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General unbiased MD simulation protocol. The systems were minimized for 1000 steps using the steepest 
descent algorithm, followed by the conjugate gradient algorithm, until the maximum force was less than 
100 kJ mol–1 nm–1. Subsequently, the systems were heated to 300 K (isolated AT-rich DNA) or 310 K 
(binary 8-oxoguanine (8OG)-damaged DNA/polymerase µ complex) for 100 ps in the NVT ensemble and 
equilibrated for 500 ps in the NPT ensemble with all heavy atoms restrained. Constant temperature was 
maintained using Langevin dynamics1 with a time coupling constant of 2 ps. A constant pressure of 1 bar 
was maintained using the Berendsen algorithm2 during equilibration, and the Parrinello–Rahman algorithm3 
during production with a time coupling constant of 2 ps. Periodic boundary conditions were applied, and 
long-range electrostatic interactions were calculated using the particle mesh Ewald method4 with a real-
space cut-off of 12 Å. Bonds with hydrogen were constrained using the LINCS algorithm,5 which allowed 
a time step of 2 fs. 
 
Charge derivation for 8OG. Geometry optimization of the anti and syn conformations of 8OG at the 
MP2/6-31G* level and electrostatic potential calculations at the HF/6-31G* level were performed using 
Gaussian 09.6 Subsequently, a multi-conformational restrained electrostatic potential7,8 fitting over the two 
8OG conformations was performed using antechamber.9 Only the charges of the purine, C1¢, and H1¢ atoms 
were derived, while the rest of the atoms were constrained to have the same charges as those in undamaged 
deoxyguanosine (Table S1). 
 
Table S1. Derived partial charges of 8-oxoguanine.a 

Atom name Atom type Charge Atom name Atom type Charge 
N9  N*  -0.004566 H1  H   0.348606 
C8  C   0.408236 C2  CA  0.717325 
O8  O   -0.490468 N2  N2  -0.811768 
N7  NA  -0.548021 H21 H   0.372421 
H7  H   0.398226 H22 H   0.372421 
C5  CB  0.007740 N3  NC  -0.529776 
C6  C   0.609879 C4  CB  0.106197 
O6  O   -0.625336 C1¢ CT  0.543252 
N1  NA  -0.576626 H1¢ H2  -0.176142 

a For the other atoms, the atom types and charges are the same as those of deoxyguanosine. 
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Figure S1. [ atoms ] Directive of the GROMACS topology file showing the transformation of real atoms 
to virtual atoms and vice versa. When the atom is virtual, the atom type is prefixed by “DUM_” and the 
charge is zero. 
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Table S2. Reference glycosyl torsion angles, H-bond distances, and H-bond angles for the harmonic 
restraints obtained from unbiased MD simulations of isolated AT-rich DNA with Watson–Crick (WC) or 
Hoogsteen (HG) base pairing modes of A4:T9 (see Scheme 2). 

 WC HG 
Glycosyl torsion angle  -102.6 64.9 
H-bond distance (Å)/angle (°)   
hbWC 3.0/10.9 - 
hbHG - 3.1/10.9 
hbC 3.0/11.4 2.9/14.3 

 

Table S3. Reference torsion angles for the harmonic restraints obtained from unbiased MD simulations of 
the DNA polymerase µ binary complex with anti or syn 8-oxoguanine (see Scheme 2). 

Torsion angle anti syn 
Glycosyl (°) -97.8 64.8 
Base-flipping (°) 2.8 9.1 

 
 

 

Figure S2. (A) Time evolution of backbone RMSDs in isolated AT-rich DNA with Watson–Crick (WC, 
grey) and Hoogsteen (HG, green) base pairing modes of A4:T9. Terminal base pairs were excluded from 
the calculation. (B) Comparison of the two structures from unbiased MD simulations.  
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Figure S3. Overlap matrices for the three stages of transformation of A4:T9 from Watson–Crick to 
Hoogsteen base pairing. The element Oij is the probability of observing a sample from state i (ith row) in 
state j (jth column). The recommended minimum probability for adjacent states (highlighted by thick black 
lines) is 0.03.10 
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Figure S4. Time evolution of the glycosyl torsion angles of anti and syn A4 at all l-states during the 
“restrain” stage of the transformation (data collected every 20 ps). The harmonic restraints on the real atoms 
were switched on from state 0 to state 5, while those on the virtual atoms were on at all l-states.  

 

Figure S5. Time evolution of the glycosyl torsion angles of anti and syn A4 at all l-states during the “FEP” 
stage of the transformation (data collected every 20 ps). The harmonic restraints on both real and virtual 
atoms were on at all l-states. 

 

Figure S6. Time evolution of the glycosyl angles of anti and syn A4 at all l-states during the “release” 
stage of the transformation (data collected every 20 ps). The harmonic restraints on the virtual atoms were 
switched off from state 0 to state 5, while those on the real atoms were on at all l-states. 
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Figure S7. Time evolution of the H-bond distances and angles in the Watson–Crick (WC) and Hoogsteen 
(HG) base pairing modes of A4:T9 (see Scheme 2) at all l-states during the “restrain” stage of the 
transformation (data collected every 20 ps). The harmonic restraints on the real atoms were switched on 
from state 0 to state 5, while those on the virtual atoms were on at all l-states. 
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Figure S8. Time evolution of the H-bond distances and angles in the Watson–Crick (WC) and Hoogsteen 
(HG) base pairing modes of A4:T9 (see Scheme 2) at all l-states during the “FEP” stage of the 
transformation (data collected every 20 ps). The harmonic restraints on both real and virtual atoms were on 
at all l-states. 
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Figure S9. Time evolution of the H-bond distances and angles in the Watson–Crick (WC) and Hoogsteen 
(HG) base pairing modes of A4:T9 (see Scheme 2) at all l-states during the “release” stage of the 
transformation (data collected every 20 ps). The harmonic restraints on the virtual atoms were switched off 
from state 0 to state 5, while those on the real atoms were on at all l-states. 
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Figure S10. Time evolution of backbone RMSDs in the DNA polymerase µ binary complex with 8-
oxoguanine in the (A) syn and (B) anti conformations. The flexible loop 1 (C369–F385), which was missing 
from the crystal structure and added by modeling, was excluded from the calculation. 
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Figure S11. Overlap matrices for the three stages of transformation of 8-oxoguanine from anti to syn 
conformation. The element Oij is the probability of observing a sample from state i (ith row) in state j (jth 
column). The recommended minimum probability for adjacent states (highlighted by thick black lines) is 
0.03.10 
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Figure S12. Time evolution of the glycosyl and base-flipping torsion angles of anti and syn 8-oxoguanine 
(8OG) at all l-states during the “restrain” stage of the transformation (data collected every 20 ps). The 
harmonic restraints on the real atoms were switched on from state 0 to state 5, while those on the virtual 
atoms were on at all l-states. 
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Figure S13. Time evolution of the glycosyl and base-flipping torsion angles of anti and syn 8-oxoguanine 
(8OG) at all l-states during the “FEP” stage of the transformation (data collected every 20 ps). The 
harmonic restraints on both real and virtual atoms were on at all l-states. 
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Figure S14. Time evolution of the glycosyl and base-flipping torsion angles of anti and syn 8-oxoguanine 
(8OG) at all l-states during the “release” stage of the transformation (data collected every 20 ps). The 
harmonic restraints on the virtual atoms were switched off from state 0 to state 5, while those on the real 
atoms were on at all l-states. 
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