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Methods
Preparation and equilibration of the systems

The system with two metal ions in the active site was based on the reactant crystal structure
PDB ID: 3MR2 and the product crystal structure PDB ID: 4ECS.!? For the reactant, the missing
residues were added using the protein preparation module from the Maestro program,® and the
hydrogen atoms were added using the H++ program.* Then the reactant system was solvated in
TIP3P water’ with 0.15 M NaCl. The solvent and ions were equilibrated with the protein/DNA
system fixed by first minimizing the energy using the steepest descent algorithm for 5000 steps,
followed by 500 ps NVT molecular dynamics and then 500 ps NPT molecular dynamics at 300 K.
This solvated system was used as the initial reactant structure for the QM/MM string simulations.
For the initial product structure, the active site of the product crystal structure was superimposed
on this initial solvated reactant structure using the Maestro program.® Thus, the initial reactant and
product structures were identical except for the active site, which was defined as the QM region in
Figure 1 of the main paper. The system with three metal ions in the active site was based on the
reactant and product structures contained in PDB ID: 4ECV,? and the initial reactant and initial
product structures were obtained in the same way as for the system with two metal ions using the
alternative positions for the product contained in the PDB file.

The molecular mechanical (MM) simulations utilized the AMBER ff14SB force field®!° for
the protein and DNA in conjunction with the TIP3P water model. The parameters for the

11

pyrophosphate (OPP/PPi) were obtained from a previous study, ' and the parameters for dATP

were obtained from previous simulations of the Pol i) system.!?> The equilibration was performed

with the Amber program.'3!4

OM/MM free energy simulations

The QM/MM free energy simulations were performed using a CHARMM!'>/Q-Chem!®
interface.!” Prior to the QM/MM simulations, the system was truncated by deleting all water
molecules and ions more than 15 A from any nucleic acid or protein atom. The MM region was
treated as described above for the equilibration. The QM region was treated with density

functional theory (DFT) using the B3LYP functional'®'® and the 6-31G** basis set. Hydrogen
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capping was used to treat the boundary between the QM and MM regions. For the QM/MM
simulations, residues more than 18 A from the active site Mg?" ion in the B position were kept
fixed.

We used the initial reactant and product structures described above to generate the initial
strings for the sequential mechanism, corresponding to phosphoryl transfer followed by proton
transfer, as well as the concerted mechanism for both the two-metal and three-metal systems. First
the geometry of the QM region was optimized for the initial reactant and product structures at the
QM/MM level with the rest of the system fixed. This product structure corresponded to only the
phosphoryl transfer reaction and is denoted as the intermediate product structure. The final product
structure was obtained by manually moving the proton from the O3’ of the dATP to the O2B atom
of the leaving group, as illustrated in Figure 2 of the main paper, followed by optimization of the
QM region at the QM/MM level with the O2B-H3T bond restrained with a 500 kcal/(mol*A?)
force constant.

These partially optimized reactant, intermediate product, and final product structures are
identical except for the QM region, and the initial strings were obtained by interpolating between
the QM regions of these structures. The initial string corresponding to the concerted mechanism
was obtained through linear interpolation between the reactant structure and the final product
structure. The initial string corresponding to the sequential mechanism was obtained through
linear interpolation between the reactant structure and the intermediate product structure, as well
as linear interpolation between the intermediate product structure and the final product structure.
The concerted and sequential initial strings were obtained in this manner for both the two-metal
and the three-metal systems.

The finite temperature string method with umbrella sampling is described in detail
elsewhere.?? In this approach, the string is represented by a set of images, and each image is
associated with a set of reaction coordinate values used in the umbrella sampling restraints. We
performed four independent string simulations corresponding to the two different initial strings
(i.e., the concerted and sequential mechanisms) for the two-metal and three-metal systems. Eleven
and fifteen reaction coordinates were used for the two-metal and three-metal systems, respectively,
as shown in Figure S1. The sequential mechanism was simulated with 30 images along the string
for both the two-metal and three-metal systems. The concerted mechanism was simulated with 20

and 15 images for the two-metal and three-metal systems, respectively. For each image along the
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string, the MM region was equilibrated for 10 ps while keeping the QM region fixed, and then the
full system was equilibrated for 100 fs.

In these string simulations, an iterative procedure that involves updating the reaction
coordinate values used in the umbrella sampling restraints was performed until convergence. For
each iteration, a 100 fs molecular dynamics (MD) trajectory was propagated for each image. For
the two-metal system, 29 iterations were performed for both independent string simulations, and
for the three-metal system, 25 and 30 iterations were performed for the string simulations based
on the sequential and concerted initial strings, respectively. Thus, the total amount of MD sampling
was 145 ps for the two-metal system and 120 ps for the three-metal system. The convergence of
the strings was determined from the root-mean-square deviations (RMSDs) of the reaction
coordinates” and the free energy profiles, as illustrated in Figures S5 and S6. The
multidimensional free energy surfaces were obtained from all of the data within a given string
simulation using the binless®® ?* weighted histogram analysis method (WHAM). Thus, the free
energy is computed as a function of all 11 or 15 reaction coordinates for the two-metal or three-
metal system, respectively, as defined in Figure S1. Then the data are projected onto a two-
dimensional surface defined by two key combined coordinates: the phosphoryl transfer coordinate
(R1—-R2) and the proton transfer coordinate (R3 —R4). The resulting two-dimensional free energy
surfaces shown in Figure 3 of the paper are averaged over all other reaction coordinates. The final
converged string is the minimum free energy path (MFEP), and the free energy along the MFEP

is plotted in the insets of Figure 3 of the main paper.
OM/MM MD trajectories

To investigate the possibility of a hydroxide ion bound to Mga?* as the base deprotonating
3’0OH, we propagated additional QM/MM MD trajectories for both the two- and three-metal
systems using the same methodology as described above with the CHARMM/Q-Chem interface.
The trajectories were started from the last configuration of the sixth image along the string for the
final iteration. To create the Mg?*-bound hydroxide, a hydrogen was deleted from the water bound
to the Mg*" in the A position (Ma in Figure S1), and a hydrogen was appended to the attacking
O3’ in the reactant state, followed by 50 steps of steepest descent geometry optimization of only
this hydrogen on 3’OH. The MD trajectories were then propagated for 200 ps and 500 ps for the

two- and three-metal systems, respectively.
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For the two-metal system, the proton transferred from the 3°OH to the Mg?"-bound hydroxide
and stayed there for the remainder of the trajectory. The same procedure was performed starting
with configurations from the eighth image along the string and led to similar results. However,
when the same procedure was performed starting with configurations from the second image along
the string, the proton transferred to the Mg**-bound hydroxide and then transferred back to the O3’
and remained there. These results suggest that the pKa of the 3’OH is greater than the pKa of the
Mg?*-bound water for the initial images of the string, but the pKa of the 3’OH decreases as it
attacked the phosphate, thereby allowing it to transfer its proton to the Mg>*-bound hydroxide. For
the three-metal system, the proton transferred from a water molecule coordinated to the Mg?" ion
in the C position to the Mga**-bound hydroxide, and the 3°’OH was not deprotonated. This result
suggests that the Mg?*-bound hydroxide would need to deprotonate the 3’OH prior to the arrival

of the third Mg?* ion in the active site.
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Figure S1. Reaction coordinates used in the QM/MM free energy simulations for (A) the two-
metal system, which used 11 reaction coordinates and (B) the three-metal system, which used 15
reaction coordinates. Note that the numbering of the reaction coordinates in this figure is different
from that used in Figure 1 of the main paper. Moreover, the water that is no longer coordinated to
Mc in the product of the three-metal system is omitted for visual clarity.
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Figure S2: Two-dimensional free energy surface as a function of the proton transfer coordinate
and the P-O bond breaking/forming coordinate for two independent string simulations of the Pol
n system with two metal ions in the active site. In parts (A) and (C), the initial string for each
independent string simulation is shown in red, and the final string is shown in black, with the
images along the string depicted as red or black circles, respectively. In parts (B) and (D), the free
energy along the MFEP in parts (A) and (C), respectively, is plotted as a function of evenly spaced
images. The initial string corresponds to a sequential mechanism, where phosphoryl transfer
occurs prior to proton transfer, in (A) and to a concerted mechanism, where both steps occur
simultaneously, in (C). Both string simulations converged to the sequential mechanism, where
phosphoryl transfer occurs prior to proton transfer. The first independent string was determined
to be better converged because the initial string was closer to the final string, and therefore it
sampled the intermediate product region more extensively. Thus, the first string is shown in the
main paper. The error bars in the free energy profiles along the MFEP correspond to the statistical
errors of the WHAM procedure and were obtained using a bootstrapping error analysis with nine
“fake” data sets.”> Note that these error bars do not account for errors arising from the level of
theory used to generate the potential energy surface and the limited conformational sampling,
resulting in potentially misleading smaller statistical error bars for the second independent string.
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Figure S3: Two-dimensional free energy surface as a function of the proton transfer coordinate
and the P-O bond breaking/forming coordinate for two independent string simulations of the Pol
n system with three metal ions in the active site. In parts (A) and (C), the initial string for each
independent string simulation is shown in red, and the final string is shown in black, with the
images along the string depicted as red or black circles, respectively. In parts (B) and (D), the free
energy along the MFEP in parts (A) and (C), respectively, is plotted as a function of evenly spaced
images. The initial string corresponds to a sequential mechanism, where phosphoryl transfer
occurs prior to proton transfer, in (A) and to a concerted mechanism, where both steps occur
simultaneously, in (C). Both string simulations converged to the same mechanism, which
corresponds to only phosphoryl transfer with no subsequent proton transfer. The second
independent string was determined to be better converged and therefore is shown in the main paper.
The error bars in the free energy profiles along the MFEP correspond to the statistical errors of the
WHAM procedure and were obtained using a bootstrapping error analysis with nine “fake” data
sets.?> Note that these error bars do not account for errors arising from the level of theory used to
generate the potential energy surface and the limited conformational sampling.
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Figure S4: Plots of all reaction coordinates (defined in Figure S1) along the MFEPs for the Pol 1)
system with two metal ions in the active site for parts (A) and (B) and three metal ions in the active

site for parts (C) and (D). Parts (A) and (B) correspond to Figures S2A and S2C, respectively, and
parts (C) and (D) correspond to Figures S3A and S3C, respectively.
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Figure S5: The root-mean-square deviation (RMSD) of each reaction coordinate for the iterations
noted in the legend. The RMSD of each reaction coordinate for the specified iteration was
calculated relative to its value averaged over the previous five iterations. Parts A and B depict the
analyses for the two independent strings of the two-metal system based on the initial strings
associated with the sequential and concerted mechanisms, respectively. Parts C and D depict the
analyses for the two independent strings of the three-metal system based on the initial strings
associated with the sequential and concerted mechanisms, respectively. This figure indicates that
the RMSD for all reaction coordinates of all four strings is below 0.1 A for the final iteration. The
RMSDs are somewhat larger for part A than for the other parts because of a slight shifting of the
image numbering for the free energy curves in the last few iterations of that string (Figure S6A).
However, these RMSD values still meet the convergence criterion described above, and the free
energy barriers are fully converged.
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Figure S6: Free energy profiles along the MFEPs for the last five iterations, illustrating
convergence of the mechanism and the relative free energies. Parts A and B depict the analyses
for the two independent strings of the two-metal system based on the initial strings associated with
the sequential and concerted mechanisms, respectively. Parts C and D depict the analyses for the
independent strings of the three-metal system based on the initial strings associated with the
sequential and concerted mechanisms, respectively. Note that the image numbering is shifted
slightly over the last few iterations for part A due to minor slippage of the entire string toward the
reactant, but the free energy barriers are converged.
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Table S1. Relevant pK, Values.

System pKa

Mg-dATP in solution” 4.6 y-phosphate group
dATP in solution’ 6.53 y-phosphate group
Aspartatic acid side chain® 3.71

Glutamic acid side chain® 4.15

H;0™" ¢ -1.74

Mg-H20 in solution® 11.2

DNA 3°OH in RNA polymerase with Mn?*/ 8.2

RNA 2’0OH in solution® 13.9

“Value from Ref. 26; potentiometric pH titrations at 25°C and /= 0.1M in solution.

bValue from Ref. 27; potentiometric pH titrations at 25°C and /= 0.1M in solution.

¢Value from Ref. 28.

4Value from Ref 29.

“Value from Ref. 30; potentiometric pH titrations at 25°C and /= 0 M in solution.

/Value from Ref. 31; pH dependence studies using RNA-dependent RNA polymerase and Mn**.
gValue from Ref. 32; potentiometric pH titration at 10°C and /= 0.07 M in solution.

Table S2. Hydrogen Bond Analysis for the Two-Metal System in the Reactant State.”

Acceptor Donor Percentage (%)  Avg. Dist. (A) Avg. Angle (°)
ATP O5’ DT3 HO3’ 82.5 2.65 155
Water DT3 HO3’ 7.8 2.88 145
ATP O2A DT3 HO3’ 0.9 2.76 150
DT3 03’ S113 HG 0.1 291 163

“The classical MD trajectory with protonated 3’OH was propagated for 100 ns. The percentage
of the trajectory that the hydrogen bond was present, the average donor-acceptor distance, and
the average donor-hydrogen-acceptor angle are given for hydrogen bonds interacting with the
attacking oxygen (O3”) of thymine. The AMBER program atom nomenclature is used.

Table S3. Hydrogen Bond Analysis for the Three-Metal System in the Reactant State.”

Acceptor Donor Fraction (%) Avg. Dist. (A) Avg. Angle (°)
ATP O5’ DT3 HO3’ 72.7 2.65 152
Water DT3 HO3’ 12.4 2.74 166
ATP O1A DT3 HO3’ 0.1 2.79 145

“The classical MD trajectory with protonated 3’OH was propagated for 100 ns. The percentage
of the trajectory that the hydrogen bond was present, the average donor-acceptor distance, and
the average donor-hydrogen-acceptor angle are given for hydrogen bonds interacting with the
attacking oxygen (O3”) of thymine. The AMBER program atom nomenclature is used.
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Table S4. Hydrogen Bond Analysis for the Two-Metal System in the Reactant State.?

Acceptor Donor Fraction (%) Avg. Dist. (A) Avg. Angle (°)
ATP O2B ATP HO3’ 99.5 2.65 165
ATP 02G Y52 HH 96.1 2.60 167
ATP O3G R55 HH12 88.5 2.79 163
ATP 02G Cl6 H 75.0 2.85 165
ATP O3B R55 HH22 75.0 2.86 158
ATP 02G K231 HZ1 42.1 2.85 163
ATP O2A R61 HH22 12.7 2.83 162

“The classical MD trajectory with protonated 3’OH was propagated for 100 ns. The percentage
of the trajectory that the hydrogen bond was present, the average donor-acceptor distance, and
the average donor-hydrogen-acceptor angle are given for hydrogen bonds interacting with the
oxygens on the  and y phosphates of the incoming dATP. The AMBER program atom
nomenclature is used.

Table S5. Hydrogen Bond Analysis for the Three-Metal System in the Reactant State.”

Acceptor Donor Fraction (%) Avg. Dist. (A) Avg. Angle (°)
ATP O2B ATP HO3® 99.6 2.64 162
ATP 02G Y52 HH 99.6 2.60 164
ATP 02G R55 HH22 81.4 2.80 155
ATP 02G Cl6 H 59.6 2.86 166
ATP O1B F17H 50.4 291 158
ATP 02G R55 HH12 47.6 2.85 149
ATP O2B R61 HH22 23.9 2.87 152

“The classical MD trajectory with protonated 3’OH was propagated for 100 ns. The percentage
of the trajectory that the hydrogen bond was present, the average donor-acceptor distance, and
the average donor-hydrogen-acceptor angle are given for hydrogen bonds interacting with the
oxygens on the  and y phosphates of the incoming dATP. The AMBER program atom
nomenclature is used.

Movie S1. Movie of the QM/MM MD trajectory for the two-metal system demonstrating that a
hydroxide ion coordinated to the Mg?" ion in the A position could potentially activate the O3’ via
deprotonation. The Mg*" ion in the A position is represented by the pink sphere in the
foreground. At the beginning of the movie, a hydroxide is bound to the Mg** ion and is hydrogen
bonded to the 3’OH. The Mg?*-bound hydroxide abstracts a proton from O3’H, followed by
rotation of the Mg?*-bound water. The total duration of the trajectory is 100 fs.
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