Supporting Information for: Force Field for Mg=",
Mn?", Zn?* and Cd?" lons That Have Balanced

Interactions with Nucleic Acids

Maria T. Panteva, George M. Giambasu, and Darrin M. York*

Center for Integrative Proteomics Research, BioMaPS Institute and Department of Chemistry &
Chemical Biology, Rutgers University, 174 Frelinghuysen Road, Piscataway, NJ 08854-8076,
USA

E-mail: Darrin.York@rutgers.edu

*To whom correspondence should be addressed

S1



Mg?* ion parameters - nucleic acid site binding free energies
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(a) Mg?* bound to adenosine. (b) Mg?* bound to dimethyl phosphate.

Figure S1: Summary of computed site specific binding freegee between 17 pairwise Mg
models and a) the N7 atom of adenosine and b) the non-bridnipgen of dimethyl phosphate
(DMP), grouped by water model and compared with experingasiied red line).

Comparison of 12-6-4 and m12-6-4 divalent ion parameters in-

teracting with model systems

Table S1: Comparison of 12-6-4 and m12-6-4 polarizabilitie for Mg?*, Mn?*, Zn?* and
Cd?* interacting with the N7 of adenosine, guanosineda.n7, Og:n7) OF the non-bridging
oxygen of dimethyl phosphate ¢pmp-op). Polarizabilities are in units of A3,

12-6-4 ml12-6-4
lon  apmp.op QAanN7 OG:N7 | ODMP:OP  OAN7 aG:N7
Mg®"  0.569 1.090 1.090 0.170 1.910 1.925
Mn2t  0.569 1.090 1.090 0.370 1.770 1.860
Zn?t 0.569 1.090 1.090 0.510 1.480 1.640
Cd*+ 0.569 1.090 1.090 0.680 1.580 1.920
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Table S2: Comparison of the absolute binding free energiesf the 12-6-4 and modified 12-6-
4 (m12-6-4) divalent ion models interacting with the specié nucleic acid sites and compared

with experiment.! Free energies are in kcal/mol.

lon Phosphate Adenosine Guanosine
MgZ* -1.43 0.08+-0.20 -0.34+0.34
8 Mn?t -1.77 -0.05+0.12 -0.644+0.27
o zn2t .77 -0.20+ 0.05 -1.45+ 0.15
Cd?+ -1.91 -0.87+0.04 -1.95+0.10
< Mg?*" -456+0.21 4.89£0.26 4.50+0.23
© Mn?" -319+0.25 3.30+0.28 3.06+0.11
N Zn?t -2.4740.15 3.18+0.23 3.34+0.16
Cd+ -1.13+0.31 1.60+0.19 2.14+0.32
< Mg?t -1.39+0.20 0.18+0.30 -0.24+0.24
g Mn2t -1.714+0.24 0.02+0.28 -0.55+0.14
g Zn®t  -1.754+0.13 -0.21+0.23 -1.42+0.16
Cd** -1.914+0.33 -0.80+0.19 -2.01+0.26
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Table S3: Comparison of data extracted from free energy profes for ion dissociation from nucleic acid sites for the 12-@ and
m12-6-4 ions models: R - transition state distance (A), Rnin1 - equilibrium direct contact distance (A), A; - pre-exponential
factor (fs~1) for ion dissociation,AGI - activation free energy for ion dissociation (kcal/mol), bg(k1) - log of dissociation rate. All
properties denoted with “-1” are for the association proces of each ion with the nucleic acid sites. Standard deviatiamcome
from four consecutive 2 ns segments of dat&1/k_; is the ion dissociation/association ratio for each ion - ndeic acid interaction.

lon RY Rmn A1 AG] log(ks) ki Rmni A1 AG',  log(k 1) k1 [kalks

Mg?" 2.65+0.01 2.00-0.00 0.022 13.5:0.2 3.4+0.3 2.8x10° |4.17£0.04 0.005 7.5:0.2 7.2+£0.3 1.5x 10’ | 0.0002

Dimethyl Mr?* 2.73+0.03 2.07+£0.00 0.018 8.90.2 6.7+0.3 52x10°|4.30+0.07 0.004 5704 84+05 2.6x 10° | 0.0200
phosphate Zft 2.64+0.02 2.01+0.00 0.018 11.202 4.7+03 4.8x10*|4.21+0.03 0.004 7501 7.1+01 1.4x 10" |0.0034
C#+ 2.95+0.01 2.17+0.00 0.012 6.5:0.0 8.3+0.0 2.1x10® |4.41+0.01 0.005 3.9-0.2 9.8+0.3 6.4x 10° | 0.0328

Mg?t 2.62+0.01 2.17+0.00 0.015 5.8-0.1 89+0.1 8.2x10° |4.34+0.04 0.004 8.6:-0.1 6.3-0.1 1.8x10° | 455.6

<
© Adenosine MA" 2.80+0.04 2.27+0.01 0.009 1.5:0.1 11.8+0.1 6.9x 10! | 452+ 0.03 0.004 3.6:0.3 9.9+04 8.4x10° | 82.1
N Zn?t 257+0.02 2.15+0.00 0.014 5302 93+03 1.8x10° |4.29+0.03 0.004 7.4-01 7.2+0.1 1.5x10" | 120.0
Cd®t 3.05+0.01 2.39+0.01 0.008 1.8:0.1 11.6+0.1 3.7x 10| 4.60+0.05 0.002 2.6:0.1 10.5+0.1 3.0x 10*°| 12.3
Mg?" 2.61+0.00 2.18-0.00 0.015 5.2£0.1 9.3+0.1 2.1x10° |4.25£0.06 0.004 7.9:0.2 6.8+0.3 6.2x 10° | 338.7
Guanosine MfA™ 2.79+0.02 2.29+0.01 0.008 1.3-0.1 12.0+0.1 9.3x 10| 4.474+0.09 0.004 3.%#0.1 10.3+0.1 1.9x 109 | 489
Zn®t 2.55+0.02 2.16+0.00 0.014 4.80.2 96+04 4.0x10° |4.19+0.04 0.003 6.9:0.1 7.4+0.1 26x10° | 153.8
Cd?t 2.89+0.03 2.40+0.01 0.006 1.200.1 11.9+0.1 7.8x 10| 456+0.08 0.003 2.30.3 10.8+0.4 6.6x 1019 | 11.8
MgZt 259+ 0.01 2.02£0.00 0.020 12.6c0.2 4.5+0.3 3.4x 10" |4.21+0.04 0.004 8.6:0.1 9.1+0.1 1.7x 10° | 0.0200
Dimethyl Mr?t 2.82+0.02 2.07+0.00 0.017 8.3:0.1 7.14+01 1.4x10"|4.394+0.00 0.007 5103 9.1+04 1.3x10° | 0.0108
phosphate Zh* 2.65+0.01 2.01+0.00 0.018 11.5-0.1 4.8+0.1 6.8x 10* | 4.21+0.03 0.004 8.6:0.2 6.7+0.3 4.7x 10° | 0.0145
Ct 2.96+0.02 2.16+0.00 0.013 7.%0.1 7.9+0.1 8.0x 10’ |4.47+0.02 0.005 4.0t0.1 9.8+0.1 6.0x 10° | 0.0133
< Mg®t 2.66+0.01 2.12+0.00 0.017 85-0.1 7.0+0.1 9.5x 1P [4.24+0.05 0.004 6.6:0.2 7.7+0.3 55x 10’ | 0.1727
ﬁ Adenosine MA" 2.96+ 0.02 2.22+0.00 0.011 3.9-0.1 10.2+0.1 1.7x 10| 4.37+0.03 0.004 2.3:0.2 10.9+ 0.3 8.7x 109 | 0.1954
= Zn*t 2.68+0.02 2.13+0.00 0.016 7.402 7.8+03 58x10’ |4.25+0.04 0.003 6.4 0.1 8.0+0.1 1.1x10® |0.5273

Cd* 3.29+0.01 2.34+0.01 0.010 3200 10.2+0.0 1.8x 10'°| 4.46+0.02 0.004 1.2 0.3 11.3+0.4 2.1x 10| 0.0857
Mg?" 2.64+0.01 2.14+-0.00 0.016 7.860.3 7.5£0.4 3.2x 10" |4.22+0.03 0.004 6.1-0.1 8.1+0.1 1.4x 10° | 0.2286
Guanosine Mf" 2.97+0.01 2.22+0.00 0.011 3.8-0.1 10.3+0.1 2.0x 10'°| 4.30+0.07 0.003 1.5-0.1 11.3+0.1 2.1x 10| 0.0952
Zn** 2.66+0.01 2.13+0.00 0.016 7.6-0.2 7.7+0.3 4.6x 10’ | 415+0.07 0.003 4.9-0.2 8.9+0.3 8.4x 10° | 0.0548
Cd* 3.46+0.06 2.30+0.00 0.009 3.80.1 10.1+0.1 1.4x 10°|4.55+0.03 0.003 1.#0.1 11.6+0.1 4.3x 10| 0.0326
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(b) m12-6-4 divalent ion parameters.

Figure S2: Barrier heights for ion dissociation of a) 12-61d &) m12-6-4 Mg, Mn?*, Zn?t and
Cd?* ion models from specific nucleic acid sites obtained usirtg dathered from 41 umbrella
windows, each 10 ns in length. Each data point on the ploesgmts the computed barrier height
for a 2 ns segment up to that point. The final reported baraiedserror estimates were obtained by
averaging the barriers from the last 8 ns and computing thspective standard deviations. Left:
Dimethyl phosphate, Middle: Adenosine, Right: Guanosine.
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(b) m12-6-4 divalent ion parameters.

Figure S3: Comparison of total binding energyg) for Mg?t, Mn?*, Zré* or C#+ and dimethyl
phosphate (DMP), adenosine (A) or guanosine (G) in the gasephersus ion - nucleic acid site
separation distance (R . jeic acid sitd-
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Figure S4: Comparison of total gas phase binding energieand computed absolute binding
free energiesfG) for both 12-6-4 and m12-6-4 ion models binding to a) nudig®sind b)
dimethyl phosphate sites. Marker colors distinguish thpes$yof interactions based on not only
nucleic acid site but also the identity of the divalent métal The cations are grouped based on
model ionic radius, with M§" and Zrf™ making up one group and Mh and Cd* making up
another. m12-6-4 models can be distinguished from 12-6-datsdoy the use of dashed lines.

In order to gain further insight into the origin of the difgrces ine for the ions binding to
guanosine vesus adenosine, we have also performed relasephgse energy scans for all the
metal ion - nucleoside interactions. Below we compare thiel ggs-phase energy scan curves

(which are discussed in the main text) with the relaxed desse energy scans.

S7



Potential

Electrostatic
Energy (kcal/mol) Energy (kcal/mol)

van der Waals
Energy (kcal/mol)

-20

2.0 2.5 3.0 35 2.0 2.5 3.0 3.5 2.0 2.5 3.0 3.5 20 2.5 3.0 3.5
RMg” —N7 (A) Ryt —n7 (A) Rzu? 7 (A) Reart —n7 (A)

Figure S5: Summary of the rigid (solid lines) and relaxedsfetal lines) gas phase binding en-
ergy scans, along with the electrostratic and van der Waalgibutions for all the metal ion -
nucleoside interactions using the 12-6-4 metal ion pararaet

S8



Potential

Electrostatic
Energy (kcal/mol) Energy (kcal/mol)

van der Waals

—100F >—
—150h—
-200

o

|
ul
o
T

| | |
N =
o U1 O
oo o

— 7

Energy (kcal/mol)
AR
(=)

2.0 2.5 3.0 35 2.0 2.5 3.0 35 2.0 2.5 3.0 35 2.0 2.5 3.0 3.5
RMg“ —N7 (A) RMn“—N? (A) Rzuz+ —N7 (A) RCdz’ —N7 (A)

Figure S6: Summary of the rigid (solid lines) and relaxedsfetal lines) gas phase binding en-
ergy scans, along with the electrostratic and van der Waalgibutions for all the metal ion -
nucleoside interactions using the m12-6-4 metal ion patarse

Applying 12-6-4 and m12-6-4 ion models to a biologically rele-

vant system: The hammerhead ribozyme

System setup

A pre-equilibrated rhombododecahedron box of TIP4BEuaters with approximately 20 A clear-
ance between the solute and the edge of the box was construldte starting structure for the
simulation was initially obtained from the crystal stugtwvith PDB ID 20EU? resolved at 2.00
A resolution, and was modified as follows before being immeiisito the pre-equilibrated water
box. At the 3-terminal end of chain A, GTP was changed to’ @file on chain B, the 02
methylated C6, 5-bromo substituted U11 and deoxy C20 nucikeoplere changed to C, U and

C respectively. The five Mit ions present were also converted toMgons. Crystallographic
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waters were retained and a N&@bncentration of approximately 0.14 M was added.

MD simulations

The reactant and precursor states of the hammerhead rileoaene simulated for 60 ns and repre-
sentative snapshots from these two simulations wereedilégs starting structures for the umbrella

sampling simulations from which metal ion migration prddilgere ultimately obtained.

Simulation protocol

The two hammerhead ribozyme MD simulations were carriedusutg the NAMD simulation
package (version 2.9)with the AMBER FF14 force fielé and TIP4APEw water modélParam-
eters for the deprotonated nucleophile were generateddingdo the FF14 force field and partial
atomic charges were obtained using the standard RESP fittieggurel® The Allneret al. Mg?*
parameters' were also employed. Particle Mesh Ewald summation wagettilio treat long-range
electrostatic interactiod$3and a 9 A cutoff was applied for non-bonded interactions. fEne-
perature was maintained at 300K with a Langevin thermé&btatd pressure was controlled with
the Nosé-Hoover-Langevin pressure pistérBoth periodic boundary conditions and SHAKE
constraints for bonds involving hydrogens were utilizee Bquations of motion were integrated
with a 1 fs timestep and coordinates were outputted every Bpsulations were equilibrated in
two steps: 1) 1 ns solvent/ion equilbration with positiostraints of 1 kcal/mol placed on solute
atoms followed by 2) 6 ns solute equilibration where expdiaéiy decaying distance restraints,
from 25.0 to 0.0 kcal/mol (heavy atom distance 2.8 A, hydrodistance 1.8 A), were applied to

maintain several key interactions (Table S4).
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Table S4: Hammerhead equilibration distance restraints

State Interaction Restraint Crystal
distance (A) distance (A)
A9:0P2—MG301 2.00 2.00
G10.1:N7—MG301 2.00 2.00
Reactant C1.1:05-G8:HOZ 1.80 2.50
C1.1:0P2—G8:HO2 1.80 2.40
C17:02—G12:N1 2.80 3.25
A9:0P2—MG301 2.00 2.00
G10.1:N7—MG301 2.00 2.00
C1.1:03—G8:HOZ 1.80 2.50
Precursor C1.1:0P2—G8:HO2 1.80 2.40
C17:02—G12:H1 1.80 2.50
C17:02—G12:H21 1.80 2.50

Metal ion migration free energy profiles

All the free energy profiles are characterized by a bimodadisaape with a local minimum at
a reaction coordinate value of 0 (although for’Cdhis is less pronounced), where a reaction
coordinate value of 0 represents equivalent distancesofbrthese contacts. Thus, all ion models
are making direct contacts at this point in the reactiondimate across both reactant and precursor
ribozyme states. Regardless of parameter set or ribozyiee Btg?+ and Zrf+ maintain distances

of approximately 2.14 and 2.12 A, respectively, at this locmimum while Mr?+ and Cd* show
different coordinating behavior depending on both paramigpe and reaction state. Namely, the
Mn?* - G10.1:N7 and C17:0OP distances shift down by 0.2 A to 2.20 Aéreactant state when
using the m12-6-4 parameters versus the 12-6-4 parameleles this coordinating distance for
Mn?* in the precursor ribozyme state is not really affected byapeater type (2.20 vs. 2.17 A).
For Cdt, the average coordinating distance at this local minimutariger in the precursor state
compared to the reactant state, and for a particular ribezstate, the m12-6-4 model leads to
shorter distances versus the original 12-6-4Cahodel. The average absolute distances along the
reaction coordinate between both G10.1:N7 and C17:0OP andrteee summarized in Figure S6

for all umbrella sampling simulations.
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Figure S7: Free energy profiles were performed for two nslaathist 1.5 ns was used for analysis.
Each subplot shows the average distances and standardalevi@r the three key distances that
define the binding of the ion to the two binding sites: ion - @1R7 (blue), ion - A9:OP (red)
and ion - C17:0P (green). We define the reaction coordinateeadifference in ion - G10.1:N7
and ion - C17:0P distances, labeled gsig, where the ion - A9:OP contact is maintained in both
binding sites. Each column repesents metal ion migraticgitber Mg+, Mn?+, Zrn?™ or CP*
and each row represents a specific combination of ribozyate sind ion parameters for which
the metal ion migration profile was obtained. Row 1: Reactatestf ribozyme with original
12-6-4 ion parameters, Row 2: Reactant state with m12-6-4 motefs, Row 3: Precursor state of
ribozyme with original 12-6-4 ion parameters, Row 4: Pregusiate with m12-6-4 ion models.
Details on the ribozyme states and the binding sites for th@imon migration can be found in the
main text.
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Figure S8: Barrier heights for metal ion migration of 12-6pdlan12-6-4 Mg*, Mn?*, Zn** and
Cd?* ion models in the hammerhead ribozyme (HHR) reactant andupsecstates. Each data
point on the plot represents the computed barrier heighd fab ns segment up to that point. The
final reported barriers and error estimates were obtaineyésaging the barriers from the last 1.5
ns and taking their standard deviations. Top: Activatiaefenergy barriers for migrating from
the C-site to the bridging site and Bottom: Activation freerggebarriers for ion migration from
the bridging site to the C-site.
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Table S5: Key features of hammerhead ribozyme (HHR) metal in migration free energy
profiles considering different ion parameters and ribozymestates. Rnin1 and Rminz2 are the
reaction coordinate values for the first and second ion bindig sites, respectively, where
the reaction coordinate is defined as a difference in two digihces (G10.1:N7-ion distance
- C17:0OP-ion distance). AG1 and AG» are the free energy barriers associated with going
from the first binding site to the second and vice versa. Staratd deviations come from three

consecutive 0.5 ns segments of data.

Environment Rmin1 AGq Rmin2 AG)

12-6-4, HHR reactant -2.120.04 8.1+£0.7 2.37£0.07 17.5+1.1

ct@ ml12-6-4, HHR reactant -1.820.01 11.6£1.2 2.29+-0.06 12.4+0.8
S 12-6-4, HHR precursor -2.120.02 5.8+0.5 2.87+0.02 28.5+0.6
m12-6-4, HHR precursor -2.250.04 8.0+0.1 2.85+0.04 23.9+-0.8
12-6-4, HHR reactant -1.820.11 34+1.2 2.25+0.05 12.0+£0.8

&FC ml12-6-4, HHR reactant -1.680.04 5.6+0.9 2.23+0.01 7.4+1.2
S 12-6-4, HHR precursor -1.720.00 1.8+0.4 2.82+0.02 21.1+0.3
m12-6-4, HHR precursor -1.940.12 2.7+0.7 2.87+0.02 14.9+-0.8
12-6-4, HHR reactant  -1.94 0.03 10.2-0.6 2.43+0.04 15.2+-1.6

& ml12-6-4, HHR reactant -2.08 0.04 10.8+0.2 2.36+0.07 11.3+0.2
N 12-6-4, HHR precursor -1.880.03 6.2+0.5 2.87+0.03 26.3+1.2
m12-6-4, HHR precursor -1.600.01 7.2+0.2 2.90+0.03 20.6t1.1
12-6-4, HHR reactant  -1.720.05 2.3+-0.3 2.33+0.06 10.8+1.7

él_; ml12-6-4, HHR reactant -2.2¢0.08 6.7-0.4 2.40+0.13 7.0£0.9
O 12-6-4,HHR precursor -1.840.06 19+1.2 2.64+0.04 13.3£0.2
m12-6-4, HHR precursor -2.080.09 5.0+£0.3 2.60+0.09 12.8+0.3
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