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1.  Methods  

1.1. Preparation of the initial lesion-containing and unmodified NCP structure for MD simulations  

Molecular modeling of the unmodified and lesion-containing NCPs.  We placed our lesions near the dyad axis in our selected 

nucleosome (Figure 1). We investigated the R-cdG, S-cdG and cis-B[a]P-dG lesions and an unmodified control in the 

nucleosome with  PDB11 ID: 2NZD12.  The base sequence context around the lesion site (at SHL ~ 0) near the dyad (Figure 2) is 

5’-… A67-G68-C69-T70-G71-A72-[A]73-T74-C75-A76-G77-C78-T79…-3’ in the crystal structure (Figure S1).  The 

numbering scheme along the modified strand of the DNA is from 1 to 145 from the 5’-end to the 3’-end.  We replaced the [A] 

nucleotide with lesion-containing G* (G* = R-cdG, S-cdG or cis-B[a]P-dG) for the modified nucleosomes, and with G for the 

unmodified control.  For the cyclopurine lesions in the nucleosome, we utilized the most representative structures in free DNA 

derived from our MD simulations1 that were based on NMR solution structures 3, 4 as detailed in. 1 For the cis-B[a]P-dG adduct 

in the nucleosome, we used the NMR solution structure.5  Modeling software InsightII and Discovery Studio (Accelrys Inc.) were 

used to build the initial models.  

Force field.  The Cornell et al. force field7 with modifications13, 14 and the parm99 parameter set 8 modified by the parmbsc0 

DNA parameters9 were employed for all simulations.  Partial charges for the R-cdG, S-cdG and cis-B[a]P-dG adducts were taken 

from our prior publications.1, 10    

Protonation. The protonation states for the histones were determined in our earlier publication 15 for the same nucleosome with 

details of the methods given.  Only HIS amino acids had to be assigned and the results are: HIE: 487, 538, 746 and 923; HIP: 594, 

654 and 979; HID: 627, 672, 770, 827, 872, 1012 and 1039.   

1.2. MD protocols  

The AMBER 11 simulation package16 was utilized to carry out all minimization and MD simulations.  The LEaP module was 

used to add hydrogen atoms and neutralize the system with K+ counterions.  The systems were reoriented using SIMULAID 17 to 

minimize the number of water molecules needed to solvate the system.  A periodic rectangular box of TIP3P water18 with 10.0 Å 

buffer was created around the nucleosome with the LEaP module Box sizes and numbers of waters added were shown in Table 

S1.   

Minimization, heating, MD equilibration and production protocols.  To begin with, the counterions and water molecules were 

minimized for 50 steps of steepest descent and 50 steps of conjugate gradient, with 50 kcal/mol restraints on the solute atoms.  

Then, 90 ps initial MD at 10K with 25 kcal/mol restraints on solute were performed to allow the solvent to relax.  Next, the 
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system was heated up from 10K to 300K at constant volume over 30 ps with 10 kcal/mol restraint on the NCP.  The restraints on 

the solute were relaxed from 10 kcal/mol (for 30 ps) to 1 kcal/mol (for 40 ps) to 0.1 kcal/mol (50 ps).  Subsequently, production 

MD was conducted at 1 atm, 300K for 80 ns, with 1 ps coupling constant for both pressure and temperature.  These simulation 

protocols are similar to those given in earlier publication from our group.19  

In all MD simulations, the Particle-Mesh Ewald20, 21 method with 9.0 Å cutoff for the non-bonded interactions was used.  A 2.0 fs 

time step and the SHAKE algorithm22 were applied in the MD simulations.  All other parameters were default values in the 

AMBER 11 simulation package.6   The stability of the MD simulation was evaluated.  For each system, the root mean square 

deviation (RMSD) of each snapshot in the trajectory relative to its respective initial structure was plotted as a function of time 

and is shown in Figure S2.  Three levels of the local region near the lesion were analyzed, namely within 5, 10 and 15 Å of the 

damaged base G73*.  For all cases, the MD achieved stability fluctuating around the mean after 10.0 ns of simulation, and we 

employed the structural ensembles from the 10 – 80.0 ns time frame at 10 ps intervals for further structural analyses. 

1.3. Structural analyses 

The PTRAJ module of the AMBER 11 package6 was employed for structural analyses.  Frames were selected at 10 ps intervals 

from the last 70.0 ns of simulation.  The DNA duplex helicoidal parameters and groove dimensions were analyzed using the 

CPPTRAJ program in AMBER 14.23 For the helicoidal parameter Twist, the 3DNA program embedded in the AMBER 

CPPTRAJ module, skips the bulky and greatly distorting cis-B[a]P-dG lesion step and only gives a two-step, 72A:219T-

74T:217A, result. Therefore used the Curves+ program for this case to obtain step by step results (Table S3). Groove dimensions 

were obtained by measuring pairwise phosphorus-phosphorus distance (Figure 2), less 5.8 Å to account for the van der Waals 

radius of the P atoms. 24  

The best representative structure, the frame from the ensemble that is the closest to all other frames, was obtained using the 

clustering command in the PTRAJ module of AMBER 11.  The rms distance metric and K-means clustering method 25 were 

utilized to include all frames into one cluster and obtain the best representative structure of the ensemble.  Block averages and 

standard deviations of block averages were computed in the same fashion as detailed previously (1 Supporting Data). Electrostatic 

surfaces were computed on the PDB2PQR Server (http://nbcr-222.ucsd.edu/pdb2pqr_L8/) with APBS (Adaptive Poisson-

Boltzmann Solver) calculation and displayed with PyMOL. 

1.4. MM-PBSA binding energy computation 

The energy difference between the modified and the unmodified nucleosomes were computed. The PB module embedded in 

MM-PBSA is used to solve the Poisson-Boltzmann equation. We utilized an internal dielectric constant of 1.0, external dielectric 
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constant of 80.0, maximum number of iterations of the linear Poisson Boltzmann equation to try of 1000, solvent probe radius of 

1.4 Å, temperature of 300 K, surface tension value of 0.00542 kcal/mol/2 and offset to correct the value of the non-polar 

contribution to the solvation free energy term of 0.92.   These terms do not include the vibrational entropy term which has been 

shown to contribute very little to free energy differences with the AMBER force field 26  and is the most uncertain to compute.27 

We utilized the snapshots from the simulation window of 50-80 ns at 10 ps intervals.  We computed the binding energy ΔG of the 

lesion-containing duplex 5-mer, as well as the corresponding unmodified duplex 5-mer, with the histones within a range of 20 Å 

from any atom of the 5-mer, namely H3 and H2A. For these MM-PBSA binding energy calculations, Ligand is the 5-mer duplex 

containing the lesion at the center or the corresponding unmodified duplex 5-mer; Receptor is histones within a range of 20 Å 

from any atom of the 5-mer (namely, H3 and H2A); Complex is Ligand and Receptor; and Delta, the binding energy, which is 

ΔG = G(Complex) – G(Ligand) - G(Receptor).  The impact of each lesion on the binding energy is ΔΔG, which is ΔG(lesion) – 

ΔG(unmodified). The higher the ΔΔG for a lesion, the weaker the local DNA-histone interactions. 
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Table S 1. Box sizes and numbers of waters added to the MD simulation starting models.   

 R-cdG S-cdG cis-B[a]P-dG Unmod-dG 

Box size, Å3 137  x 134  x 97 137  x 134  x 97 136 x 142 x 94 136 x 142 x 94 

Number of waters 
added 

40675 40674 41837 40674 
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Table S 2. Ensemble average minor groove widths (Å) for the R-cdG, S-cdG, cis-B[a]P-dG and the corresponding 
unmodified control.  Standard deviations of the block averages are given.   

R-cdG S-cdG Unmod-dG cis-B[a]P-dG 

Mean block_std Mean block_std Mean block_std Mean block_std 

P70-P225 2.9 0.2 3.8 0.7 2.8 0.1 2.9 0.1 

P71-P224 5.1 0.4 4.6 0.7 5 0.8 5.2 0.3 

P72-P223 5.5 0.6 7.8 0.6 5.5 0.4 6.9 0.5 

P73-P222 7.8 0.7 8.3 0.3 7.5 0.3 10.2 0.6 

P74-P221 8.7 0.9 8.7 0.4 6 0.4 10.1 0.2 

P75-P220 7.6 0.7 8.2 0.3 5.8 0.5 5.1 0.2 

P76-P219 6.3 0.7 7.6 0.3 6.5 0.6 6.7 0.5 

P77-P218 6.4 0.9 6.3 0.6 6.8 0.4 6.9 0.4 

 

Note that 5.8 Å was subtracted to account for the van der Waals radius of the P atoms. 24   
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Table S 3. Ensemble average helicoidal Twist (°) for the R-cdG, S-cdG, cis-B[a]P-dG and the corresponding unmodified 
control.  

Twist (°) R-cdG (3DNA) S-cdG (3DNA) Unmod-dG (3DNA) 

Step mean block_std mean block_std mean block_std 

70T:221A-71G:220C 32.6 3.9 33.1 2.4 31.9 2.2 

71G:220C-72A:219T 24.7 6.7 30.2 2.1 34.5 2.4 

72A:219T-73G:C218 53.5 7.6 45.3 0.4 36.8 2.2 

73G:C218-74T:217A 25.8 2.1 24.5 0.5 33.3 1.1 

74T:217A-75C:216G 37.2 3.7 40.2 1.2 38.3 1.4 

75C:216G-76A:215T 34.9 3.4 33 3.1 33.4 2.4 

 

Twist (°) 

cis-B[a]P-dG (Curves+) cis-B[a]P-dG (3DNA) 

Step mean block_std Step mean block_std 

70T:221A-71G:220C 41.3 2.2 70T:221A-71G:220C 40.5 2.7 

71G:220C-72A:219T 30 2.7 71G:220C-72A:219T 30.9 2.6 

72A:219T-73G:C218 7.9 2.1 72A:219T- 

74T:217A 
63.2 0.9 

73G:C218-74T:217A 54.9 2.1 

74T:217A-75C:216G 35.6 2.9 74T:217A-75C:216G 36.6 2.9 

75C:216G-76A:215T 32.8 4.1 75C:216G-76A:215T 31.8 4.1 

 

Note that the 3DNA program, embedded in the AMBER CPPTRAJ module, skips the lesion step and gives a two-step, 72A:219T-
74T:217A, result. On the other hand, the Curves+ program gives step by step results for lesion-containing DNA. The summed 
Twist value for the two steps, 72A:219T-73G:C218 and 73G:C218-74T:217A, from the Curves+ program is 7.9 (°) + 54.9 (°)= 
62.8 (°), roughly the same as the two-step result from the 3DNA program, which is 63.2(°).  
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Table S 4. MM-PBSA binding energies ΔG (kcal/mol) for the R-cdG, S-cdG, cis-B[a]P-dG and the corresponding 
unmodified control. 1 

 
R-cdG S-cdG cis-B[a]P-dG Unmod-dG 

40-50 ns -25.7  (0.1) -26.5 (0.1) -27 (0.1) -26.8 (0.1) 

50-60 ns -27.1 (0.1) -26.9 (0.1) -25.2 (0.1) -26.4 (0.1) 

60-70 ns -26.9 (0.1) -27.3 (0.1) -25.8 (0.1) -27.3 (0.1) 

70-80 ns -26.8 (0.1) -26.4 (0.1) -26 (0.1) -27.3 (0.1) 

60-80 ns -26.9 (0.1) -26.9 (0.1) -25.9 (0.1) -27.3 (0.1) 

50-80 ns -26.9 (0.1) -26.9 (0.1) -25.7 (0.1) -27.0 (0.1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            
1 The 50‐80 ns window for the energy calculation was selected.  
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Table S 5. Energy components for MM-PBSA binding energies ΔG (kcal/mol) for the R-cdG, S-cdG, cis-B[a]P-dG and the 
corresponding unmodified control for the 50  to 80 ns simulation window.  2 

 

                                                            
2 Ligand is 5‐mer duplex containing the lesion at the center or the corresponding unmodified duplex 5‐mer; receptor is histones 

within a range of 20 Å from any atom of the 5‐mer (namely, H3 and H2A); complex is ligand + receptor; delta is ΔG = G(Complex) 
– G(Ligand) ‐ G(Receptor).   
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Figure S 1. Sequence context around the lesion, with G* designating the lesion modified base.  

In the crystal structure with PDB ID 2NZD12, Chain I, from 5’-side to 3’-side, P(-2), P(-1),P(0),P(1),P(2),P(3) correspond to P71, 
P72, P73, P74, P75, P76, respectively. Chain J, from 5’-side to 3’-side, P(-2), P(-1),P(0),P(1),P(2),P(3), correspond to P216, P217, 
P218, P219, P220, P221, respectively.  Note that in the crystal, our G73:C218 pair was an A:T pair. We remodeled the A:T pair 
to create the lesions and the unmodified control.  
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Figure S 2. Time-dependence of RMSDs for all models over the 80.0 ns MD simulations.   

The RMSDs were calculated relative to their respective initial structures for regions within 5, 10 and 15 Å of the R-cdG. The 
same residues are selected for computing for all other cases.  
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Figure S 3. Sugar pucker at the lesion and at the lesion partner base.  

At the lesion, the means and standard deviations of block averages are 281.0 (0.9), 277.8 (0.9), 162.5 (18.5), 155.2 (5.8) for the 
R-cdG, S-cdG, unmodified control and cis-B[a]P-dG, respectively. At the lesion partner base, the means and standard deviations 
of block averages are 136.1 (7.3), 138.6 (5.6), 127.2 (6.9), 159.5(2.5) for the R-cdG, S-cdG, unmodified control and cis-B[a]P-
dG, respectively. 
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Figure S 4. Glycosidic torsion χ at the lesion.  

 The means and standard deviation of block averages are 192.3 (1.7), 197.8 (1.0), 233.1 (10.0), 167.8 (3.0) for the R-cdG, S-cdG, 
unmodified control and cis-B[a]P-dG, respectively.  

 

Figure S 5. Time dependence of the backbone torsion angle γ at the lesion.   

The means and standard deviation of block averages are 193.4 (2.0) °, 295.5 (0.8)°,  52.1 (1.8) ° (cluster 1) and  185.6 (1.7)° 
(cluster 2) ,and 44.2 (1.8) ° (cluster 1) and 181.0 (3.1) ° (cluster 2)  for the R-cdG, S-cdG, unmodified control and cis-B[a]P-dG, 
respectively.  
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Figure S 6. The most representative structures from the MD simulation for S-cdG and the corresponding unmodified 
sequence showing DNA-histone interactions and electrostatic surface.  

Shown are the structures for the duplex 5-mer containing the centrally located lesion or corresponding unmodified duplex 5-mer.  
The hydrogen bond between Lys 115 of histone H3 and the DNA backbone is present in both S-cdG and the corresponding 
unmodified sequence.  The upper panel is rendered in half transparency surface to reveal the molecular interactions while the 
lower panel without transparency emphasizes the electrostatic surface difference.  See also Supporting Movies S8 and S10.    
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