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Table S1. Number of ions and their concentrations in the studied systems. lon numbers were

designed to obtain approximate concentrations of 100 mM in the 100 mM MgCI2 system. The

number of ions took into account the total charge of Twister (-53).

System Number of lons Concentration of lons
Mg?** K* Ccr Mg?* K* Cr
0 mM MgCl. 0 95 42 0.0 216.4 95.7
10 mM MgCl. 5 85 42 11.4 193.6 95.7
20 mM MgCl; 8 79 42 18.2 179.9 95.7
100 mM MgCl. 40 42 69 91.1 95.7 157.1
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Figure S1. a) Reaction coordinate, A, is the distance between the centers of mass of the non-
hydrogen atoms in group1 (orange cartoon, nucleotides 6:15 + 40:49) and group 2 (cyan cartoon,
residues 16:39). b) Potential of mean force (PMF) of Twister ribozyme at different concentrations
of MgCl, based on the GCMC/MD simulations. PMFs were calculated on RC windows at 1 A
intervals from 13 to 40 A with 60 ns of sampling per window with error bars based on the standard
error from five 12-ns samples extracted from the full 60 ns of sampling. Unless otherwise defined,
the native state includes RC windows 14 -16, the inflection region includes RC windows 19 — 21
and the partially unfolded state includes RC windows 38 — 40. As discussed in the previous
manuscript the umbrella sampling did not sample unfolded states in which the secondary
structures was lost, such that the most unfolded state along the reaction coordinate is referred

to as a partially unfolded state.
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Figure S2. Average number or water within 8 A of the RNA based on the water O to RNA non-
hydrogen atom distance along the reaction coordinate. The results indicate that the volume as
defined by the 8 A cutoff used to define counterion condensation is increasing as unfolding of

the RNA occurs. Error bars indicate one standard deviation and are added at intervals for clarity.



Buried region

Figure S3. Structure of Twister ribozyme and spatially adjacent phosphate pairs. a) Twister
Ribozyme secondary and tertiary contacts. The scissile bond is indicated with a solid arrow and
the omitted P3 and P5 loops are indicated. b) Contacts are illustrated as cartoons colored as
follows P1 — black, P2 — yellow, P4 — cyan, TO — blue, T1 —red, T2 — green, T3 — magenta, rest
of the RNA — orange. c) Twister ribozyme in its native state with spatially adjacent phosphate
pairs that are present in the folded, tertiary structure (same-colored spheres connected with
dashed line; 4-46 — black, 9-28 — red, 6-25 — pink, 8-31 — cyan, 20-30 — blue, 32-41 — green).
This figure has been reprinted with permission from Kognole and MacKerell (2020) Biophysical

Journal 118(6), 1424-1437.



Table S2. Number of Mg?* and K* ions around the phosphate backbone of Twister in 0, 10 and
20 MgCl, systems. The 3 A cutoff corresponds to direct contact of ions with non-bridging
phosphate oxygens (NBPOs), 3 — 5.5 A range represents outer-shell contacts, 5.5 — 8 A range
represents diffuse (non-dehydrated) contacts. The 8 A cutoff defines the full condensed-ion

atmosphere. The errors represent standard error of mean calculated over five 12 ns trajectories.

Mg?* within 0-3A 3-55A 55-8A 0-8A beyond 8 A
RC_15-18 1.11+£0.10 2.77 £0.14 0.17 £0.14 4.05+0.10 0.95+0.10
RC_19-22 0.46 £0.12 3.451+0.22 0.21+£0.24 412 +£0.16 0.88 £ 0.16

s RC_23-26 0.72+£0.20 3.131£0.24 0.21+0.18 4.06 £ 0.1 0.94 +0.11
S RC_27-30 0.82+0.24 2.91+0.27 0.20 £ 0.17 3.931+0.12 1.07 £ 0.12
RC_31-34 0.31+£0.11 3.06 £ 0.21 0.24 £ 0.26 3.61x+0.19 1.39£0.19
RC_35-40 1.02 £ 0.23 2.57 £0.30 0.22 +0.28 3.81+£0.19 1.19+£0.19
RC_15-18 0.78 £0.16 450 £ 0.31 0.36 £ 0.37 5.64 £0.26 2.36 £ 0.26
RC_19-22 0.81+0.12 444 +0.21 0.35+0.25 5.60x0.19 240 +£0.19
s RC_23-26 0.48 £ 0.05 479 +0.19 0.37 £0.25 564 £0.17 2.36 £ 0.17
é RC_27-30 0.28 £ 0.11 4,98 +0.25 0.34 £0.30 5.60£0.20 2.400.20
RC_31-34 0.86 £ 0.19 4.32+0.24 0.37 £0.19 555%+0.13 245 +0.13
RC_35-40 0.35+0.14 4,95+ 0.19 0.37 £0.18 5.67x+0.12 2.33+£0.12
K* within 0-3A 3-55A 55-8A 0-8A beyond 8 A
RC_15-18 6.57 £ 0.20 23.73 £0.28 4.04 £0.29 34.34 £ 0.21 60.66 + 0.21
RC_19-22 5.99+0.10 23.49+0.18 4.01+£0.19 33.49+0.12 61.51+0.12
= RC_23-26 5.08+0.14 23.23+0.24 3.76 £ 0.23 32.07 £0.13 62.93+0.13
E RC_27-30 4.82 +0.26 22.90 £ 0.37 3.75+0.36 3147 £0.25 63.53 £ 0.25
RC_31-34 5.27 £0.20 22.23 +0.28 3.74£0.24 31.24 £ 0.15 63.76 £ 0.15
RC_35-40 4.85+0.15 2243 +0.21 3.63+£0.24 30.91 £ 0.19 64.09 £ 0.19




RC_15-18 4.69+0.23 19.66+0.35 297+0.29 27.32+x0.28 57.68+0.28
RC_19-22 445+0.12 18.37+0.47 3.15+019 2597045 59.03+0.45
s RC_23-26 4.07 £0.19 18.70+0.33 291+£0.23 2568+0.23 59.32+0.23
S RC_27-30 4.02+0.13 18.13 £ 0.31 3.06+0.36 25.21+0.31 59.79 £ 0.31
RC_31-34 410+0.27 18.23 + 0.41 3.17+0.24  25.50 £ 0.41 59.50 + 0.41
RC_35-40 3.49+0.17 18.15+0.30 3.15+0.24 2479026 60.21+0.26
RC_15-18 437 £0.20 17.74+036 3.02+0.55 2513+042 53.87+042
RC_19-22 3.83+0.10 16.99+0.38 3.06+£0.39 23.88+0.25 5512+0.25
s RC_23-26 3.45+0.14 1744 +036 266+040 2355+0.27 5545+0.27
é RC_27-30 3.49+0.26 16.39+0.49 273+0.62 2261+042 55.39+042
RC_31-34 3.72+0.20 16.84 + 0.51 273+0.60 23.29+0.41 55.71 £ 0.41
RC_35-40 3.06 +0.15 16.75+0.34 265+045 2246033 56.54+0.33




Table S3. Average number of K* displaced per Mg** ion for 0 — 8 A cutoff at different stages of

the reaction coordinate for the 100, 20 and 10 mM MgCl, systems compared to the 0 mM MgCl.

system.
100 mM 20 mM 10 mM
RC_15-18 1.39 1.63 1.73
RC_19-22 1.36 1.72 1.83
RC_23-26 1.32 1.51 1.57
RC_27-30 1.32 1.58 1.59
RC_31-34 1.28 1.43 1.59
RC_35-40 1.28 1.49 1.61
Avg 1.32+0.04 1.56 £ 0.10 1.65+0.10




Table S4. Number of K* ions within 3.5 A of the N7/02/04/06 atoms of nucleobases. The

analysis was carried out for nucleobases in helical regions and in non-helical regions.

Helical Non-helical
Native Inflection Unfolded Native Inflection Unfolded
100 mM
215+020 225+025 140+009 216+024 206+0.25 092+0.16
MgCl2
20 mM
3.88+0.18 348+0.18 3.37+0.17 4.44+0.15 4.03+0.21 2.93+0.20
MgCl2
10 mM
3.93+022 376+018 363+0.11 493+0.22 439+0.18 3.81+0.11
MgCl2
0mM
469+009 462+0.09 442+014 6.30+x0.20 564+0.07 4.71+0.15
MgCl2

The helical region is comprised of 26 nucleotides and the non-helical region is comprised of 28

nucleotides.



RC =33 RC =36 RC =39

Figure S4. GFE maps of the distribution of K* (orange) ions around the Twister ribozyme at
various stages along the umbrella sampling reaction coordinate in 0 mM MgCl.. Twister is shown
as orange cartoon with TO bases in blue, T1 bases in red, T2 bases in green and T3 bases in

magenta cartoon. GFE level is -2.0 kcal/mol.
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Figure S5. GFE maps of the distribution of K* (orange) and Mg?* (cyan) ions around the Twister
ribozyme at various stages along the umbrella sampling reaction coordinate in 10 mM MgCl..
Twister is shown as orange cartoon with TO bases in blue, T1 bases in red, T2 bases in green
and T3 bases in magenta cartoon. GFE level is -2.0 kcal/mol. Buried binding sites at RC = 15 &

18 are indicated with dashed circle.
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RC =33 RC =36 RC =39

Figure S6. GFE maps of distribution of K* (orange) and Mg?* (cyan) ions around the Twister
ribozyme at various stages along the umbrella sampling reaction coordinate in 100 mM MgCl..
Twister is shown as orange cartoon with TO bases in blue, T1 bases in red, T2 bases in green

and T3 bases in magenta cartoon. GFE level is -2.0 kcal/mol.
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Figure S7. Radial distribution functions of Mg®* around a) the non-bridging phosphate oxygens
(NBPO), b) the Gua-N7/Ade-N7 atoms, and c) 02/04/06 atoms of the nucleobases at native

state (RC=14-16), inflection point (RC=19-21) and unfolded state (RC=38-40).
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Figure S8. Radial distribution functions of (Upper) Mg®* and the non-bridging phosphate oxygens
(NBPO) and K* and Guanine N7 atoms from the Set 1 (red line) and Set 2 (blue dashed line)
portions of the GCMC/Umbrella sampling trajectories at the native state, inflection region and
unfolded state. The similarity of the overall pattern of the two curves indicates that the extend of

convergence of ion sampling is adequate for the conclusions being made in the study.
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