive) hydrogen bonds (HBfix).6 They later extended this approach to “gHBfix” by weakening

overstabilized nonspecific interactions and weakening/strengthening specific interactions.10

They implemented this fix as a patch on AMBER simulation suite and they also made a

GROMACS compatible version available through PLUMED. However, we did not use it in

this work, as running this fix in GROMACS through PLUMED significantly slowed down
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the simulations (we found a four-fold slow down). The authors reported no significant slow

down for AMBER suite.10 For the sake of consistency, we avoid changing the simulation

suite. The authors also argued that the main force field that we used (DESRES force field)

can also be improved with HBfix approach,10 which may be worth investigating further in a

future study.
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Supporting Figures

Figure S1: Sampling of Q (top), decay of hill height (middle), and RMSD (bottom) as a
function of time for GAGA tetraloop starting from two independent initial conditions (left:
IC1, right: IC2).

S4



GAGA - IC1 GAGA - IC2
A B

F (kJ/m
ol)

GAGA - error

F (kJ/m
ol)

C

D

Figure S2: FES of GAGA tetraloop as a function of Q and RMSD for different initial
conditions at 300 K (A. IC1) and B. IC2). The absolute deviation between IC1 and IC2 is
reported as error. (C) We note that the error does not exceed ± kT within the regions of
low free energy (< 20 kJ/mol). D. The one-dimensional projections of the free energy on
RMSD and Q for IC1 and IC2. The shaded regions are blocked standard errors, dividing
the equilibrated production data (last 500 ns/replica) into 4 equal, non-overlapping blocks.
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Figure S3: RMSD as a function of time (ns) per replica at 300 K from plain parallel-tempering
simulations. A. GAGA (DESRES ff) B. GAGA (ff99bsc0χOL3) C. GAAA (ff99bsc0χOL3) D.
GCAA (ff99bsc0χOL3) .
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Figure S4: Temperature-dependent free energy differences between folded and unfolded (A);
misfolded and unfolded (B); and folded and misfolded (C) states. For each temperature,
we calculated the free energy differences using the equation ∆FAB = −kT lnPA/PB, where
PA and PB are the unbiased probabilities of finding the system in states A and B. A and B
denote states F and U; M and U; and M and F for ∆FFU ; ∆FMU ; and ∆FMF , respectively.
The definition of the states F, M, and U in terms of the Q and RMSD variables is given
in the first subsection of Results and Discussion and labeled on Figure 1. ∆FMF decreases
with temperature, which is consistent with basin M being structurally more heterogeneous
(larger entropy), i.e., the M state encompasses a larger number of clusters compared to basin
F, which contains only one cluster (see Figure 1, clusters).

S7



ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

0

1

2

3

4

kcal/
mol

-180

180

-180 180 -180 180 -180 180 -180 180 -180 180 -180 180

-180

180

-180 180 -180 180 -180 180 -180 180 -180 180 -180 180

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

ï178.8 ï100 0 100 178.8
ï178.8

ï100

0

100

178.8

0

0.27

0.54

0.81

1.08

1.35

1.62

1.89

2.16

2.43

2.7

2.97

3.24

3.51

3.78

4.05

4.32

A

B

⋆

⋆

⋆ ⋆ ⋆

⋆

Folded

Misfolded

𝛼 3

𝜁2
0 0 0 0 0

0

0

0 0 0 0 0 0

𝛼 4 𝛼 5 𝛼 6 𝛼 7 𝛼 8

𝜁3 𝜁4 𝜁5 𝜁6 𝜁7

𝜁7𝜁6𝜁5𝜁4𝜁3𝜁2

𝛼 3 𝛼 4 𝛼 5 𝛼 6 𝛼 7 𝛼 8

0

Figure S5: Free energies projected on alpha and zeta dihedrals of GAAA tetraloop, for the
entire subpopulation in basin F (A) and for the most populating cluster in basin M (B).
Dihedral angles in the native state, which are marked with a red star on each panel, belong
to the first of the ten model structures deposited in the PDB entry 1ZIF.11
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Figure S6: Free energies projected on alpha and zeta dihedrals of GCAA tetraloop, for the
entire subpopulation in basin F (A) and for the most populating cluster in basin M (B).
Dihedral angles in the native state, which are marked with a red star on each panel, belong
to the first of the ten model structures deposited in the PDB entry 1ZIH.11
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Figure S7: The paths of each reactive trajectory (starting from U and landing in F) found
for GAAA tetraloop are illustrated on its two dimensional (Q vs RMSD) free energy surface
(evaluated at 300K). Only 2 trajectories achieved such a transition without visiting the state
M (first row-third column, first row-fourth column) out of 13 total transitions.
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Figure S8: The paths of each reactive trajectory (starting from U and landing in F) found
for GCAA tetraloop are illustrated on its two dimensional (Q vs RMSD) free energy surface
(evaluated at 300K). Only 1 trajectory achieved such a transition without visiting the state
M (third row-fifth column) out of 19 total transitions.
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Figure S9: The paths of each reactive trajectory (starting from M and landing in F) found
for GAAA tetraloop are illustrated on its two dimensional (Q vs RMSD) FES (evaluated at
300K). Only 9 trajectories went through extensive unfolding (visiting Q < 0.5) to achieve M
to F transition out of total of 79 M to F transitions.
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Figure S10: The paths of each reactive trajectory (starting from M and landing in F) found
for GCAA tetraloop are illustrated on its two dimensional (Q vs RMSD) FES (evaluated at
300K). Only 8 trajectories went through extensive unfolding (visiting Q < 0.5) to achieve M
to F transition out of total of 149 M to F transitions.
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Figure S11: FES of tetraloops modeled with a modified ff99bsc0χOL3 (see the Methods in
the main text) at 300 K. A. GAGA tetraloop for IC1 (left) and IC2 (middle). The error
calculated as the difference between the FES for IC1 and FES for IC2 is reported in the
right panel. B. GAAA tetraloop c. GCAA tetraloop. Representative structures of the most
populating clusters from the misfolded basin is shown for each tetraloop. Percentages of
these clusters are 26, 28, and 38 for GAGA, GAAA, and GCAA tetraloops, respectively.
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A B

C D

Figure S12: RMSD as a function of time/replica (ns) for the tetraloops modeled with the
modified ff99bsc0χOL3. A. GAGA IC1. Configurations that persisted for a long while during
the course of the simulation are shown with arrows. B. GAGA IC2 C. GAAA D. GCAA
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Figure S13: Free energies projected on alpha and zeta dihedrals for their most populated
misfolded cluster (a representative structure is this cluster is shown in Figure S12) of the
tetraloops modeled with ff99bsc0χOL3 A. GAGA B. GAAA C. GCAA.
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Figure S14: RMSD between individual configurations (indicated by frame numbers) that
make up the folded cluster (left) and the most populated misfolded cluster (right) of the
GAGA tetraloop. The folded cluster is composed of 1970 structures whereas the most
populated misfolded cluster contains 2100 structures.
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