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SUPPLEMENTARY FIGURES 
	

  

Figure S1 MD simulation initial models, DNA base sequences and definition of twist and untwist angles.  

(A) The initial models (docking complex) that provide the starting structures for the MD simulations. The 
(+) cis-B[a]P-dG adduct adopts a base-displaced intercalated conformation in all sequence contexts: the 
B[a]P aromatic ring system is intercalated from the minor groove and the adducted dG* is displaced into 
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the minor groove. With normal partner C the base is dynamic and extruded into the major groove. With 
mismatched partner T the base is displaced from the helix and is in contact with the major groove via its 
methyl group; it is somewhat dynamic and extrudes on occasion. With mismatched partner A the base is 
bound to the major groove surface, intercalates into the helix in a minor population, but does not extrude. 
With the partner nucleotide missing, the neighboring base pairs form a tightly stacked wedge around the 
B[a]P rings. For the trans-B[a]P-dG adducts, the B[a]P rings are in the minor groove with Watson-Crick 
pairs maintained, oriented 5’ on the lesion-containing strand for (+) trans and 3’ for (-) trans. The PhIP-
C8-dG adopts a base-displaced intercalated conformation similar to the (+) cis-B[a]P-dG, but contains a 
smaller ring system and a mobile phenyl ring that rotates dynamically in the minor groove. With normal 
partner C the base is extruded into the major groove; with a missing partner nucleotide the tight wedge-
like stacking seen in the (+) cis-B[a]P-dG:deletion duplex is inhibited by the phenyl ring rotation. The 
14R-DB[a,l]P adducts are classically intercalated without displacement of the adducted base. For the 
guanine adduct, the intercalation is from the narrow minor groove to the 3’ side of the modified guanine 
and Watson-Crick pairing with partner C is ruptured although the C remains stacked into the helix but 
overlaps poorly with the DB[a,l]P rings. For the adenine adduct, the intercalation is from the major 
groove to the 5’ side of the modified adenine and the A*:T Watson-Crick pair is maintained. This lesion 
is marked by very strong stabilizing van der Waals stacking interactions between the DB[a,l]P ring 
system and its neighboring base pairs 1, manifested by its thermally stabilizing impact on the DNA duplex 
of ~ +10 ºC 2. (B) The base sequence context of the lesion containing duplexes utilized in the simulations. 
The lesion-containing base pair is blue with the damaged nucleotide denoted by a red *, and extended 
sequences are green. (C) Definition and illustrations of twist and untwist angle.  
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Figure S2 The initial binding of Rad4 to the cis-B[a]P-dG lesion site with pre-flipped partner C based on 
the previously obtained trajectory 3.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
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the main text and is viewed into the minor groove. The DNA residues are also shown in transparent 
surface, except the lesion-containing base and its partner base. The DNA backbone heavy atoms and the 
amino acids that form hydrogen bonds (black dash lines) with DNA are shown in sticks, and the side 
chains of Thr 516, Val 517 and Glu523 are shown in spheres. These amino acids are color coded by atom 
type with carbon atom in the same color as the domain. At the initial binding state, the captured partner C 
stacks with Phe 599 of BHD3, Thr 516 and Val 517 insert into the minor groove, Glu523 interacts with 
DNA backbone via van der Waals interaction, Lys 514 and Lys 521 form hydrogen bonds with lesion 
containing stand backbone while Arg 494, Gln 495 and Arg 515 hydrogen bond to the unmodified partner 
strand DNA backbone. (D) Alpha space analyses of BHD2 binding to the lesion-containing DNA. The 
DNA is shown in surface, with BHD2-contacting pockets color-coded as in the table. The alpha sphere 
centers are shown as small spheres in the same color as respective pocket, and the alpha cluster centroids 
are shown in transparent spheres.   
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Figure S3 The initial binding of Rad4 to the PhIP-C8-dG lesion site with pre-flipped partner C.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
the main text and is viewed into the minor groove. The DNA residues are also shown in transparent 
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surface, except the lesion-containing base and its partner base. The DNA backbone heavy atoms and the 
amino acids that form hydrogen bonds (black dash lines) with DNA are shown in sticks, and the side 
chains of Thr 516 and Val 517 are shown in spheres. These amino acids are color coded by atom type 
with carbon atom in the same color as the domain. The captured partner C stacks with the bottom of the 
pocket formed by Phe 599 of BHD3. Arg 494, Lys 514, Arg 515, and Arg 519 from hydrogen bonds with 
the DNA backbone, while Thr 516 is inserted into the minor groove and Val517 displays van der Waals 
interactions with the lesion. (D) Alpha space analyses of BHD2 binding to the lesion-containing DNA. 
The structure is rendered as in Figure S2D.   
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Figure S4 The initial binding of Rad4 to the 14R-DB[a,l]P-dG lesion site with ruptured partner C.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Flipping 
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dihedral angle of lesion partner base. The definition of pseudo-dihedral angle that reflect lesion partner 
flipping is given in the inset: 1) the center of mass (COM) of cyan base pair, 2) and 3) COM of sugar 
rings, and 4) COM of partner base. The time dependent values are plotted against the time axis. Increased 
values show extrusion to major groove.  (D) Best-representative structure of the initial binding state 
ensemble. The structure is rendered as in Figure 3 of the main text and is viewed into the minor groove. 
The DNA residues are also shown in transparent surface, except the lesion-containing base and its partner 
base. The DNA backbone heavy atoms and the amino acids that form hydrogen bonds (black dash lines) 
with DNA are shown in sticks, and the side chains of Arg 515, Val 517 and Pro520 are shown in spheres. 
These amino acids are color coded by atom type with carbon atom in the same color as the domain. Upon 
Rad4 initial binding, the ruptured partner C flips out and stacks with Phe 599 of BHD3 in its binding 
pocket, Arg 494, Gln 495, Thr 516, Arg 519, and Lys 521 form hydrogen bonds with the DNA backbone, 
while Val 517 and Arg 515 insert into the minor groove and Pro 520 interacts with the DNA backbone via 
van der Waals interactions. (E) Alpha space analyses of BHD2 binding to the lesion-containing DNA. 
The structure is rendered as in Figure S2D. 
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Figure S5 The initial binding of Rad4 to the cis-B[a]P-dG in the deletion duplex with its partner 
nucleotide missing.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
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the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) TGD domain 
rotation angle around the helix axis. Decreased values show translocation along the helix axis toward 3’ 
side of lesion containing strand. (D) Best-representative structures of the initial binding states at the lesion 
site and the translocated site. The structures are rendered as in Figure 3 of the main text and are viewed 
into the minor groove. The DNA backbone heavy atoms and the amino acids that form electrostatic 
interactions/hydrogen bonds (black dash lines) with DNA are shown in sticks. The amino acids are color 
coded by atom type with carbon atom in the same color as the domain. At the lesion site, Arg 519 interact 
with backbone phosphate groups of the damaged strand via electrostatic interactions (black dash lines). At 
the translocated site, Thr 516 inserts into the minor groove, while Lys 514 and Arg 519 form episodic 
hydrogen bonds with the backbone phosphate groups of the damaged strand. (E) Alpha space analyses of 
BHD2 binding to the lesion-containing DNA. The structures are rendered as in Figure S2D.   
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Figure S6 The initial binding of Rad4 to the cis-B[a]P-dG lesion site with major groove contacting 
mismatched partner A.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
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the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
the main text and is viewed into the minor groove. The DNA residues are also shown in transparent 
surface, except the lesion-containing base and its partner base.  The DNA backbone heavy atoms and the 
amino acids that form hydrogen bonds (black dash lines) with DNA are shown in sticks. The amino acids 
are color coded by atom type with carbon atom in the same color as the domain. At the initial binding 
state, Thr 516, Lys 521 and Arg 515 form dynamic hydrogen bonds with the DNA backbone, and Arg 
519 forms dynamic hydrogen bonds with the hydroxyl group of the benzylic ring. (D) Alpha space 
analyses of BHD2 binding to the lesion-containing DNA. The structure is rendered as in Figure S2D.   
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Figure S7 The initial binding of Rad4 to the 14R-DB[a,l]P-dA lesion site with Watson-Crick paired 
partner T. 

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
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the main text and is viewed into the minor groove. The DNA residues are also shown in transparent 
surface, except the lesion-containing base and its partner base. The DNA backbone heavy atoms and the 
amino acids that form hydrogen bonds (black dash lines) with DNA are shown in sticks, and the side 
chains of Arg 515, Val 517 and Pro520 are shown in spheres. These amino acids are color coded by atom 
type with carbon atom in the same color as the domain. At the initial binding state, Thr 516 and Arg 519 
insert into the minor groove, while Gln 495 hydrogen bonds to the DNA backbone. (D) Alpha space 
analyses of BHD2 binding to the lesion-containing DNA. The structure is rendered as in Figure S2D.   
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Figure S8 The initial binding of Rad4 to the PhIP-C8-dG in the deletion duplex with its partner 
nucleotide missing.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
the main text and is viewed into the minor groove. The DNA backbone heavy atoms and the amino acids 
that form hydrogen bonds (black dash lines) with DNA are shown in sticks, and the side chains of Thr 
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516 and Val 517 are shown in spheres. These amino acids are color coded by atom type with carbon atom 
in the same color as the domain. At the initial binding state, Thr 516, Arg 519 and Lys 521 hydrogen 
bond with DNA backbone of the lesion-containing strand, while Arg 494, Gln 495 and Arg 515 hydrogen 
bond with DNA backbone of the undamaged strand. Furthermore, a lesion specific hydrogen bonding 
interaction with the BHD3 hairpin is observed: Arg 601 of BHD3 forms hydrogen bonds with the 
imidazole ring of PhIP. The PhIP rings protrude further into the minor groove, stabilized by van der 
Waals interactions with Thr 516 and Val 517. (D) Alpha space analyses of BHD2 binding to the lesion-
containing DNA. The structure is rendered as in Figure S2D. 
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Figure S9 The initial binding of Rad4 to the cis-B[a]P-dG lesion site with major groove-contacting 
mismatched partner T.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble. The structure is rendered as in Figure 3 of 
the main text and is viewed into the minor groove. The DNA residues are also shown in transparent 
surface, except the lesion-containing base and its partner base. The DNA backbone heavy atoms and the 



21	

amino acids that form hydrogen bonds (black dash lines) with DNA are shown in sticks, and the side 
chains of Thr 516 and Val 517 are shown in spheres. These amino acids are color coded by atom type 
with carbon atom in the same color as the domain. At the initial binding state, the major groove-
contacting partner T stacks in with its methyl group facing the B[a]P rings. Thr 516 inserts into the minor 
groove and Val 517 adopts van der Waals interactions with DNA backbone, while Lys 514, Arg515, Thr 
516, and Lys 521 form hydrogen bonds with the DNA backbone around the lesion site. (D) Alpha space 
analyses of BHD2 binding to the lesion-containing DNA. The structure is rendered as in Figure S2D.   
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Figure S10 The initial binding of Rad4 to the (+) trans-B[a]P-dG-containing duplex.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble derived from Model 2. The structure is 
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rendered as in Figure 3 of the main text and is viewed into the minor groove. The DNA residues are also 
shown in transparent surface, except the lesion-containing base and its partner base. The DNA backbone 
heavy atoms and the amino acids that form hydrogen bonds (black dash lines) with DNA are shown in 
sticks, and the side chains of Thr 516 and Val 517 are shown in spheres. These amino acids are color 
coded by atom type with carbon atom in the same color as the domain. At the initial binding state. Thr 
516 inserts into the minor groove and Val 517 interacts with DNA backbone via van der Waals 
interactions, while Lys 521 and arg 494 hydrogen bond to the phosphate group of the DNA backbone. (D) 
Alpha space analyses of BHD2 binding to the lesion-containing DNA. The structure is rendered as in 
Figure S2D. (E) MD simulation started from Model 1: translocation of Rad4 and best representative 
structure. TGD domain rotation angle around the helix axis is plotted against time axis. Red line shows 
the average value before translocation. Decreased values show translocation along the helix axis toward 3’ 
side of lesion containing strand. The best representative structure is obtained for the last 500 ns (orange 
ensemble). The zoomed in view of the best representative structure shows that the insertion of the BHD2 
hairpin at the lesion site is blocked by the bulky B[a]P rings in the minor groove.   
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Figure S11 The initial binding of Rad4 to the (-) trans-B[a]P-dG-containing duplex.  

(A) Clustering for the structural ensemble of the initial binding state. The first two principle components 
(PC) are plotted against each other. The proportions of variance are plotted for the first twenty PCs, where 
the cumulative proportions are labeled. The clusters are also given in color code along the time axis. (B) 
Twist angle between the two end base pairs of the lesion-containing 6-mer (cyan base pairs). The time 
dependent values are plotted against the time axis. The initial binding state values are in blue (1 to 1.5 µs), 
the starting state values (0 to 1 ns) are in red and their mean value is shown in red line. (C) Best-
representative structure of the initial binding state ensemble derived from Model 2. The structure is 
rendered as in Figure 3 of the main text and is viewed into the minor groove. The DNA residues are also 
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shown in transparent surface, except the lesion-containing base and its partner base. The DNA backbone 
heavy atoms and the amino acids that form hydrogen bonds (black dash lines) with DNA are shown in 
sticks, and the side chains of Thr 516 and Val 517 are shown in spheres. These amino acids are color 
coded by atom type with carbon atom in the same color as the domain. At the initial binding state, Thr 
516 and Val 517 insert into the minor groove and moderately unwind the DNA duplex. Arg 494, Gln 495, 
Lys 514, Arg 515 and Lys 521 hydrogen bond with the DNA backbone. (D) Alpha space analyses of 
BHD2 binding to the lesion-containing DNA. The structure is rendered as in Figure S2D. (E) Blocking of 
BHD2 by the B[a]P rings in Model 1. The best representative structure is obtained for the last 500 ns 
ensemble from the MD simulation started with Model 1. 
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SUPPLEMENTARY MOVIE TITLES 
	

Movie S1. Initial binding state of the (+) cis-B[a]P-dG:dC duplex shown in Figure 3. 

Movie S2. Initial binding state of the PhIP-C8-dG:dC duplex shown in Figure 3. 

Movie S3. Initial binding state of the 14R-DB[a,l]P-dG:dC duplex shown in Figure 3. 

Movie S4. Initial binding state of the (+) cis-B[a]P-dG:deletion duplex shown in Figure 3. 

Movie S5. Initial binding state of the (+) cis-B[a]P-dG:dA duplex shown in Figure 3. 

Movie S6. Initial binding state of the 14R-DB[a,l]P-dA:dT duplex shown in Figure 3. 

Movie S7. Initial binding state of the PhIP-C8-dG:deletion duplex shown in Figure 3. 

Movie S8. Initial binding state of the (+) cis-B[a]P-dG:dT duplex shown in Figure 3. 

Movie S9. Initial binding state of the (+) trans-B[a]P-dG:dC duplex shown in Figure 3. 

Movie S10. Initial binding state of the (-) trans-B[a]P-dG:dC duplex shown in Figure 3. 
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SUPPLEMENTARY METHODS 
 

Molecular modeling and structure preparation 

The initial model. The ‘docking complex’ models were based on a previously obtained MD 
equilibrated docking complex for Rad4-Rad23 with a CPD containing DNA duplex with 
mismatched partner thymines 4. In brief, an apo Rad4 model, based on the crystal structure of 
apo Rad4 (PDB ID: 2QSF 5), was docked on to the damaged DNA with its TGD and BHD1 
domains positioned as in the crystal structure of the productive open complex (PDB ID: 2QSG 5). 
The docked complex was subjected to MD simulation with a restraint on the distance between 
BHD2-BHD3 domains and the lesion site, which provided an equilibrated ‘docking complex’ of 
the Rad4 with CPD-containing DNA 4. For the present study, the DNA duplex of the equilibrated 
‘docking complex’ was modified to the lesion-containing duplexes under investigation. The 
lesion sites were replaced with their NMR/MD-derived structures (Figure 2 in the main text). In 
addition, the DNA ends were extended by four base pairs to the 5’ end and by two base pairs to 
the 3’ end of the lesion-containing strand (Figure S1) using standard B-DNA in Discovery Studio 
2.5 (Accelrys Software Inc.). 

Protonation. The protonation states of charged residues were determined by the H++ 6 and 
pdb2pqr 7 methods. When the two methods disagreed, protonation states were assigned based on 
the following criteria: the potential H-bonding network, solvent exposure of the ionizable 
residues, potential steric clashes if the proton was added, and preservation of the crystal structure. 
The results are given in 4. 

Water box and counterions. The protein-DNA complex was neutralized with Na+ counterions 
and solvated with explicit TIP3P water 8 in a cubic periodic box with side length of 125.0 Å 
using the tLEAP module of the AMBER16 9 suite of programs. 

Force field and MD simulation protocols 

We used the ff14SB force field 10 for all MD simulations. Partial charges and parameters for the 
the lesions were obtained from 2, 11-13. 
 

All MD simulations were carried out using the AMBER16 9 suite of programs. The Particle-
Mesh Ewald method 14 with 9.0 Å cutoff for the non-bounded interactions was used in the 
energy minimizations and MD simulations. Minimizations were carried out in three stages. First, 
500 steps of steepest descent minimization followed by 500 cycles of conjugate gradient 
minimization were conducted on the water molecules and counterions with a restraint force 
constant of 50 kcal/(mol·Å2) on the solute molecules (DNA and protein complex). Then, 500 
steps of steepest descent minimization followed by 500 cycles of conjugate gradient 
minimization were carried out on the water molecules and counterions with a restraint force 
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constant of 10 kcal/(mol·Å2) on the solute molecules. In the last round, 500 steps of steepest 
descent minimization followed by 500 cycles of conjugate gradient minimization were carried 
out on the whole system without restraints. The minimized structure was then subjected to three 
rounds of equilibration. First, each system was equilibrated at constant temperature of 10K for 
30ps with the solute molecules fixed with a restraint force constant of 25 kcal/(mol·Å2). Then the 
system was heated from 10 K to 300 K over 30 ps with the solute molecules fixed with a 
restraint force constant of 10 kcal/(mol·Å2) at constant volume. In the last round of equilibration, 
the restraint force constant on the solute was reduced through three steps: at 10 kcal/(mol·Å2) for 
30 ps, at 1 kcal/(mol·Å2) for 40 ps, then at 0.1 kcal/(mol·Å2) for 50 ps with constant pressure at 
300K. Following equilibration, production MD simulations for each system were carried out in 
an NPT ensemble at 300K and constant pressure of 1 Atm. The temperature was controlled with 
a Langevin thermostat 15 with a 5 ps-1 collision frequency. The pressure was maintained with the 
Berendsen coupling method 16. The production MDs were carried out with 1 kcal/(mol·Å2) 
restraints on the distances between each pair of hydrogen bonded heavy atoms at the end base 
pairs, but not on any other residues of the complex. A 2.0 fs time step and the SHAKE algorithm 
17 were applied in all MD simulations.  

Structural analyses 

The structures along each trajectory were clustered using the principle component analysis (PCA) 
method in the Bio3D package 18. The clustering was performed with 1500 frames selected every 
1 ns from each 1.5 µs trajectory. The structures from each ensemble were superposed to the first 
frame at the heavy atoms of the base pairs that are non-specifically bound to TGD and BHD1 
(base pair 14 – 24, Figure S1). PCA calculations were performed for the heavy atoms of the 
lesion-containing 6-mer and the protein backbone atoms of BHD2. Hierarchical clustering of 
structures in PC space was performed along the first seven PCs using R 19. The clustering results 
are given in Figures S2-S11. 

The initial binding state was defined as a stable conformational cluster with stable twist angle 
between the end base pairs of the lesion-containing 6-mer. This state was achieved before 1 µs 
for all lesions (Figures S2-S11). The structural ensembles between 1 and 1.5 µs were collected 
and analyzed to characterize the initial binding states.  

We measured the twist angles for the lesion-containing 6-mer (Figure S1) using the CPPTRAJ 
module of AMBER16 20. The time dependence values of the twist angle for each duplex are 
shown in Figure S2-S11. To reflect duplex untwisting around the lesion site, we calculated the 
untwist angles for the initial binding state structures (Untwist = Twist start –Twist initial binding state). 
Twist start is the ensemble average twist angle of the lesion-containing 6-mer during the first 1 ns 
of production MD during which significant untwisting was not observed (Figures S2-S11); this 
ensemble represents the state of the lesion-containing sequence before the engagement of BHD2. 
Twist initial binding state is the twist angle of the lesion-containing 6-mer for the structures in the 
initial binding state ensemble (1 - 1.5 µs). Positive values indicate further untwisting and 
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negative values indicate further twisting. The untwist angle values for each initial binding state 
ensembles were analyzed using the block averaging method 21, 22. In brief, the time series data 
were divided into “blocks” with a block size that exceeds the longest correlation time, 20 ns in 
our case. The average for each block was computed and termed “block average”. The mean 
values and the standard deviations of the block averages (Figure 3A in the main text) were used 
to represent the average and the variance of averages. 

Displacement of the partner nucleotide for the 14R-DB[a,l]P-dG:dC case was measured using a 
nucleotide flipping pseudo-dihedral angle that reflect its direction and degree of flipping around 
the DNA backbone. The pseudo-dihedral angle, defined in Figure S4, increases when flipping is 
toward the major groove.  

The best representative structure is defined as the one frame that has the shortest RMSD for the 
heavy atoms of the lesion-containing 6-mer and the protein backbone atoms of BHD2 to all other 
frames in each ensemble.  

The best representative structure for the initial binding state of each lesion-containing duplex 
was further analyzed to quantify BHD2’s binding into the DNA minor groove around the lesion 
site. The alpha space volumes (Vα) of the binding pockets in the DNA and their occupancies (Oα) 
by BHD2 were calculated using AlphaSpace v1.0 23: the DNA duplex was set as the receptor and 
BHD2 was set as the ligand. The total occupied alpha space volume ( Vα × Oα) was used to 
quantify the extent of BHD2 binding into the DNA minor groove (Figure S2-S11). The value 
reflects the curvature and surface area of the DNA minor groove region that is occupied by 
BHD2. 

All molecular structures were rendered using PyMOL 1.3.x (Schroddinger, LLC.). All alpha 
space figures are render using UCSF Chimera 1.10.2 (developed by the Resource for 
Biocomputing, Visualization, and Informatics at the University of California, San Francisco, 
with support from NIH P41-GM103311) 24. All data were plotted using MATLAB R2017b (The 
MathWorks, Inc.). 
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