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A.

B.

Simulation details of G-T mispair in aqueous solution

Structure Preparation

The G-T nucleoside pair was generated based on residues 3 and 14 of PDB entry 1D92." The
OL15 force field’> was used to model the nucleoside pair. Hydrogen atoms were added using
the LEaP program in AmberTools.> A cuboid water box was employed to solvate the system
with the distance from the box boundary to the nucleoside pair at least 25 A, giving a box size
of ~64 A x 70 A x 69 A. The TIP3P water model* was used to model the solvent. Na* and CI~
ions were added to the system to provide a salt concentration of ~0.15 M. The van der Waals
(VDW) parameters of Na" and Cl~ were obtained from the hydration free energy (HFE)
parameter set developed by Li et al.®

Structure Equilibration

The following steps were carried out to equilibrate the system.

(1)
2)
)
(4)

)

(6)

(7

®)

10000 steps of minimization using the steepest descent algorithm, with 200 kcal/mol® A~
restraints on the heavy atoms of the nucleoside pair.

500 ps NVT molecular dynamics (MD) at 300 K, with 200 kcal/mol*A? restraints on the
heavy atoms of the nucleoside pair.

500 ps NPT MD at 300 K and 1 atm, with 200 kcal/mol®A? restraints on the heavy atoms of
the nucleoside pair.

10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 100 kcal/mol® A2 restraints on the
heavy atoms of the nucleoside pair during these 20000 steps of minimization.

10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 50 kcal/mol® A~ restraints on the
heavy atoms of the nucleoside pair during these 20000 steps of minimization.

10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 20 kcal/mol*A restraints on the
heavy atoms of the nucleoside pair during these 20000 steps of minimization.

360 ps NVT heating using the following procedure: (a) 50 ps heating from 0 to 50 K followed
by 50 ps equilibration at 50 K; (b) 50 ps heating from 50 to 100 K followed by 50 ps
equilibration at 100 K; (¢) 50 ps heating from 100 to 150 K followed by 50 ps equilibration
at 150 K; (d) 50 ps heating from 150 to 200 K followed by 50 ps equilibration at 200 K; (e)
50 ps heating from 200 to 250 K followed by 50 ps equilibration at 250 K; (f) 50 ps heating
from 250 to 300 K followed by 50 ps equilibration at 300 K. During this heating procedure
20 kcal/mol® A2 restraints were applied to the heavy atoms of the nucleoside pair to keep its
planarity in the aqueous solution.

2 ns NPT equilibration at 300 K and 1 atm, with 20 kcal/mol®A? restraints on the heavy
atoms of the nucleoside pair to keep its planarity in the aqueous solution.

Periodic boundary conditions (PBCs) were used for all of the simulations. The particle mesh Ewald
(PME) method® was employed to account for the long-range electrostatic interactions with the
nonbonded cut-off set as 10 A. The Langevin thermostat was utilized to control the temperature
using a collision frequency of 2 ps'. The Berendsen barostat was used to control the pressure in
the NPT simulations. The SHAKE algorithm’ was employed to constrain the covalent bonds
involving hydrogen atoms, while a “three-point” SHAKE algorithm was used for the water
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molecules.® The time step was 1 fs for the MD simulations. The restraint strength mentioned in
this document is for the equation U=k(r-r0), where k is the restraint strength.

C. Generation of the Initial Strings

For all of the systems investigated in the present work, the following protocol was used for
generating the initial strings. The QM/MM minimizations were carried out using the sander
program in AMBER? and the Q-Chem/AMBER QM/MM interface.” The nonbonded cut-off was
set as 999 A in these minimizations so that no cut-off was applied. The electrostatic embedding
scheme was used in these QM/MM calculations.

The following procedure was employed to generate the initial strings for all four systems.

(1
2

3)

4

)

(6)

The structure after the Structure Equilibration was truncated by keeping the water molecules
and ions containing at least one atom that is within 23 A of the solute molecule.

The structure was minimized using the quantum mechanical/molecular mechanical
(QM/MM) method. The system was minimized by allowing only the QM region to move in
a frozen aqueous environment. These minimizations were performed to generate the initial
strings describing the tautomerization process of the G-T mispair (Figure S2).

The structure was minimized by 50 steps of minimization using the steepest descent
algorithm followed by 50 steps of minimization using the conjugate gradient algorithm.
During these minimizations, restraints obtained from the optimized wG-T geometry for the
G-T base pair in gas phase (Table S1) were applied to the reaction coordinates with restraint
strengths of 100 kcal/mol®*A2. Subsequently, the system was minimized without any
restraints by 50 steps of minimization using the steepest descent algorithm and then 50 steps
of minimization using the conjugate gradient algorithm. The final configuration was treated
as the wG-T structure in the structure interpolation.

The structure was minimized by 50 steps of minimization using the steepest descent
algorithm followed by 50 steps of minimization using the conjugate gradient algorithm.
During these minimizations, restraints obtained from the optimized transition state geometry,
denoted TS(WG-T«—>G-T%*), for the G-T base pair in gas phase (Table S1) were applied to the
reaction coordinates with restraint strengths of 100 kcal/mol® A, The final configuration was
treated as the wG-T«>G-T* structure in the structure interpolation.

The structure was minimized by 50 steps of minimization using the steepest descent
algorithm followed by 50 steps of minimization using the conjugate gradient algorithm.
During these minimizations, restraints obtained from the optimized G-T* geometry for the
G-T base pair in gas phase (Table S1) were applied to the reaction coordinates with restraint
strengths of 100 kcal/mol®*A2. Subsequently, the system was minimized without any
restraints by 50 steps of minimization using the steepest descent algorithm and then 50 steps
of minimization using the conjugate gradient algorithm. The final configuration was treated
as the G-T* structure in the structure interpolation.

The structure was minimized by 50 steps of minimization using the steepest descent
algorithm followed by 50 steps of minimization using the conjugate gradient algorithm.
During these minimizations, restraints obtained from the optimized TS(G-T*«—>G*-T)
geometry for the G-T base pair in gas phase (Table S1) were applied to the reaction
coordinates with restraint strengths of 100 kcal/mol®A2. The final configuration was treated
as the G-T*«G*-T structure in the structure interpolation.
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(7) The structure was minimized by 50 steps of minimization using the steepest descent
algorithm followed by 50 steps of minimization using the conjugate gradient algorithm.
During these minimizations, restraints obtained from the optimized G*-T geometry for G-T
base pair in gas phase (Table S1) were applied to the reaction coordinates with restraint
strengths of 100 kcal/mol®*A2. Subsequently, the system was minimized without any
restraints by 50 steps of minimization using the steepest descent algorithm and then 50 steps
of minimization using the conjugate gradient algorithm. The final configuration was treated
as the G*-T structure in the structure interpolation.

(8) Finally, two initial strings were generated for the QM/MM finite temperature string
simulations. To generate the wG-T->G-T* string, a quadratic interpolation was performed
based on the QM/MM minimized wG-T, wG-T«>G-T*, and G-T* structures. A total of 13
reaction coordinates (Figure 3) were used, and 25 images were generated. A set of restraints
for the reaction coordinates was generated based on these images. To generate the G-
T*->G*-T string, a quadratic interpolation was performed based on the QM/MM minimized
G-T*, G-T*—G*-T, and G*-T structures. The same 13 reaction coordinates were used, and
15 images were generated. Fewer images were used for this string because of the smaller
structural changes associated with the G-T*->G*-T tautomerization compared to the wG-
T->G-T* tautomerization. A set of restraints for the reaction coordinates were generated
based on these images.

D. QM/MM String Simulations

For all of the systems investigated in the present work, the following protocol was used for the
finite-temperature string simulations. The CHARMM software package'® was used to perform the
classical MD simulations, and the Q-Chem/CHARMM interface!! was used for the QM/MM
simulations. The Langevin thermostat was used to control the temperature at 300 K, and the
nonbonded cut-off was set to 999 A so that no cut-off was applied. The electrostatic embedding
scheme was used in these QM/MM simulations with the point charges of the link host groups set
to zero. This scheme was also used to obtain the results given in Tables S6 and S8, i.e., the point
charges of the link host groups were also treated as zero in these electrostatic interaction analyses.

The following procedure was used for the QM/MM string simulations for all four systems.

(1) The finite temperature string method with umbrella sampling'?!3 was used to carry out the
free energy simulations. Each image of the string was equilibrated for 10 ps using classical
MD simulations. These equilibrations were performed allowing only the inner MM region,
which was defined as residues (including water molecules and ions) with at least one atom
within 18 A of the N1 atom of the guanine base, to move, while the QM region and outer
MM region were kept frozen.

(2) 100 fs QM/MM equilibration was performed for each image while applying the restraints
generated from the quadratic interpolation described above. The restraint strength was 50
kcal/mol® A2 for each reaction coordinate. Subsequently, an updated string was fitted based
on the average values of the reaction coordinates for each image during the equilibration. The
images were redistributed evenly along this updated string. This updated string was used in
the first iteration of the QM/MM string simulations. For each image, the final configuration
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3)

of the QM/MM equilibration was used as the initial configuration in the first iteration of the
QM/MM string simulations.

The subsequent iterations of the QM/MM string simulations were performed in a similar
manner. Specifically, an updated string, which was generated based on the previous iteration,
was used in the current iteration, and the final configurations of the previous iteration were
used as the initial configurations of the current iteration. To enhance sampling of the high-
energy regions, larger restraints (with strengths of 75 or 100 kcal/mol®A2) were applied for
some reaction coordinates in certain iterations. For the wG-T—>G-T* string, 24 iterations
were used in the analysis because the convergence criteria were satisfied at this point, and
oscillations were observed after this iteration, presumably caused by the flexibility of the
nucleoside pair in aqueous solution. For the G-T*->G*-T string, the string simulations were
carried out for 25 iterations and also satisfied the convergence criteria. The convergence
criteria were: (1) the root-mean square deviation (RMSD) between each reaction coordinate
of the final string and the same reaction coordinate averaged over the previous five iterations
is within 0.1 A, and (2) the calculated free energy barrier along the mean free energy path
(MFEP) is within 0.5 kcal/mol for the five most recent datasets (i.e. data from iterations 1—
21, 1-22, 1-23, 1-24, and 1-25 for the G-T*->G*-T string). The string convergence is
illustrated in Figures S3A and S4A. For each data set, the string that was used in the last
iteration was considered to be the MFEP. The binless weighted histogram analysis method
(WHAM) approach'* was used to generate the free energy surfaces using the data from all
iterations for each string. The statistical uncertainties of the free energies were analyzed using
the bootstrapping approach, as shown in Figure SS5.
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Simulation details of G-T mispair in the A-DNA duplex

A. Structure Preparation

The structure from PDB entry 1D92! was used to model the system. It has two G-T mispairs that
are composed of residues 3 and 14 and residues 6 and 11. Only the first G-T mispair was retained,
and residue 6 was mutated from T to C. The same protocol was used to prepare the DNA duplex
system as was used to prepare the nucleoside pair system except that for the DNA duplex system,
Mg?" ions were added to neutralize the system before adding the Na" and CI™ ions to a final
concentration of 0.15 M. For this system, the solvent box was ~82 A x 81 A x 90 A. The VDW
parameters of the Mg?* ions were obtained from Allner et al.'®

B. Structure Equilibration

The following steps were carried out to equilibrate the system.

(1) 10000 steps of minimization using the steepest descent algorithm, with 200 kcal/moleA-
restraints on the backbone heavy atoms (i.e., P, O3', O5', C3', C4', and C5").

(2) 500 ps NVT MD at 300 K, with 200 kcal/mol* A2 restraints on the backbone heavy atoms.

(3) 500 ps NPT MD at 300 K and 1 atm, with 200 kcal/mol® A2 restraints on the backbone heavy
atoms.

(4) 10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 100 kcal/mol®A2 restraints on the
backbone heavy atoms during these 20000 steps of minimization.

(5) 10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 50 kcal/mol® A~ restraints on the
backbone heavy atoms during these 20000 steps of minimization.

(6) 10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 20 kcal/mol® A~ restraints on the
backbone heavy atoms during these 20000 steps of minimization.

(7) 10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm, with 10 kcal/mol*A~ restraints on the
backbone heavy atoms during these 20000 steps of minimization.

(8) 10000 steps of minimization using the steepest descent algorithm followed by 10000 steps of
minimization using the conjugate gradient algorithm.

(9) 360 ps NVT heating using the following procedure: (a) 50 ps heating from 0 to 50 K followed
by 50 ps equilibration at 50 K; (b) 50 ps heating from 50 to 100 K followed by 50 ps
equilibration at 100 K; (c) 50 ps heating from 100 to 150 K followed by 50 ps equilibration
at 150 K; (d) 50 ps heating from 150 to 200 K followed by 50 ps equilibration at 200 K; (e)
50 ps heating from 200 to 250 K followed by 50 ps equilibration at 250 K; (f) 50 ps heating
from 250 to 300 K followed by 50 ps equilibration at 300 K.

(10) 2 ns NPT equilibration at 300 K and 1 atm.

In order to keep the wobble structure of the G-T mispair, a set of restraints was applied during the
steps listed above. Two distances were restrained: (G)O6-(T)N3 with an equilibrium distance of
2.76 A, and (G)N1-(T)O2 with an equilibrium distance of 2.74 A. These two values were obtained
from the crystal structure 1D92.' The restraint strength was 50 kcal/mol® A2 for each of these two
restraints.
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The same protocol was used for the generation of the initial strings and for the QM/MM string
simulations for the G-T mispair in the A-DNA duplex as was used for the G-T mispair in aqueous
solution. 25 iterations were propagated for both the wG-T>G-T* and G-T*>G*-T strings. The
string convergence is illustrated in Figures S3B and S4B. The statistical uncertainties of the free
energies were analyzed using the bootstrapping approach, as shown in Figure S5.
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Simulation details of G-T mispair in the B-DNA duplex

The nucleic acid builder (NAB) program in AmberTools® was used to generate a B-DNA duplex
in the Arnott form with the sequence of the first chain as GGGGCCCC (from 5'-terminal to 3'-
terminal). Subsequently, the complementary base of the third G was mutated from C to T,
producing the identical DNA sequence as the A-DNA duplex investigated herein. For this system,
the solvent box was ~76 A x 77 A x 87 A. The protocol to build and simulate the B-DNA duplex
were the same as those used to build and simulate the A-DNA duplex except that in the Structure
Equilibration step, an additional 20 ns NVT equilibration was performed to further equilibrate the
system after the final 2 ns NPT equilibration while still retaining the same wobble restraints. This
additional equilibration was performed because the initial geometry of the DNA duplex was built
by a computer program and was not obtained from a crystal structure. 25 iterations were
propagated for both the wG-T>G-T* and G-T*->G*-T strings. The string convergence is
illustrated in Figures S3C and S4C. The statistical uncertainties of the free energies were analyzed
using the bootstrapping approach, as shown in Figure S5.
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Simulation details of G-T mispair in the DNA polymerase A variant

Chains A, C, D, and H from PDB entry 3PML'® were used to build the protein-DNA-GTP complex,
which contains a protein monomer of the DNA polymerase A variant. This structure has the G-T
mispair in the dGMPCPP:T WC-like form, but the free energy simulations were initiated in the
wobble form for consistency with the other simulations. dG1 in Chain D was modified to be a 5’
terminal residue. The H++ webserver!” was used to add hydrogen atoms to the protein-DNA
complex. Subsequently, the protonation state of Asp429 (residue number in the original PDB file)
in Chain A was corrected by considering its coordination to a metal ion. The GMPCPP residue in
Chain A was changed to GTP by renaming it from “1GC” to “GTP” and changing its “C3A” atom
to “O3A”. The partial charges of GTP were obtained from previous work in our group,'® and the
phosphate parameters of GTP were obtained from Meagher et al.'” A cuboid TIP3P water box was
used to solvate the system with the distance from the protein-DNA-GTP complex to the box
boundary at least 14 A, giving a box size of ~91 A x 96 A x 95 A. Na* and CI ions were added
to neutralize the system and then provide a salt concentration of ~0.15 M. The VDW parameters
for Mg?" from Allnér et al.!> were used to model the Mg?* ions. The VDW parameters for Na* and
CI ™ ions were obtained from Li et al.’

The same protocol was used for the structure equilibration, generation of the initial strings, and
the QM/MM string simulations of the DNA polymerase A variant as was used for the A-DNA
duplex except the following:

(1) For the Structure Equilibration procedure, in addition to the restraints on the backbone
P, 03", 05', C3', C4', and C5' atoms of DNA and GTP, as well as the restraints maintaining the G-
T mispair wobble form, restraints on the backbone N, CA, and C atoms of the protein were also
applied to the system in the first seven steps.

(2) For the Generation of the Initial Strings procedure, the structure obtained after the
Structure Equilibration was truncated by keeping the water molecules and ions with at least one
atom within 12 A of the protein-DNA-GTP complex.

For the DNA polymerase A variant, 25 iterations were propagated for both the wG-T->G-T* and
G-T*->G*-T strings. The string convergence is illustrated in Figures S3D and S4D. The statistical
uncertainties of the free energies were analyzed using the bootstrapping approach, as shown in
Figure S5.
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Optimized geometries of G-T base pair in gas phase

To obtain reasonable structures for the procedure used to generate the initial strings, we reproduced
the results from a previous publication.?’ The structures of the G-T mispair in the wG-T, TS(WG-
T—G-T*), G-T*, TS(G-T*—G*-T), and G*-T states were optimized at the M06/6-311++G**
level of theory, as in the previous work.?’ A frequency analysis was performed to ensure that a
minimum was found for the wG-T, G-T*, and G*-T states, and only one imaginary frequency was
found for the TS(WG-T«>G-T*) and TS(G-T*«—>G*-T) states. The relative energy values were
reproduced for these states. These calculations were performed using the Gaussian09 program.?!
The Cartesian coordinates of the optimized structures are given below, and the corresponding
values of the 13 reaction coordinates for these structures are given in Table S1. These values were
used as restraints in the geometry optimizations performed prior to the quadratic interpolation
procedure implemented to generate the initial strings. These gas phase optimized structures were
not used in the production level QM/MM string simulations.

wG-T:

7
6
8
7
6
8
6
6
6
1
1
1
1
1
7
6
7
6
6
8
7
6
7
7
6
1
1
1
1
1

3.439095
2.181181
1.183852
2.161358
3.278311
3.140286
4.576564
5.797966
4.595713
1.225832
6.705244
5.811846
5.816497
5.519709
-5.070807
-4.757243
-3.479957
-2.912035
-1.542194
-0.524364
-1.442616
-2.481019
-2.147308
-3.739557
-3.886185
-5.530281
-0.480044
-2.891944
-1.203649
3.467112

1.666637
1.114384
1.825342
-0.246778
-1.101675
-2.299648
-0.421815
-1.270601
0.918332
-0.696295
-0.660930
-1.903079
-1.950774
1.487833
-0.674095
-2.019476
-2.240669
-0.988572
-0.586946
-1.261040
0.818041
1.697188
3.013587
1.341765
0.002088
-2.776281
1.181713
3.669887
3.298011
2.675355

-0.051170
-0.042129
-0.062447
-0.008713
0.018218
0.047940
0.007179
0.033877
-0.025979
-0.004489
0.019879
0.927277
-0.823611
-0.035629
-0.016580
-0.035653
-0.030637
-0.006121
0.006349
-0.006019
0.036465
0.041195
0.102321
0.020596
0.002803
-0.052497
0.037283
-0.070443
-0.113153
-0.070590
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1

-5.986336

-0.249537

TS(WG-T—>G-T*):

7
6
8
7
6

AN (D

-T:

3.492819
2.149857
1.307975
1.811657
2.743089
2.365013
4.165892
5.177549
4.473432
0.404416
6.196100
5.052917
5.053058
5.497007
-4.884441
-4.766198
-3.539798
-2.797191
-1.421455
-0.541616
-1.063699
-1.956872
-1.411714
-3.264001
-3.618599
-5.641789
-0.054394
-2.030900
-0.394906
3.715933
-5.731210

*

1.012048
1.747998
1.051148
3.062864
3.585521
2.938187
1.516772
0.739585

1.607996
1.278830
2.201749
-0.010846
-1.021115
-2.189606
-0.662112
-1.752549
0.644901
-1.298526
-1.352524
-2.398876
-2.399025
1.008514
-0.300490
-1.680913
-2.091321
-0.932258
-0.700755
-1.633147
0.609632
1.655808
2.873832
1.484718
0.200570
-2.316490
0.848695
3.666799
2.970931
2.592059
0.249397

0.427790
1.578756
2.728695
1.592931
0.356537
-0.875717
-0.875256
-1.830626

-0.014219

-0.000096
-0.000231
-0.000394
-0.000189
0.000006
0.000083
0.000109
0.000284
0.000053
-0.000171
0.000332
0.875433
-0.874775
0.000128
0.000078
-0.000042
-0.000118
-0.000046
-0.000084
-0.000199
0.000007
0.000156
0.000297
0.000186
0.000077
-0.000065
-0.000108
0.000266
0.000183
-0.000156
0.000155

-0.000386
-0.000260
-0.000499
-0.000002
0.000095
-0.000017
-0.000248
-0.000321
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7
6
7
1

1
1
1
7
6
8
7
6
8
6
6
6
1
1
1
1
1
1
1

3.843457
5.001727
4.914892
1.579067
0.030413
-0.019583
5.960544
-3.877760
-2.484813
-1.906032
-1.851362
-2.520027
-1.883423
-3.956051
-4.662789
-4.581449
-4.391151
-4.391060
-5.746869
-5.663357
-0.880402
5.669162
-4.345277

-1.913085
-1.332706
0.047079
3.585159
2.747064
0.479396
-1.834380
1.433094
1.473462
2.549674
0.270895
-0.861013
-1.995146
-0.929909
-2.241107
0.267629
-2.836504
-2.8366016
-2.099348
0.356417
-1.875359
0.717291
2.329825

TS(G-T*—G*-T):

7
6

el N B o) NN B oo We) Se) MEN BEN

0N J 0N

-0.853675
-1.546858
-0.823470
-2.869900
-3.480266
-2.896638
-1.499509
-0.856855
-3.852662
-4.976064
-4.823046
-1.343337
0.203889
0.358707
-5.959303
3.855192
2.474369
1.969658
1.767671
2.362136
1.672295

0.332231
1.519618
2.643687
1.620774
0.442154
-0.823669
-0.859853
-1.974588
-1.817889
-1.175860

0.000169
0.000382
0.000352
0.000062
-0.000172
-0.000433
0.000575
0.000294
0.000148
0.000207
-0.000057
-0.000072
-0.000233
0.000085
0.000045
0.000262
-0.877334
0.877320
0.000112
0.000390
-0.000295
0.000487
0.000444

-0.000175
0.000202
0.000475
0.000351
0.000128
-0.000143
-0.000261
-0.000505
-0.000242
-0.000051

0.201092  0.000200
3.505828 0.000483
2.660673 0.000184

0.355314
-1.627992
1.374674
1.489207
2.608008
0.332034

-0.000133
-0.000053
-0.000239
-0.000290
-0.000425
-0.000159

-0.894778 0.000127
-1.928457 0.000366

S13



— = e e = = e N ON O

3.815316
4.455071
4.500310
4.149548
4.149585
5.545512
5.585434
0.163931
-5.545690
4.362972

G*-T:

7
6
7
7
6
6
6

0.948023
1.643642
0.915619
2.969777
3.592183
3.014862
1.615201
0.975630
3.977397
5.098340
4.939288
1.420813
-0.098732
6.083721
-3.981709
-2.609007
-2.066859
-1.935352
-2.488318
-1.766569
-3.942381
-4.589772
-4.615663
-0.889881
-4.289440
-4.280166
-5.679148
-5.700425
-0.003739
-4.505093

-0.987943
-2.331777
0.168729
-2.912604
-2.912912
-2.247566
0.206235
-1.901100
0.905444
2.247804

0.316085
1.483983
2.621588
1.618379
0.447244
-0.821442
-0.837881
-1.982760
-1.810467
-1.161671
0.212919
3.490699
2.627053
-1.609294
1.386396
1.527187
2.612971
0.335015
-0.933355
-1.919685
-0.995715
-2.335462
0.168033
0.379381
-2.902665
-2.929477
-2.247489
0.205471
-1.873014
2.250242

0.000146
0.000396
-0.000022
0.876631
-0.875648
0.000400
0.000005
-0.000174
0.000265
-0.000312

-0.024590
-0.033347
-0.068804
-0.018417
0.000686
0.007890
-0.005191
0.002230
0.027691
0.032532
0.017322
-0.030876
-0.022165
0.047032
0.034649
0.027875
0.041477
0.004603
-0.011337
-0.030817
-0.002884
-0.019864
0.019484
-0.005894
-0.906614
0.845891
-0.012641
0.026976
-0.014001
0.051041

5.658667 0.919958 0.015901
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Figure S1. Illustration of the QM regions in the QM/MM simulations of the G-T mispair in (A)
aqueous solution, and (B) the DNA polymerase A variant. The atoms depicted in red are in the QM
region, and the cut bonds are indicated by wavy curves. Illustration of the QM region for the G-T
mispair in the DNA duplexes is shown in Figure 2 of the main paper.
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Figure S2. Schematic depiction of G-T mispair tautomerization. Here wG-T denotes the wobble
structure, and G* and T* represent G and T, respectively, in their enol forms. The N, O, and H
atoms used to describe the reaction coordinates in Table S1 are marked with numbers.
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Figure S3. Illustration of the convergence of the wG-T—>G-T* tautomerization string in (A)
aqueous solution, (B) the A-DNA duplex, (C) the B-DNA duplex, and (D) the DNA polymerase
A variant. The left panels depict the RMSD values for each reaction coordinate in each of the five
most recent iterations when compared to the average values obtained from the previous five
iterations. The right panels depict the free energy profiles along the MFEPs as obtained from the
five most recent iterations.
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Figure S4. Illustration of the convergence of the G-T*->G*-T tautomerization string in (A)
aqueous solution, (B) the A-DNA duplex, (C) the B-DNA duplex, and (D) the DNA polymerase
A variant. The left panels depict the RMSD values for each reaction coordinate in each of the five
most recent iterations when compared to the average values obtained from the previous five
iterations. The right panels depict the free energy profiles along the MFEPs as obtained from the
five most recent iterations.
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Figure S5. Free energies along the MFEPs with statistical error bars for the (A) wG-T->G-T* and
(B) G*-T->G-T* tautomerization in aqueous solution, the A-DNA duplex, the B-DNA duplex,
and the DNA polymerase A variant. These error bars correspond to the statistical errors and were
obtained using the bootstrapping error analysis*’ with ten “fake” data sets. Note that these
statistical 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, which introduce greater
uncertainties.
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Figure S6. Representative configurations along the wG-T->G-T* tautomerization process in (A)
aqueous solution, (B) the A-DNA duplex, (C) the B-DNA duplex, and (D) the DNA polymearse
A variant. These structures are the last configurations of the last iteration of each string simulation
for the images corresponding to the reactant state, the “transition state” (i.e., top of the free energy
barrier), and the product state in Figure 4. Specifically, these configurations were obtained from
images 2, 19, and 24 of the string in aqueous solution, images 1, 16, and 23 of the string in the A-
DNA duplex, images 2, 14, and 24 of the string in the B-DNA duplex, and images 3, 14, and 25
of the string in the DNA polymerase A variant.
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Figure S7. (A) Comparison of the helix structures of A-DNA (blue) and B-DNA (gray) duplexes
when the G-T mispair is in the wG-T state. (B) Comparison of the base stacking in the A-DNA
(white/gray colors) and B-DNA (salmon color) duplexes when the G-T mispair is in the wG-T
state, with the G-T mispair flanked by the neighboring base pairs. (C) Comparison of the helix
structures of A-DNA (blue) and B-DNA (gray) duplexes when the G-T mispair is in the G-T*
state. (D) Comparison of the base packing in the A-DNA (white/gray colors) and B-DNA (salmon
color) duplexes when the G-T mispair is in the G-T* state, with the G-T mispair flanked by the
neighbouring base pairs. These structures correspond to the structures shown in Figure S6. The A-
DNA and B-DNA were superimposed by aligning the backbone heavy atoms (P, O3, O5, C3', C4',
and C5'").

S20



Mgg%;

Mga2*

Asn513

Figure S8. Interactions of Asn513, Arg517, and the two Mg?" ions with the G-T mispair in the
DNA polymerase A variant in (A) the wG-T state, where the structure shown is the last
configuration of the last iteration for image 3, and (B) the G-T* state, where the structure shown
is the last configuration of the last iteration for image 25 of the string for wG-T->G-T*
tautomerization. The hydrogen bonds within the G-T mispair are indicated with black dashed lines,
the hydrogen bond between Asn513 and G is indicated with a blue dashed line, and the hydrogen
bonds between Arg517 and G are indicated with red dashed lines.
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Figure S9. Representatlve configurations along the G-T*->G*-T tautomerization process in (A)
aqueous solution, (B) the A-DNA duplex, (C) the B-DNA duplex, and (D) the DNA polymearse
A variant. These structures are the last configurations of the last iteration of each string simulation
for the images corresponding to the reactant state, the “transition state” (i.e., top of the free energy
barrier), and the product state in Figure 7A. Specifically, these configurations were obtained from
images 3, 8, and 13 of the string in aqueous solution, images 2, 9, and 14 of the string in the A-
DNA duplex, images 2, 9, and 14 of the string in the B-DNA duplex, and images 1, 7, and 15 of
the string in the DNA polymerase A variant.
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Table S1. Reaction Coordinates of the QM Optimized Geometries in the Gas Phase.”

RC Atom pairs wG-T (W G-TE G-T*) G-T* ( G_T*"l(“_S) G*-T) G*-T
R1 | G(06)-T(O4) 3.81 2.96 2.63 2.53 2.74
R2 | G(O6)-T(H3) 1.84 1.00 1.62 1.02 0.99
R3 | T(H3)-T(O4) 2.50 2.15 1.01 1.51 1.76
R4 | G(NI1)-T(N3) 3.76 2.94 2.87 2.62 2.88
R5 | G(NI)-G(HI) 1.03 1.04 1.03 1.21 1.84
R6 | G(HI1)-T(N3) 3.00 2.05 1.84 1.41 1.05
R7 | G(N2)-T(02) 3.54 2.80 2.96 2.79 2.98
R8 | G(N2)-G(H21) 1.01 1.02 1.02 1.03 1.02
R9 | G(H21)-T(02) 2.81 1.87 1.95 1.77 1.97
R10 | G(O6)-T(N3) 2.87 2.86 3.34 3.49 3.72
R11 | T(N3)-T(H3) 1.04 1.91 2.36 2.75 2.93
R12 | G(NI)-T(02) 2.81 2.86 3.61 3.63 3.79
R13 | G(HI)-T(O2) 1.79 1.92 2.80 2.77 2.53

“Distances given in A.
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Table S2. Examples of G-T Mispairs in Different Polymerase Environments.?

“Reaction coordinates R1, R4, R7, R10, and R12 are shown in Figure 3. The distances are given

in A.

DNA DNA
polymerase polymerase DNA
Systems A variant BF1 variant polymergse
(closed state) (ajar state) RB69 variant
PDB ID 3PML'® 3HP6* 4M3R*
Chain/Residue ChA/Res701: | ChA/Res201: | ChP/Resl15:
ChC/ResS: ChC/Res3: ChT/Res5
G-T mispair GMPCPP:T TTP.G T:G
Geometry WC-like wobble wobble
R1 2.66 3.65 3.51
R4 2.97 3.74 3.45
R7 3.06 3.78 3.32
R10 3.83 2.79 2.83
R12 4.01 2.96 2.75
DNA DNA DNA
Systems polymerase polymerase | polymerase f§
Dpo4 n (closed state)
PDB ID 2AGO* 4J91.%* 4PGX*
G-T mispair ChB/Res1814: | ChA/Res503: | ChA/Res404:
ChC/Res1905 ChTRes4 ChT/Res6
G-T mispair G:T GMPNPP:T TMPNPP:G
Geometry staggered wobble WC-like
R1 4.63 3.50 2.97
R4 3.72 3.47 291
R7 3.04 3.55 2.85
R10 5.62 2.62 3.15
R12 5.03 2.55 3.17
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Table S3. Benchmark Calculations of Different Levels of Theory for Calculating the Relative
Energies between the wG-T and the G-T* or G*-T States in Gas Phase.”

E(G-T*) — E(G*-T)— Average
Method E(wG-T) E(wG-T) Unsigned Error
(kcal/mol) (kcal/mol) (kcal/mol)
MP2/CBS? -1.1 -2.3 0.0
CCSD(T)/cc-pVDZ -0.3 -2.9 0.7
MP2/aug-cc-pVDZ -1.3 -2.6 0.3
MP2/cc-pVDZ -0.6 -2.9 0.6
MP2/cc-pVTZ -1.3 -2.7 0.3
MP2/cc-pVQZ -1.1 2.4 0.1
B3LYP/6-31G* -1.2 -2.5 0.2
B3LYP/6-31+G** -0.5 -1.3 0.8
B3LYP/6-311G** 0.0 -1.3 1.1
B3LYP/6-311+G** 0.4 -0.6 1.6
MO06-2X/6-31G** -2.9 -4.2 1.9
MO06-2X/6-31+G** -2.4 -3.2 1.1
MO06-2X/6-311G** -1.8 -3.1 0.8
MO06-2X/6-311+G** -1.5 -2.5 0.3
B3LYP-D3/6-31G* -2.0 -3.4 1.0
B3LYP-D3/6-31+G** -1.3 -2.2 0.2
B3LYP-D3/6-311G** -0.9 -2.2 0.2
B3LYP-D3/6-311+G** -0.5 -1.5 0.7
MO06-2X-D3/6-31G** -3.0 -4.3 2.0
M06-2X-D3/6-31+G** -2.5 -3.3 1.2
MO06-2X-D3/6-311G** -1.9 -3.2 0.9
M06-2X-D3/6-311+G** -1.6 -2.6 0.4
wB97X-D/6-31G* -1.6 -3.1 0.7
wB97X-D/6-31+G** -1.2 -2.2 0.1
wB97X-D/6-311G** -0.6 -2.1 0.4
wB97X-D/6-311+G** -0.3 -1.5 0.8
wB97X-D3/6-31G* -1.7 -3.2 0.8
wB97X-D3/6-31+G** -1.2 -2.2 0.1
wB97X-D3/6-311G** -0.7 -2.1 0.3
wB97X-D3/6-311+G** -0.4 -1.5 0.8

2All benchmarking calculations were performed on the geometries of the G-T mispairs optimized
at the M06/6-311++G** level of theory given above. These calculations were performed using the
Gaussian 09 program?! except the wB97X-D3 calculations were performed using the Q-Chem
program®® because this density functional is unavailable in the Gaussian 09 program. “The
complete basis set (CBS) energies were used as the reference and were extrapolated based on the
results of the MP2/cc-pVTZ and MP2/cc-pVQZ calculations using the extrapolation formula:
B (X)) _yBE)

=) — X oy =V B , where X' = 3 and
orr Xﬁ _ Yﬁ

Y =4. Here a = 5.46 and B = 3.05, as given in Section 6.1.3.4 of the ORCA 2.9 manual.*’

Eens = ESh + ES), B} = Elg) + Aexp(-av/X ), and E|
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Table S4. Sampling Times for the QM/MM String Simulations.

String '# str.ing # images Sampl?ng time Sampling time
1terations | per string per 1image

wG-T-2>G-T* in aqueous solution 24 25 100 fs 60.0 ps
wG-T2>G-T* in A-DNA 25 25 100 fs 62.5 ps
wG-T-2>G-T* in B-DNA 25 25 100 fs 62.5 ps
wG-T2>G-T* in polymerase 25 25 100 fs 62.5 ps
G-T*->G*-T in aqueous solution 25 15 100 fs 37.5 ps
G-T*>G*-T in A-DNA 25 15 100 fs 37.5 ps
G-T*>G*-T in B-DNA 25 15 100 fs 37.5 ps
G-T*->G*-T in polymerase 25 15 100 fs 37.5 ps

Total 397.5 ps
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Table S5. Average Hydrogen Bond Distances and Angles for Key States in G-T Mispair
Tautomerization.”

wG-T=>G-T* tautomerization

wG-T? 06-N3 06-H3-N3 N1-02 NI1-H1-O2
Aqueous 2.86 167.5 2.88 167.7
A-DNA 2.86 168.1 2.82 167.6
B-DNA 2.87 169.9 2.86 173.0
Polymerase 3.01 164.3 2.75 161.5
G-T* 06-04 | 06-H3-04 | NI-N3 NI1-H1-N3 N2-O2 | N2-H21-02
Aqueous 2.90 164.0 3.02 151.3 3.01 148.8
A-DNA 249 164.7 2.75 155.7 2.94 162.0
B-DNA 2.66 170.7 2.87 158.7 291 167.5
Polymerase 2.73 169.0 2.81 169.6 2.79 166.0
G-T*->G*-T tautomerization
G-T* 06-04 06-H3-04 | NI-N3 NI1-HI1-N3 N2-O2 | N2-H21-02
Aqueous 2.66 172.0 2.85 160.7 291 157.6
A-DNA 2.53 169.2 2.85 156.4 3.04 157.6
B-DNA 2.57 166.3 2.79 163.5 2.89 167.4
Polymerase 2.68 161.6 2.76 172.0 2.82 165.8
G*-T¢ 06-04 06-H3-04 | NI-N3 NI1-H1-N3 N2-O2 | N2-H21-02
Aqueous 2.70 158.4 2.80 171.8 2.90 164.2
A-DNA 2.58 166.2 2.80 165.8 3.00 166.1
B-DNA 2.55 161.3 2.77 167.4 2.90 167.0
Polymerase 2.59 162.1 2.83 170.0 2.88 165.8

“These values were obtained by averaging the distance or angle for the last iteration of each string
simulation for the images corresponding to the specified state. Distances are given in A, and angles
are given in degrees. These configurations were weighted according to the umbrella sampling
restraints. “The images are 2, 1, 2, and 3 of the string for wG-T—>G-T* tautomerization in aqueous
solution, the A-DNA duplex, the B-DNA duplex, and the DNA polymerase A variant, respectively.
“The images are 24, 23, 24, and 25 of the string for wG-T->G-T* tautomerization in aqueous
solution, the A-DNA duplex, the B-DNA duplex, and the DNA polymerase A variant, respectively.
9The images are 3, 2, 2, and 1 of the string for G-T*->G*-T tautomerization in aqueous solution,
the A-DNA duplex, the B-DNA duplex, and the DNA polymerase A variant, respectively. “The
images are 13, 14, 14, and 15 of the string for G-T*->G*-T tautomerization in aqueous solution,
the A-DNA duplex, the B-DNA duplex, and the DNA polymerase A variant, respectively.
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Table S6. Average Energy of G-T Mispair (Ec-T) and Average Electrostatic Interaction Energy
(Eelec) between G-T Mispair and Environment for Key States of wG-T->G-T* Tautomerization in
the A-DNA, B-DNA, and Polymerase Systems.”

wG-T-2>G-T* Tautomerization
Eg-t
Systems wG-T | wG-T—G-T* G-T*
A-DNA 0.0 17.6 (16.6) 6.2 (5.7)
B-DNA 0.0 5.8 (4.5) -17.1 (-11.2)
Polymerase 0.0 21.1(25.4) 2.1 (1.5)
Eelec
Systems wG-T | wG-T—G-T* G-T*
A-DNA 0.0 19.1 (17.1) 12.1 (13.8)
B-DNA 0.0 14.9 (20.9) 23.6 (25.6)
Polymerase 0.0 22.6 (16.5) -5.7 (-5.0)
Ec1 + Eelec
Systems wG-T | wG-T—G-T* G-T*
A-DNA 0.0 36.7 (33.7) 18.4 (19.5)
B-DNA 0.0 20.6 (25.4) 6.5 (14.3)
Polymerase 0.0 43.6 (41.9) -3.6 (-3.5)

“The average energy of the G-T mispair, Ec-t, 1s defined as the average energy of the QM region.
The average electrostatic interaction energy between the G-T mispair and the environment, Eelec,
is defined as the QM/MM electrostatic interaction energy. These average energies were obtained
based on the configurations of the last iteration in the string simulations for the images
corresponding to the wG-T state (image 1 for A-DNA, image 2 for B-DNA, and image 3 for
polymerase), the wG-T«—>G-T* state (image 16 for A-DNA, image 14 for B-DNA, and image 14
for polymerase), and the G-T* state (image 23 for A-DNA, image 24 for B-DNA, and image 25
for polymerase). These configurations were weighted according to the umbrella sampling
restraints. The values in brackets were obtained from the second-to-last iteration following the
same protocol to test the reproducibility. The results of this analysis for the aqueous system are
not given because the trends were not found to be reproducible according to this metric, most likely
due to the greater flexibility of the base pair in aqueous solution. Energies are given in kcal/mol.
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Table S7. P-P Distance of the G-T Mispair in the A-DNA and B-DNA Duplexes and DNA
Polymerase A Variant Systems for Key States in wG-T—>G-T* Tautomerization.”

wG-T wG-T—G-T* G-T*

A-DNA 20.3 20.3 19.9

B-DNA 19.7 20.0 19.5

DNA Polymerase 4 17.8 17.7 17.3
variant

“These distances are averaged over the last iteration of the QM/MM string simulations for images
1 (WG-T), 16 (WG-T<>G-T*), and 23 (G-T*) for the G-T mispair in the A-DNA duplex, image
numbers 2 (WG-T), 14 (WG-T<>G-T*), and 24 (G-T*) for the G-T mispair in the B-DNA duplex,
and image numbers 3 (WG-T), 14 (WG-T<>G-T*), and 25 (G-T*) for the G-T mispair in the DNA
polymerase A variant. These configurations were weighted according to the umbrella sampling
restraints. The distances are given in A. *For the DNA polymerase A variant, the P—P distance is
the distance between the P atom of the T residue and the PA atom of the GTP ligand.

Table S8. Contributions from Selected Groups in the Polymerase to the Relative Average
Electrostatic Interaction Energies between G-T Mispair and Environment for Key States of wG-
T->G-T* Tautomerization”

AEelec(G-T*) — AEelec(WG-T) AEelec(WG—THG-T*) — AEeIec(WG—T)
Asn513 -2.5 (-1.5) Asn513 0.6 (2.2)
Arg517 -10.0 (-10.4) Arg517 -3.3 (-5.0)

Mga®* -3.9 (-2.6) Mga?* 7.5 (6.1)
Mgg** -2.9 (-2.6) Mgg** 9.0 (7.2)

“The average electrostatic interaction energy between the G-T mispair and the environment, Eelec,
is defined as the QM/MM electrostatic interaction energy. Each term in the table was calculated
based on the following equation: AEeiec(A) — AEelec(B) = [Eclec(A) — Eelec'(A)] — [Eelec(B) — Eelec'(B)],
where A and B represent two states, and the prime indicates the average electrostatic interaction
energy computed without inclusion of the charges from the specified residue or ion. A negative
value of AFEeciec(A) — AEelec(B) signifies that the state A is stabilized relative to the state B by the
electrostatic environment. These energies were computed for the configurations of iteration 25 in
the string simulation for wG-T->G-T* tautomerization in the polymerase for the images
corresponding to the wG-T state (image 3), the wG-T«>G-T* state (image 14), and the G-T* state
(image 25). These configurations were weighted according to the umbrella sampling restraints.
The values in brackets were obtained from iteration 24 following the same protocol to test the
reproducibility.
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