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Methods

MD simulations on VSr, HHr, Psr, and 8-17dz performed in this study are based on crystal

structures with PDB IDs 5V3I,1 2OEU,2 5K7C,3 and 5XM8,4 respectively. The simulations

were performed in truncated octahedral boxes containing TIP4P-Ew water molecules,5 hav-

ing a buffer distance of 12Åwith the solute. Monovalent ions (Na+ and Cl-) were added to

neutralize the boxes and provide them with ionic strengths of 150 mM. Simulations were

run with a time step of 1 fs with full periodic boundary conditions. The smooth particle

mesh Ewald (PME) method6 with a 12Åcutoff was used to calculate long range electrostatic

interactions and the SHAKE algorithm7 was used to constrain all bonds involving hydrogen.

Langevin dynamics with a collision frequency (γ) of 5.0 was employed to maintain constant

temperature during simulations. For constant pressure and temperature simulations, the

Berendsen barostat8 with a pressure relaxation time of 1 ps and isotropic pressure scal-

ing was used along with Langevin dynamics (γ=5.0). The putative general base guanines

were kept deprotonated at their N1 positions. Parameters for nonstandard nucleobases were

derived from Restrained Electrostatic Potential (RESP)9,10 calculations and were adopted

from previous studies.11 For each system, the crystal coordinates are subjected to a series of

equilibration simulations (described below) to obtain the respective active states in solution.

The active state of VSr is reported in Ganguly et al., HHr is reported in Lee et al.,12 Psr is

reported in Kostenbader et al.,13 and 8-17dz is reported in Ekesan et al.14

For each system, six independent sets of one dimensional umbrella sampling (US) sim-

ulations were performed; three sets of US simulations were performed in presence of the

catalytic metal ion along the reaction coordinates dHO2′−G, dHO2′−proRP
, and dHO2′−proSP

,

respectively, where dHO2′−G coordinate corresponds to the Cartesian distance of the HO2′

from the WC edge of the catalytic guanine, and dHO2′−proRP
and dHO2′−proSP

coordinates

correspond to the Cartesian distance of the HO2′ from the pro-RP and pro-SP NPOs of

the scissile phosphate, respectively. Three additional sets of analogous US simulations were

performed in absence of the catalytic metal ion. Each US simulation set was divided into 6
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windows; in each window the given reaction coordinate were kept restrained to 1.8Å, while

the strength of harmonic potentials along the windows were varied by changing the force

constants according to (20,16,12,8,4,0). In some case additional windows with force con-

stants (5,4,3,2,1) were inserted to ensure convergence. Force constants are expressed in units

of kcal/mol. For each window, 1 ns of initial equilibration is performed followed by 20-40 ns

of production MD. Thus, in each set of US simulations 120-240 ns of MD was performed,

and consequently for each system typically 700 ns - 1 µs of MD was performed.

In order to construct the unbiased 2D and 1D PDFs for each system, the US simulation

sets were jointly unbiased using the multistate Bennett acceptance ratio (MBAR) method15

to obtain the relative free energies of the various windows (∆Aξ). The biasing potential

associated with each biased configuration, w(ξ), is calculated according to 1
2

∑
i k(ξi − ξ0)2.

Using the biasing potential and associated free energy, the unbiased configuration is obtained

from the corresponding biased configuration, according to the equation

Pu(ξ) = Pb(ξ)e
−β(w(ξ)−∆Aξ) (1)

The theory underlying this approach is described in a later section.

Equilibration protocol for MD simulations

Before initiating production trajectories, the MD boxes were subjected to a series of rigorous

equilibration steps that are summarized below:

1. During the first part of equilibration, the solute (RNA) is kept fixed to its crystal

coordinates by imposing harmonic restraints with force constants of 100 kcal/mol-2 on

solute heavy atoms, and following steps were performed -

(a) Energy minimization of the solvent (water molecules + ions)

(b) Simulated annealing (NVT ensemble) of solvent according to
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(c) Increase temperature from 0 K to 298 K in 298 ps, MD at 298 K for 500 ps

(d) Increase temperature from 298 K to 600 K in 302 ps, MD at 600 K for 500 ps

(e) Decrease temperature from 600 K to 298 K in 302 ps, MD at 298 K for 1500 ps

(f) MD at 298 K for 3000 ps (NPT ensemble) of solvent

(g) Repeat of Step b

(h) Repeat of Step c

2. The equilibrated solvent configuration is kept fixed and energy minimization of the

solute is performed.

3. With the solvent free to move, the solute is relaxed in stages by slowly releasing the

harmonic restraints on the solute heavy atoms according to –

(a) MD at 298 K for 100 ps (NPT ensemble) with a force constant of 50 kcal/mol-Å2

(b) MD at 298 K for 100 ps (NPT ensemble) with a force constant of 25 kcal/mol-Å2

(c) MD at 298 K for 100 ps (NPT ensemble) with a force constant of 10 kcal/mol-Å2

(d) MD at 298 K for 100 ps (NPT ensemble) with a force constant of 5 kcal/mol-Å2

(e) MD at 298 K for 100 ps (NPT ensemble) with a force constant of 2 kcal/mol-Å2

4. With both solute and solvent free to move, MD at 298 K for 5000 ps (NPT ensemble).

Theory

Consider a constant NVT ensemble generated by applying a biasing potential, w(ξ), along the

reaction coordinate ξ, such that the energy term governing the ensemble is altered according

to

Ub(q) = Uu(q) + w(ξ) (2)
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where superscripts b and u correspond to the biased and unbiased states, respectively, and

q is a generalized position coordinate.The unbiased probability distribution of the ensemble

can be expressed as

Pu(ξ) = 〈δ[ξ(q)− ξ]〉u (3)

, where δ(.) is the Dirac delta function and 〈〉 represent ensemble averages. Equation (3)

can be rewritten as

Pu(ξ) =

∫
dqe

−βUu(q)
δ [ξ(q)− ξ)]

∫
dqe−βUu(q)

=

∫
dqe−β[Ub(q)−w(ξ)]δ[ξ(q)− ξ]

∫
dqe−β[Ub(q)−w(ξ)]

=

∫
dqe−βUb(q)eβw(ξ)δ[ξ(q)− ξ]

∫
dqe−βUb(q)eβw(ξ)

=

∫
dqe−βUb(q)eβw(ξ)δ[ξ(q)− ξ] ·

∫
dqe−βUb(q)

∫
dqe−βUb(q)eβw(ξ) ·

∫
dqe−βUb(q)

=

∫
dqe−βUb(q)eβw(ξ)δ[ξ(q)− ξ] ·

∫
dqe−βUb(q)

∫
dqe−βUb(q) ·

∫
dqe−βUb(q)eβw(ξ)

= 〈eβw(ξ)δ[ξ(q)− ξ]〉b

∫
dqe−βUb(q)

∫
dqe−βUu(q)

= 〈eβw(ξ)δ[ξ(q)− ξ]〉b
Zb

Zu

(4)

, where Z is the configurational partition function of a given state, and is related to its

free energy, A, as

A = −(1/β) lnZ (5)

The free energy of the biased state relative to the unbiased state can thus be expressed

as
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∆Aξ = Ab − Au = −(1/β) ln(Zb/Zu), or, equivalently, Zu/Zb = eβ∆Aξ (6)

Combining equations (4) and (6),

Pu(ξ) = e−β∆Aξ〈δ[ξ(q)− ξ]eβw(ξ)〉b (7)

Since δ[ξ(q)− ξ] operates on all degrees of freedom except ξ,

Pu(ξ) = e−β∆Aξeβw(ξ)〈δ[ξ(q)− ξ]〉b (8)

In equation (8), 〈δ[ξ(q) − ξ]〉b corresponds to the biased probability distribution of the

ensemble, Pb(ξ). Thus,

Pu(ξ) = Pb(ξ)e
−β(w(ξ)−∆Aξ) (9)

According to equation (9), the unbiased probability distribution of the ensemble along a

given reaction coordinate can be calculated from a biased probability distribution by knowing

the biasing potential and the relative free energy between the biased and unbiased states.
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Figure S1: 3°γ (HBN) effect observed in glmS ribozyme. In absence of the GlcN6P
cofactor (aporibozyme), the HO2′ forms non-productive interaction with the pro-RP NPO
in the wild type (oxo) substrate (A). In the holoribozyme, the cofactor donates a hydrogen
bond to the pro-RP NPO, disrupting the HO2′- pro-RP NPO interaction and thus pro-
moting productive interactions of the O2′ nucleophile (B). In the RP thio substrate of the
aporibozyme, the sulfur atom at the RP position disrupts the HO2′- pro-RP NPO interac-
tion, thus also promoting productive interactions of the O2′ nucleophile (C). The 3°γ (HBN)
effect in glmS ribozyme was reported by the Bevilacqua group.16,17

Figure S2: G638I and A756(3cP) mutation in VSr In the double mutant of VSr, the
guanine G638 (A) was mutated to Inosine (C) and the adenine A756 (B) was mutated to
3-deazapurine (3cP) (D).
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Figure S3: 3°γ (HBN) effect in Psr induced by inner sphere metal binding. One
dimensional probability distribution functions (1D PDFs) constructed from the unbiased and
reweighted umbrella sampling simulations are shown for Psr with the active site Mg2+ ion
making an inner sphere contact with the pro-RP NPO. 1D PDFs obtained in presence of the
metal ion are shown in purple and 1D PDFs obtained in absence of metal ion are shown in
cyan. The 3°γ (HBN) factor is defined as the ratio of the areas under the 1D PDFs obtained
in presence and absence of the metal ion, that reside below a threshold value (2.5Å) of the
HO2′-guanine distance (shaded region). These results are denoted as PSr* is Table 1 of the
main text.
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